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Due to a very high compact character of SPS-derivative h-BN crystals, the post-exfoliation step is made very difficult, resulting in BNNSs of tens of microns lateral size. Therefore, we have studied another sintering procedure by HIP for the ceramization process. Through this combination, we aim to promote the size of h-BN single crystals, leading to larger size exfoliated BNNSs. Characterizations from bulk crystals to BNNSs have been carried out in three aspects: morphology, lattice structure and chemical composition. This novel attempt has provided us transparent and colorless h-BN single crystals with large lateral size, up to 2000 μm. Besides, BNNSs with high purity have also been confirmed. HIP, as a new ceramization process of PDCs, has to be considered as a promising way to obtain large h-BN single crystals and nanosheets for supporting graphene and 2D heterostructures.
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Abstract

In the past decades, due to their exceptional chemical and thermal stabilities together with their electrical insulation properties, hexagonal boron nitride nanosheets (BNNSs) have become a promising support substrate for graphene and promoted the incentive of various van der Waals heterostructures. For such applications, BNNSs are generally obtained by Chemical Vapor Deposition (CVD) or exfoliation. In the first method, domain size, morphology and layers number remain to be challenging for the applications of CVD BNNSs. Secondly, obtaining BNNSs by exfoliation of h-BN single crystals is greatly relevant to the quality of the h-BN crystal source. By far, high quality crystals can be achieved by High Pressure High Temperature (HPHT) method. However, this method needs to be conducted through severe conditions and long synthesis time.

In order to achieve high quality and large BNNSs, our group has proposed a novel synthesis strategy based on the Polymer Derived Ceramics (PDCs) route combined with sintering techniques: Spark Plasma Sintering (SPS) or Hot Isostatic Pressing (HIP).

Since hexagonal boron nitride (h-BN) crystallization is a key point in the synthesis of high quality BNNSs, efforts have been led to understand the beneficial role of a promotor of crystallization (Li3N), adopting a suitable in situ dynamic approach. It has been established that Li3N does improve the crystallization level of the product, and lower the transformation temperatures from polyborazylene to h-BN.

Then, we have further investigate the influence of the SPS sintering temperature (1200-1950°C) and of the crystal promoter content (Li3N, 0-10 wt.%) on BN growth. The tested SPS parameters strongly modify the size of the resulting h-BN flakes. For an optimal Li3N concentration of 5 wt.%, h-BN flakes larger than 200 μm 2 (average flake area) have been obtained. A high degree of crystallinity and purity have been achieved, even if the verysensitive cathodoluminescence technic indicated traces of impurities, probably due to surrounding graphite parts of the SPS. Few-layered BNNSs have been successfully isolated, through exfoliation process. As a final application purpose, further physical measurements have confirmed that SPS derived h-BN exhibits an interesting dielectric constant of 3.9 associated with a dielectric strength of 0.53 V/nm.

Résumé

Au cours des dernières décennies, en raison de sa stabilité́ chimique et thermique exceptionnelle associée à son caractère isolant, le nitrure de bore hexagonal sous forme de nanofeuillets (BNNSs) trouve un grand intérêt dans de nombreuses applications. En effet, il est sérieusement envisagé l'utilisation de ces nanomatériaux comme support de graphene ou pour la fabrication d'hétérostructures horizontales utilisables dans le domaine de la microélectronique pour des applications de nouvelle génération. Il existe deux grandes voies de synthèse de ces nanostructures 2D de h-BN, par dépôt chimique en phase vapeur (CVD), ou par exfoliation d'un monocristal. A ce jour, les couches obtenues par CVD présentent, le plus souvent, une faible qualité cristalline, limitant le champ applicatif. A coté, la synthèse de h-BN par HPHT (High Pressure High Temperature) permet l'obtention monocristaux de taille suffisante pour être exfoliés, mais, cette méthode met en oeuvre des conditions de synthèses sévères, difficilement transférables industriellement.

Dans le but de préparer des BNNS de grande qualité́ chimique et cristalline, notre groupe propose une nouvelle stratégie de synthèse en associant la voie polymère précéramique (PDC) à des techniques de frittage, par Spark Plasma Sintering (SPS) et Hot Isostatic Pressing (HIP).

Premièrement, le comportement thermique du précurseur précéramique, le polyborazilène (PBN) a été étudié en conditions dynamiques in-situ. Il a ainsi été mis en évidence, le rôle bénéfique du promoteur de cristallisation (Li3N) sur la qualité cristalline du matériau final.

Cependant, une étape de frittage complémentaire reste obligatoire pour parfaire la structuration cristalline du h-BN. Premièrement, un procédé́ de frittage par SPS a été mis en oeuvre. Dans cette étude, ont été particulièrement étudiés l'influence de la température de frittage (1200-1950°C) ainsi que la teneur en promoteur de cristallisation (0-10% mass.) sur la qualité cristalline du matériau final. Après optimisation des conditions de synthèse, des pastilles de h-BN composées d'une grande quantité de plaquettes monocristallines de taille d'environ 200 μm 2 ont été obtenues. Les caractérisations de ces monocristaux attestent d'une haute qualité́ chimique et cristalline, même si des impuretés, sans doutes dues à l'environnement en graphite dans le SPS, sont détectées par cathodoluminescence. Enfin, des mesures physiques montrent que les BNNSs préparés présentent une constante diélectrique intéressante de 3,9, associée à une résistance diélectrique correcte de 0,53 V/nm.

General introduction

Hexagonal boron nitride (h-BN) has long been considered as an excellent electrical insulating material with low density, high thermal conductivity, strong high-temperature stability and UV emission. Since the beginning of XXI st century, graphene and related 2D nanomaterials have been worldwide attractive hotspots. These 2D nanomaterials include h-BN, transition metal oxides (TMOs) and transition metal dichalcogenides (TMDs). Among them, the hexagonal boron nitride nanosheets (BNNSs) have shown to be an excellent gate dielectric supports for graphene. For instance, compared with conventional SiO2 substrates, pairing with graphene and other 2D nanomaterials, BNNSs promote the incentive of various van der Waals heterostructures.

Generally, two methods are proposed for obtaining large and pure BNNSs. The first method is chemical vapor deposition (CVD). In this case, the growth of BNNSs is carried out primarily on transition metal substrates, such as Cu, Ni, thanks to their catalytic effect at high temperatures. However, quality of the coated BN may be strongly affected by the morphology of the substrate together with the purity of reactants. Second, BNNSs can be obtained by a postexfoliation of h-BN single crystals. Among different methods, the best h-BN single crystals have been synthesized by a Japanese group (NIMS), using high pressures and high temperatures (HPHT). Unfortunately, this procedure is quite difficult to transfer, regarding the severe conditions involved and the long synthesis time.

To date, increasing the domain size and controlling the layers number are still the top issues for researchers involved in BNNSs synthesis. In order to achieve high quality and large BNNSs, our group has proposed a novel synthesis strategy involving the polymer derived ceramics (PDCs) route combined with advanced sintering techniques. Such an objective should be reached by a better fundamental understanding of the different transformation steps from the precursor, to the final product. In this sense, we have adopted a strategy of investigation gathering in situ approach, multiscale characterization and functional properties determination.

In this dissertation, we have tried to address these issues through five chapters:

Chapter 1 presents a bibliographic survey focused on h-BN regarding its preparation, properties and characterization methods of both single crystals and BNNSs. Through this review, we have compared different synthesis strategies, and concluded on an original combination of PDCs and sintering technique for obtaining large h-BN single crystals and BNNSs.

The next chapter gives the details of experimental methods and materials applied in this work, including synthesis of h-BN, exfoliation methods and characterization approach. For the h-BN synthesis section, precursor preparation and ceramization processes are described. For the following exfoliation, both chemical and mechanical methods are detailed. Finally, we have deliberately decided to hierarchize the characterization part between conventional and unusual techniques, in order to highlight latter ones.

Chapter 3 is a more fundamental part dedicated to in situ investigations, and aims to better understand the ceramization process leading to h-BN from the polyborazylene (PBN) precursor.

In this chapter, in situ heating XRD and TGA/DSC thermal analysis are involved for both pure PBN and a PBN/Li3N mixture. Such an in situ approach has clearly demonstrated the beneficial role of the crystallization promotor Li3N, but also the need of a further sintering process to improve the BN quality.

The two following chapters present the added value of two different advanced sintering processes: by Spark Plasma Sintering (SPS, chapter 4) or Hot Isostatic Pressing (HIP, chapter 5).

Hence, in chapter 4, the combination of the PDCs route with SPS is first studied, with the special focus put on the influence of the Li3N concentration (0-10 wt.%) and the sintering temperature (1200-1950°C). As-sintered h-BN pellets and exfoliated BNNSs are characterized from both chemical and microstructural viewpoints. Since the whole study is already published, we have made the decision to insert it as chapter 4. In addition, a functional performance of the system is tested through physical measurements of h-BN dielectric properties.

In the last chapter, we propose another unusual alternative by coupling PDCs with HIP. In such an original combination, larger h-BN single crystals have been obtained, and, as a consequence, so does BNNSs presenting lateral size up to few hundreds microns. The latter and intermediate products, meaning as-pressed bulk material and extracted single crystals have been fully characterized. Whatever the considered scale, their morphology, lattice structure and chemical composition corroborate the pure and perfect crystallization level of h-BN.

To finish, a general conclusion is drawn highlighting the most relevant results and opening the way to future promising prospects.

: Towards hexagonal boron nitride single crystals and nanosheets: An introduction

Towards hexagonal boron nitride single crystals and nanosheets: An introduction

In this first chapter, we will introduce a general view of the basic aspects of hexagonal boron nitride materials. The introduction will begin with the comparison of different BN crystalline structures. Properties and applications of hexagonal boron nitride will be highlighted in this section. Moreover, properties and synthesis methods of boron nitride nanosheets will be summarized, including bottom-up and top-down strategies. Furthermore, we will review on the traditional synthesis routes of hexagonal boron nitride single crystals and exfoliation methods for mono-and few-layer boron nitride nanosheets. To present a new method for hexagonal boron nitride production, principles and applications of Polymer Derived Ceramics route, Spark Plasma Sintering and Hot Isostatic Pressing will be introduced. In the end, different characterization methods for hexagonal boron nitride materials will be illustrated.

Boron nitrides -Properties and applications

Boron nitride (BN) is a III-V compound with a variety of structures, such as hexagonal BN (h-BN), cubic BN (c-BN), wurtzite BN (w-BN) and amorphous phases [1]. The main crystalline structures of BN are illustrated in Figure 1.1. The basic physical characteristics of these crystalline BN are presented in Table 1.1. c-BN, also known as -BN or zinc-blende BN, presents the same structure as diamond, where the B and N atoms are tetrahedrally coordinated. Every boron atom is surrounded by four nitrogen atoms and vice versa, arranged by sp 3 hybridization. c-BN shares a number of extraordinary properties with diamond, such as extreme hardness (the second after diamond), chemical inertness, high melting temperature, and high thermal conductivity [3]. Both materials are insulators because of their strong covalent bonds and missing -bonds [1,4]. As of today, c-BN is the only BN form that has been confirmed the mineral existence in nature, named as qingsongite and approved by the Commission on New Minerals and Mineral Names (CNMMN) of the International Mineralogical Association (IMA2013-30) [5]. High pressure high temperature (HPHT) method, presented in part 1.2.4, is the only technique for industrial synthesis of c-BN [4,6]. In the past years, the deposition of c-BN coatings mainly produced by Physical Vapor Deposition (PVD) and Plasma-enhanced Chemical Vapor Deposition (PECVD) methods has been investigated [7,8]. Due to the difficulties of growing large c-BN crystals and depositing thick layers, the low-pressure synthesis method is not commercially used today [9]. Because of its excellent mechanical and electrical properties, c-BN is of great interests for tooling applications and high temperature electronic applications [10].

w-BN has the same structure as lonsdaleite, a rare hexagonal polymorph of carbon. Similar with c-BN, the boron and nitrogen atoms in w-BN are grouped into tetrahedra with sp 3 hybridization, but with different lattice constants (c-BN a = 3.615 Å; w-BN a = 2.55Å c = 4.20 Å) [1]. The properties of w-BN also resemble those of c-BN, including extreme hardness, high melting point, high thermal conductivity, low dielectric constant and large band gap [11].

Indentation experiments indicate that w-BN exhibits even higher hardness than that of diamond [12]. In particular, the simulation shows that w-BN would withstand 18 % more stress than diamond [12]. However, w-BN is rare in earth and synthesis of w-BN in large quantity still remains an unsolved topic.

h-BN, the hexagonal form of BN belongs to the 2-dimensional (2D) materials group. Its bidimensional character is for instance illustrated by the strong anisotropy of physical properties, e.g. thermal conductivity measured in the direction of plans, or perpendicularly of them. The 2D in-plane structure of h-BN is similar with graphene, which is the hot star in 2D materials.

The superior properties of h-BN bulk material and low-dimension h-BN nanomaterials have attracted great attention from researchers. These properties are presented in the following section.

Hexagonal boron nitride (h-BN): an outstanding material

Interesting functional properties of h-BN result from its bi-dimensional nature. Indeed, h-BN evidences a similar layered structure to graphite, that is why it is often referred as "White h-BN is an excellent electrical insulating material with low density (2.27g•cm -3 ), high thermal conductivity, strong high-temperature stability and strong UV emission. It is chemically inert without toxicity, making it an interesting environmental-friendly material. It can be stable in air up to 1000 °C, under vacuum up to 1400 °C, and in inert atmosphere it can be used up to 2800 °C [1,14]. Therefore, h-BN is a refractory ceramic superior to the Si3N4, AlN, MgO, CaO and ZrO2, that can be used for high temperatures application. Moreover, h-BN is also widely used for its good dielectric properties, and lubricant over a wide range of temperatures [9]. Its small coefficient of friction can persist up to 900°C, whereas other solid lubricants like graphite and MoS2 have a functional ceiling temperature of 500°C and 700°C respectively [15][16][17]. Due to its intrinsic non-wetting properties it is not corroded by many metallic (Al, Cu, Zn, Fe, Ge)

and non-metallic (Si, B, glass, halides) melts [18].

Based on above properties, h-BN has long been used for producing high-temperature insulators, coatings, crucibles, fibers, ceramic composites, as well as semiconductor substrates. Over the past decades, with the increasing interest on carbon nanotubes (CNTs) and related nanomaterials, BN low-dimensional materials have become among the most promising inorganic nanosystems [19]. Zero-dimensional (0D) single-layered octahedral BN fullerenes, one-dimensional (1D) nanotubes (BNNTs) and two-dimensional (2D) BN nanosheets (BNNSs)

were successfully synthesized in the past years [20][21][22][23]. Structural models of low-dimensional BN nanostructures are illustrated in Figure 1.3. Among the interests on h-BN materials, BNNSs are becoming one of the most attractive topics.

Layered nanomaterials or 2D nanomaterials are defined as materials with relatively large lateral size and strong chemical bonds, while keeping a smaller dimension in their thickness and weaker van der Waals bonds in between [24]. Among the 2D nanomaterials and low dimensional BN nanomaterials, BNNSs has been a hot research topic for its similar structure to graphene, which is a super star 2D material since 2004 [25,26].

BN nanosheets (BNNSs)

Compared with graphene, in addition to their common sp 2 bonding, the planar lattice constant of h-BN is 2.504Å, close to that of 2.464Å for graphene. This value is much smaller than many other 2D materials, such as MoS2, WS2, MoSe2 and CoO2 (Table 1.2) [23,[27][28][29][30]. Besides the advantageous properties of bulk h-BN materials [19], BNNSs also has high mechanical strength due to strong in-plane B-N covalent bonds. These features make BNNSs suitable as substrate material for graphene electronics, with the least lattice mismatch.

Moreover, h-BN exhibits a low dielectric constant (εr = 3~4) and two times higher optical phonon energies than conventional used SiO2 substrate. Therefore, pairing with graphene and other 2D nanomaterials, h-BN promotes the incentive of various van der Waals heterostructures [31][32][33][34][35]. The insulating behavior of BNNSs, as well as distinctive violet or ultraviolet (UV) luminescence emissions, promotes the applications as protective shields encapsulating nanomaterials, deep UV devices, photocatalysis and optical storage. In addition, atomically thin BNNSs are better heat conductors, as a result of reduced layer thickness and phonon scattering, which shows BNNSs as an ideal filler for high thermal conductivity polymer nanocomposites [36].

Chapter 1 16

These last years, a variety of methods have been developed for synthesis of BNNSs, most of which are similar to the techniques used for fabrication of graphene. These methods can be divided into two major routes, involving either a "bottom-up" or "top-down" approach [37].

Bottom-up routes

Bottom-up routes mainly include Chemical Vapor Deposition (CVD), solid-state reactions, substitution reactions and sputtering deposition. CVD is a widely explored method, using different precursors, such as borazine, ammonia borane and B-trichloroborazine. Among them, due to its isostructure to benzene, borazine is the main option. The growth of BNNSs has been carried out primarily on transition metal substrates, such as Cu, Ni, Fe and Pt. This is based on their catalytic effect at high temperatures. Ismach et al. [38] have synthesized h-BN thin layers and thick layers on Ni and Cu substrates by low pressure CVD (LPCVD), using diborane and ammonia precursors. They have found that average thickness (number of layers) of the h-BN films has a linear dependence on the growth time. Kim et al. [39] have obtained single-layered h-BN on Cu substrate using ammonia borane as the precursor. It has been observed that the morphology of the Cu surface affects the location and density of the h-BN nucleation. Caneva et al. [40] have succeeded in controlling growth of h-BN film monolayer on Fe foil up to 900°C using a borazine precursor. In their research, they have significantly improved the growth of h-BN through a bulk reservoir filling effect in Fe foil by pre-dosing N in the form of NH3 during pre-annealing. Gibb et al. [41] have described a synthesis method of mono-and few-layer h-BN films using LPCVD from borazine, with Ni, Cu and Pt as catalytic substrates. How to increase h-BN domain size is one of the issues of BNNSs via CVD method. Stehle et al. [42] have found that highest temperatures are most suitable for growth of larger h-BN domain size on Cu substrate. They have also observed that, at high temperatures, h-BN crystal shape changes from triangular to truncated triangular and further to hexagonal, depending on the substrate position in the furnace (Figure 1.4). Their process has been operated at atmospheric pressure (APCVD).

In recent years, mono-and few-layered BNNSs with domains size up to centimeter-scale have been reported. Park et al. [43] have synthesized large h-BN mono-layer film by LPCVD over a whole Pt foil (25 cm 2 ) (see Figure 1.5). They have found that the orientation of the polycrystalline h-BN domains is largely confined by the underlying Pt lattice orientation. At high pressure, a thick h-BN film is preferentially grown on Pt (111), whereas the thin h-BN film is grown on Pt (001). Lu et al. [44] have reported a successful CVD synthesis of large single crystal h-BN grains on Cu-Ni alloy foil. They have mentioned that nucleation density can be greatly reduced to 60 per mm 2 by optimizing the Ni content in substrates. This enables the growth of h-BN single crystal grains up to 7500 μm 2 . Oh et al. [45] have reported the growth and transfer of centimeter-sized epitaxial h-BN few-layer films on Ni (111) single-crystal substrates using APCVD with ammonia borane as the precursor. It should be noticed that CVD and CVD-derivative synthesis of BNNSs are strongly related to the morphology of substrates and purity of chemicals. Domain size, morphology and layers number are still the challenges for the applications of CVD BNNSs [37,46,47].

Another method to obtain BNNSs via bottom-up strategy is sputtering deposition. Wang et al. [START_REF] Wang | Synthesis of Large-Sized Single-Crystal Hexagonal Boron Nitride Domains on Nickel Foils by Ion Beam Sputtering Deposition[END_REF] have reported the successful synthesis of large-sized single-crystal h-BN domain, up to 100 μm, on Ni foils by Ion Beam Sputtering Deposition (IBSD) (see Figure 1.6). They have concluded that the nucleation density can be decreased by higher temperature and lower density of ion beam, favoring the growth of large-sized h-BN domains. 

Top-down routes

Top-down methods to get BNNSs are usually based on ready-made h-BN powders or single crystals, taking advantage of van der Waals forces between the atomic layers. These approaches to obtain BNNSs mainly include mechanical exfoliation and chemical exfoliation, which will be introduced later in section 1.3 of this chapter.

Besides the conventional top-down and bottom-up methods, some novel approaches have also been developed in the past years, such as high-energy electron irradiation [19,37,[START_REF] Pakdel | Nano boron nitride flatland[END_REF]. Meyer et al. [START_REF] Meyer | Selective sputtering and atomic resolution imaging of atomically thin boron nitride membranes[END_REF] have prepared single-layer h-BN membranes in a high-energy electron beam (1×10 8 e - /(s•nm 2 )), sputtering off subsequent layers one by one from the boron nitride membranes Through the recent decades, both bottom-up and top-down strategies have been widely investigated among many groups. For top-down strategy, especially for exfoliation methods, the quality of BNNSs has direct relationship with the quality of h-BN bulk crystals. Therefore, researchers have been working a long time to produce h-BN bulk crystals, in particular single crystals, with large crystal size and high purity.

Synthesis methods of hexagonal boron nitride single crystals

The first synthesis of h-BN has been described by Balmain [START_REF] Balmain | Bemerkungen über die Bildung von Verbindungen des Bors und Siliciums mit Stickstoff und gewissen Metallen[END_REF][START_REF] Balmain | Ueber das Aethogen[END_REF] in 1842. About 100 years later, its structural arrangement has been proposed by Pease [START_REF] Pease | An X-ray study of boron nitride[END_REF]. He has reported the lattice parameters of 2.504 Å and 6.661 Å for a and c respectively. Almost since the same time, h-BN has become a commercial material [START_REF] Taylor | Method of making molded boron nitride bodies[END_REF]. Since then, quite a number of methods have been used for producing h-BN powder. With the increasing interest on its optical properties and other fundamental properties, the growth of large single crystals of high quality is necessary and urgent. Objective of the current PhD is to develop a simple soft procedure able to deliver large h-BN single crystals. Different strategies have been proposed in the literature.

Nitridation of borates

This is an important method for synthesizing h-BN, via nitridation of an oxygen containing boron compound with a nitrogen-based compound. Borates such as boron oxide (B2O3) [START_REF] Basu | Synthesis of boron nitride[END_REF][START_REF] Yokoi | Synthesis of boron-nitride from boron-oxide using supercritical ammonia[END_REF], boric acid (H3BO3) [START_REF] Chakrabartty | Preparation of Hexagonal Boron Nitride from Boric Acid and Characterization of the Materials[END_REF] or alkali borates [START_REF] Matveev | Synthesis of boron nitride nanostructures from borates of alkali and alkaline earth metals[END_REF], are heated with nitrogen-containing compound such as ammonia, melamine or urea in nitrogen atmosphere. Due to the low melting temperature of boron compounds, carrier substances (Ca3(PO4)2, CaCO3, CaO, Zn-borate) are used. The h-BN crystals are thin platelets with a thickness of about 0.1-0.5 μm and a diameter up to 5 μm [9]. Yokoi et al. [START_REF] Yokoi | Synthesis of boron-nitride from boron-oxide using supercritical ammonia[END_REF] have synthesized h-BN from boron oxide using super critical ammonia and solid CaO by the following reaction:

2 3 3 2 B O + 2NH + 3CaO 2BN + 3Ca(OH)  (1-1)
The experiment has been carried out at 350480°C in a micro autoclave under an initial pressure of 3.010.0 MPa. The mean diameter of obtained BN particles is 0.20.3 μm.

Chakrabartty et al. [START_REF] Chakrabartty | Preparation of Hexagonal Boron Nitride from Boric Acid and Characterization of the Materials[END_REF] and Besisa et al. [START_REF] Besisa | Low temperature synthesis of nano-crystalline h-boron nitride from boric acid/urea precursors[END_REF] have reported the preparation of h-BN from boric acid and urea. When the mixture is heated in the temperature range 250-300 °C, ammonium polyborate (NH4)2B4O7 is formed. Meanwhile, part of urea reacts with the water produced to form ammonia. By heating upon 500-600 °C, the ammonium polyborates react with ammonia forming amorphous boron nitride according to the following equations: 4H BO + CO(NH )

(NH ) B O + CO + 4H O  (1-2) 2 2 2 3 2 CO(NH ) + H O 2NH + CO  (1-3) 4 2 4 7 3 2 (NH ) B O + 2NH 4BN + 7H O  (1-4)
Followed by a 800 °C heating in N2 gas flow, amorphous boron nitride is transformed into h-BN.

Matveev et al. [START_REF] Matveev | Synthesis of boron nitride nanostructures from borates of alkali and alkaline earth metals[END_REF] have described the reactions of ammonia with alkali and alkaline earth metals borates M2O (MO)•nB2O3 (M2 = Li, Na, K and M = Mg, Ca, Sr, Ba), in a temperature range of 950-1250 °C (Figure 1.9). Their proposed model assumes that the BN nanostructures are grown from a boron oxide based liquid with a relatively low amount of dissolved alkali or alkaline earth metal oxides. 

Pyrolytic reaction of B-N containing precursors

Preparation of B-N containing compounds with subsequent decomposition is also a suitable method to produce h-BN. Such elemento-organic B-N compounds include ammonia borane (BNH6) [START_REF] Wang | Effect of Ambient Gas and Temperature on Crystallization of Boron Nitride Spheres Prepared by Vapor Phase Pyrolysis of Ammonia Borane[END_REF], borazine (B3N3H6) [START_REF] Adams | Characterization of Films Formed by Pyrolysis of Borazine[END_REF], B-trichloroborazine (B3Cl3H3N3) [START_REF] Müller | Symmetry versus commensurability: Epitaxial growth of hexagonal boron nitride on Pt (111) from B-trichloroborazine (ClBNH) 3[END_REF][START_REF] Auwärter | Synthesis of one monolayer of hexagonal boron nitride on Ni (111) from B-trichloroborazine (ClBNH) 3[END_REF], hexachloroborazine (B3N3Cl6) [START_REF] Constant | Preparation and characterization of thin protective films in silica tubes by thermal decomposition of hexachloroborazine[END_REF] and trimethylamine borane (C3BNH12) [START_REF] Tay | Trimethylamine Borane: A New Single-Source Precursor for Monolayer h-BN Single Crystals and h-BCN Thin Films[END_REF]. Wang et al. [START_REF] Wang | Effect of Ambient Gas and Temperature on Crystallization of Boron Nitride Spheres Prepared by Vapor Phase Pyrolysis of Ammonia Borane[END_REF] have synthesized BN spheres (Figure 1 The detailed pyrolytic decomposition route of ammonia borane is outlined by Frueh et al. [START_REF] Frueh | Pyrolytic decomposition of ammonia borane to boron nitride[END_REF] and presented in Figure 1.11. A major theme of liquid or soluble ceramic precursors is that they can be fabricated into coatings, fibers and composites [START_REF] Segal | Chemical Routes for the Preparation of Powders[END_REF]. B-N containing organic compounds have become the main precursors for CVD synthesis of mono-or few-layer BNNSs. Compared with chemical precursors like BF3/NH3, BCl3/NH3 and B2H6/NH3, such organic precursors show many advantages due to the 1:1 B/N stoichiometry [START_REF] Shi | Synthesis of few-layer hexagonal boron nitride thin film by chemical vapor deposition[END_REF]. Some of the related works have been introduced in the previous part. , and PAB, [3] is inferred and likely to depend on temperature, chain length, and the extent of branching in the PAB polymer. At low temperatures, PAB is preferred and at higher temperatures PAB decomposes into molecular aminoborane [2] hydrogen, borazine [4], and polyiminoborane [5]. [START_REF] Frueh | Pyrolytic decomposition of ammonia borane to boron nitride[END_REF] Polymer Derived Ceramics (PDCs) route is a kind of method that takes advantage of the polymer pyrolytic reaction to form different types of ceramics. A detailed introduction of PDCs, especially in preparing BN materials, is presented in the part 1.4.1.

Molten solvent method

Growing of h-BN single crystals is possible in molten solvent flux. In 1983, Ishii and Sato have been the first to succeed in synthesizing large h-BN single crystals, by heating B and Si mixture powder above 1800°C in N2 atmosphere [START_REF] Ishii | Growth of Single Crystals of Hexagonal Boron Nitride[END_REF]. The largest crystals can reach 2 mm in diameter and 20 μm in thickness. Copper and sodium solvents have been also employed in 1997 and 2000 [START_REF] Yano | Growth of nitride crystals, BN, AlN and GaN by using a Na flux[END_REF][START_REF] Hubacek | The effect of copper on the crystallization of hexagonal boron nitride[END_REF].

From 2007, Watanabe and Taniguchi [START_REF] Kubota | Hexagonal Boron Nitride Single Crystal Growth at Atmospheric Pressure Using Ni-Cr Solvent[END_REF][START_REF] Kubota | Deep Ultraviolet Light-Emitting Hexagonal Boron Nitride Synthesized at Atmospheric Pressure[END_REF][START_REF] Watanabe | Effects of deformation on band-edge luminescence of hexagonal boron nitride single crystals[END_REF][START_REF] Yoichi | Synthesis of Cubic and Hexagonal Boron Nitrides by Using Ni Solvent under High Pressure[END_REF] have reported several attempts by using different molten solvents, such as Ni, Ni-Mo and Ni-Cr. Commercial h-BN powder is chosen as the starting raw material. The use of Ni-Cr is beneficial in increasing the thickness of h-BN crystals.
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After heating up to 1500°C under atmospheric pressure, the obtained crystals reach as large as 500 μm wide and 60 μm thick (Figure 1.12a). 

High Pressure High Temperature (HPHT) method

High Pressure High Temperature (HPHT) method is by far the most reliable method for large and high quality BN single crystals in the past years. In 1960s, it has been initially proposed by Wentorf [START_REF] Wentorf | Preparation of Semiconducting Cubic Boron Nitride[END_REF] for synthesis of c-BN. Later since 1990s, Taniguchi in National Institute for Materials Science (NIMS) have begun to use this technique to produce c-BN at 7.7 GPa and 2100°C without the addition of any sintering aids [START_REF] Taniguchi | High pressure synthesis of semiconducting Be-doped polycrystalline cubic boron nitride and its electrical properties[END_REF][START_REF] Taniguchi | Sintering of cubic boron nitride without additives at 7.7 GPa and above 2000 C[END_REF]. Meanwhile, they have also combined HPHT method with molten solvent Li-B-N to grow c-BN single crystals [START_REF] Taniguchi | Growth of Cubic Boron Nitride Single Crystal under High Pressure using Temperature Gradient Method[END_REF][START_REF] Taniguchi | High pressure synthesis of UV-light emitting cubic boron nitride single crystals[END_REF][START_REF] Taniguchi | Ultraviolet light emission from self-organized p-n domains in cubic boron nitride bulk single crystals grown under high pressure[END_REF][START_REF] Taniguchi | Appearance of n-Type Semiconducting Properties of cBN Single Crystals Grown at High Pressure[END_REF].

Besides c-BN, HPHT method has also provided the possibility for synthesis of h-BN single crystal in the beginning of this century. In 2004, Watanabe and Taniguchi have succeeded in preparing high purity h-BN single crystals under HPHT using carefully purified Ba-B-N solvent system [START_REF] Watanabe | Direct-bandgap properties and evidence for ultraviolet lasing of hexagonal boron nitride single crystal[END_REF][START_REF] Taniguchi | Synthesis of high-purity boron nitride single crystals under high pressure by using Ba-BN solvent[END_REF]. The growth cell is compressed to 5.5 GPa and heated up to 1500-1750°C. The h-BN single crystals are colorless and transparent, with size around 1-3 mm(Figure 1.13a) [START_REF] Watanabe | Method for producing hexagonal boron nitride single crystals[END_REF]. In 2014, Zhigadlo has succeeded in growing transparent and colorless h-BN single crystals from a Mg-B-N solvent [START_REF] Zhigadlo | Crystal growth of hexagonal boron nitride (hBN) from Mg-B-N solvent system under high pressure[END_REF]. The largest plate-like-shaped h-BN crystals with sizes up to 2.5 mm in length and 10 μm in thickness are obtained at 30 kbar and 1900-2100°C (Figure 1.13b). Through the past decades, researchers have succeeded in synthesizing h-BN crystals via various ways. These h-BN crystals are not only used for the research on bulk material properties, but also for the application of low-dimension nanomaterials, such as BNNSs. As discussed previously, starting from h-BN bulk crystals, top-down strategy is a proper way to reduce the thickness and lower the dimension of crystals to nanoscale. The application of BNNSs now faces with the new challenges: exfoliation techniques.

Two-dimensional (2D) nanosheets by exfoliation

Layered bulk materials share one common characteristic with strong in-plane chemical bonds but weak out-of-plane van der Waals bonds. This feature provides the potential and advantage for further low-dimensional applications. Exfoliation or delamination of layered materials has become an important and effective way to yield nanometer-thin sheets. Different approaches have been reported for exfoliation of these laminar-structure materials, including graphite, h-BN, transition metal oxides (TMOs) and transition metal dichalcogenides (TMDs) [23,[START_REF] Nicolosi | Liquid Exfoliation of Layered Materials[END_REF][START_REF] Peng | Very Large-Sized Transition Metal Dichalcogenides Monolayers from Fast Exfoliation by Manual Shaking[END_REF][START_REF] Kalantar-Zadeh | Synthesis of Atomically Thin WO3 Sheets from Hydrated Tungsten Trioxide[END_REF].

Mechanical exfoliation

Geim and Novosolov have been the first to successfully exfoliate graphite into graphene by using transparent adhesive tape in 2004 [25]. One year later, they have reported the preparation of various 2D thin sheets through this method, including BN, MoS2, NbSe2, Bi2Sr2CaCu2Ox

(Figure 1.14) [23]. Mechanical exfoliation, also referred as scotch-tape method, produces single-crystal mono-or few-layer nanosheets of high purity that are suitable for fundamental characterization and for fabrication of individual devices [START_REF] Splendiani | Emerging Photoluminescence in Monolayer MoS2[END_REF][START_REF] Bertolazzi | Stretching and Breaking of Ultrathin MoS2[END_REF][START_REF] Mak | Atomically Thin MoS2: A New Direct-Gap Semiconductor[END_REF][START_REF] Radisavljevic | Single-layer MoS2 transistors[END_REF]. Compared to those prepared by chemical methods, BNNSs obtained with this technique have fewer defects and larger single crystal domains.

These advantages make them suitable for exploring their intrinsic properties or fundamental research in electronics and optoelectronics [START_REF] Pacilé | The two-dimensional phase of boron nitride: Few-atomiclayer sheets and suspended membranes[END_REF]. 

Chemical exfoliation

Chemical exfoliation is an alternative and promising way for mono-or few-layer nanosheets.

This method is mainly carried out in liquid, so it is also called liquid-phase exfoliation [37].

Low molecular organic solvent such as ethanol can be used for exfoliation, with the help of Sonication of sufficient power is also necessary for exfoliation. It can help to break the van der Waals forces between the atomic layers, allowing the solvent molecules to seep between the layers and expand them. Chemical exfoliation is quick and easy, and insensitive to ambient conditions, leading to higher The advantage of chemical exfoliation is its efficiency to fabricate few-layer h-BN flakes in large quantities. Nevertheless, this method suffers from surface contamination of the samples and even smaller flake size than that obtained through mechanical exfoliation [119].

Although several methods have been proposed to produce bulk h-BN crystals, as well as the different exfoliation methods, researchers are still in trouble with the lack of high quality h-BN crystals. These problems mainly lay in the aspects of single crystal size and purity. Both mechanical and chemical exfoliation methods need high quality h-BN sources. The imperfection of h-BN sources have been the obstacle for further application of BNNSs by exfoliation. The HPHT method invented by researchers from NIMS seems to be the best reliable h-BN source. However, the severe condition and long synthesis time make it not widely used. Therefore, is it possible to produce large h-BN single crystals through a softer method?

A new strategy for synthesizing h-BN single crystals and BNNSs

The groups in LMI (Laboratoire des Multimatériaux et Interfaces) from Université de Lyon have been researching in BN materials for many years by using Polymer Derived Ceramics (PDCs) routes. In that case, an intermediate powder prefiguring h-BN is got. Cooperating with MATEIS (Matériaux : Ingénierie et Science), also from Université de Lyon, some innovative strategies are studied to favor large highly crystallized h-BN single crystals. Two processes are particularly developed and optimized: the sintering by SPS and densification way by HIP.

In fact, here we propose a dual process, and it seems important to know previous studies focused on the separate steps.

Polymer derived ceramics (PDCs)

The The first reported polymer precursor route to h-BN has been proposed in 1966 by Economy and Anderson, in which the ceramic is clearly identified [127]. They have prepared h-BN from the reaction of an alkyl polyborate-ammonia complex (RO)3B25O36(NH3)8 with ammonia in the temperature range of 400-800°C. The ammonia complex is obtained via disproportionation of a trialkoxyboroxine to the corresponding trialkoxyborane and the ammonia complex. Since then, various precursors have been used for fabrication of h-BN fibers, coatings and bulk parts.

These precursors, reported in the literature, are presented in Table 1.3: 

Hot isostatic pressing (HIP)

Hot Isostatic Pressing (HIP) is a manufacturing process, used for upgrading castings, densifying pre-sintered components, consolidating powders, and interfacial bonding. The process involves the simultaneous application of a high gas pressure and elevated temperature in a specially constructed vessel [176]. The term "isostatic" comes from the all-directional pressure in the chamber generated by inert gases (N2 or Ar) or in some rare adapted equipment with an oxygen partial pressure. The gas can either protect the materials from unexpected chemical reactions or interact for nitrides and oxides depending on the gas nature. To densify materials, those with only closed porosity can be directly introduced in the gas chamber, within the 1200-1500°C temperature range, with a gradually gas pressure increase from about 50 MPa to 300 MPa. In Hunold's patent, chemical analysis is also presented. Due to the addition of sintering aids, the final product contains ~1 wt.% B2O3 and 1.3 wt.% of total oxygen (Table 1.4). Another successful preparation of h-BN by HIP is reported by Hoenig [185] in 1992. The pressing process is conducted at 1900°C in a refractory container filled with BN powder and under pressure of 206.8 MPa. The bulk BN reaches a final density of 97% of the theoretical density (2.21g/cm 3 ). The chemical analysis shows that the product presents the impurities of oxygen less than 1 wt.% and tantalum less than 1000 ppm. The oxygen mainly comes from the BN raw materials, while tantalum comes from the refractory container. Although more than 30 years have passed since the invention of HIP derived h-BN synthesis, the detailed investigation on morphology and structure, and process optimization have been seldom reported in the literature. Moreover, as a conventional densification technique, to our knowledge HIP has not been involved in growth of large h-BN single crystals.

In this PhD manuscript, the two latter sintering processes: SPS on the one hand, HIP on the other hand, will be optimized for contributing to the growth and crystallinity control of h-BN.

Characterization techniques for h-BN nanomaterials

A number of methods have been used to characterize the physical and chemical properties of h-BN bulk materials, such as Optical Microscopy (OM), X-Ray Diffraction (XRD), X-Ray Photoelectron Spectroscopy (XPS), UV-Visible Spectroscopy, Photoluminescence 39 Spectroscopy (PL) and Infrared Spectroscopy (IR). When the dimension of materials is reduced to nanoscale, their unique properties become different from their bulk counterparts and need to be characterized with various techniques. BNNSs is a promising 2D nanomaterial for its high thermal conductivity and stability, mechanical strength, as well as superior optical and 

X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is used to determine the elemental composition and the type of bonding between the elements within depth of several nanometers under surface. It is based on the photoelectric effect, in which X-rays cause photoelectrons to be ejected from a surface. The kinetic energy and number of ejected photoelectrons are plotted as a spectrum of their binding energies [191]. Figure 1.28 shows the XPS spectra of BNNSs on Cu substrate.

The N 1s and B 1s peaks are located near 190 and 398 eV, which correspond to B-N bonding of pristine h-BN films. The B/N ratio could be calculated by: / (B 1s) / (N 1s)

B N N N R A A  (7)
where AN is the normalized peak area. For a good quality BNNSs, the peaks should be symmetric and the expected B:N ratio should be close to 1 [192]. Ultraviolet-visible (UV-vis) spectroscopy is widely used to quantitatively characterize organic inorganic nanosized molecules. For h-BN, UV-Vis absorption spectroscopy is utilized to investigate the intrinsic optical property, determining the optical band gap (OBG). 

/2 () g a E E E    (1-8)
where  is the adsorption coefficient, a is a constant, E is the photon energy and Eg is the OBG.

By plotting (E) 2 against E, a straight line can be extrapolated and the intersection against the x-axis (E) is the extracted OBG (Figure 1.29b) [46,192].

Photoluminescence Spectroscopy

When light is directed onto a sample, photons are absorbed and photoexcitation occurs, exciting electrons from ground state to excited state. Then, the sample returns back to ground state and releases photons as light emission, which is referred as photoluminescence (PL). PL spectroscopy is a method to study the band gap, impurity levels and detect defects. 

Cathodoluminescence Spectroscopy

Cathodoluminescence (CL) is a light emission phenomenon encountered when a material is irradiated by an electron beam. CL spectroscopy is often utilized to identify the intrinsic property of materials, including band gap, doping and crystal defects. The high purity h-BN samples show a single peak of ultraviolet luminescence at 5.765 eV (215 nm) at room temperature (Figure 1.31a). This proves that h-BN is a direct-gap semiconductor with a bandgap energy of 5.971 eV [START_REF] Watanabe | Direct-bandgap properties and evidence for ultraviolet lasing of hexagonal boron nitride single crystal[END_REF]. Furthermore, it is also observed that the CL intensity decreases when decreasing the h-BN layer thickness (Figure 1 

Raman Spectroscopy

Raman spectroscopy is a technique to determine the vibration, rotation and other low-frequency modes in a system. For h-BN, it is used to identify the position of characteristic peak centered around 1366 cm -1 , which is assigned to the E2g phonon mode [100]. It is observed that, when the thickness decreases to few-atom scale, the intensity of the peak is linearly dependent on the number of layers (Figure 1.33a) [100]. The peak of h-BN monolayer exhibits a blue shift up to 4 cm -1 . This is because of the hardening of E2g phonon due to a slightly shorter B-N bond in isolated monolayers, which implies compressive stress caused by the stretching of the film.

However, for bilayers, the random strain, which is induced probably during the cleavage, causes a red shift of around 2 cm -1 (Figure 1. 

Summary

With the deepening of research in the intrinsic properties of h-BN, application of 2D materials and heterostructures, high purity h-BN single crystals and large BNNSs are inevitably necessary. To obtain such materials of high quality, researchers have developed several methods in the past decades. As we have introduced above, among those methods, HPHT is the most successful method for synthesis of large single h-BN crystals. Followed by simple mechanical exfoliations, large BNNSs with size up to hundreds of micrometers can be obtained.

Another important method is CVD, which is based on the bottom-up strategy. This method has been widely studied and can deposit mono-or few-layer BNNSs on various substrates with size up to centimeter scale. However, both techniques have their own shortcomings. For HPHT process, a 5.5 GPa pressure has to be applied at 1500 ~ 1700°C for more than 20 hours. Such severe synthesis conditions can be considered as crippling for any industrial development. On the other hand, the CVD derived BNNSs suffer from intrinsic defects, small domain sizes and important number of layers. Besides, the mismatch between the h-BN layers and the subjacent substrate is an issue that cannot be neglected.

Linked to the nanosized nature of BN, some specific investigation strategies have to be carried out. These characterization techniques involve advanced microscopy, fine surface analysis, and optical-based methods.

A new synthesis method has been proposed by members of the two host laboratories: LMI and MATEIS, both from Université de Lyon. Since some years ago, pure and large bulk h-BN and Chapter 1
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BNNSs have been obtained by coupling PDCs and SPS methods. This PhD work is further focused on a better understanding of the influence of key-parameters such as sintering temperature and crystallization promoter, on the characteristics of crystals and exfoliated BNNSs, in order to optimize the synthesis step. Moreover, an innovative combination method of PDCs and HIP is demonstrated to still increase the size of h-BN single crystals and BNNSs.

: Experimental methodology

Experimental methodology

This chapter gathers all specific methods we have carried out within the PhD for the synthesis and the characterization of h-BN. The synthesis process of h-BN bulk crystals can be divided into two steps: synthesis of the preceramic precursor on the one hand, and the ceramization by sintering/pressing on the other hand. Both steps are described in this chapter. Moreover, the exfoliation step to obtain BNNSs is also of prime importance in our study. Therefore, we propose to introduce the chemical and mechanical exfoliation processes we used. To better understand the nature of h-BN bulk crystals and mono-and few-layer BNNSs, various characterization methods are carried out in this study and are specifically presented in this chapter, including light and electron microscopies, Raman spectroscopy, X-ray diffraction, photoelectron, and cathodoluminescence spectroscopies.

Synthesis of h-BN

To obtain h-BN crystals, our method includes two parts: synthesis of a preceramic precursor and sintering/pressing of the latter. Indeed, the first part is mainly devoted to chemical reactions leading to both the molecular precursor, which is borazine and its preceramic derivative, namely polyborazylene. After stabilization, the polymer is used for the second part which is focused on the transformation of preceramic precursor into crystalline h-BN crystals.

Synthesis of preceramic precursor

Synthesis of borazine

The synthesis process starts from the synthesis of borazine, which is chosen as the molecular precursor of our PDCs route. Borazine is the ideal candidate to produce h-BN materials, as its hexagonal arrangement with the alternation of boron and nitrogen atoms is the preform of the hexagonal structure of h-BN. In addition, borazine has a carbon-free chemical composition, having only hydrogen atoms as additional element that can be removed during the conversion from precursor to ceramic.

In previous literature, several routes have been developed to produce borazine [1]. In our study, based on the laboratory experiment conditions and previous experiences, a well adaptive reaction has been chosen [1,2]. The borazine is obtained through the following reaction (2-1) in a Schlenk line: 

Characterization of borazine

The obtained borazine is transparent colorless liquid at room temperature, with a density of 0.89g/cm -3 . The quality of borazine is characterized by Fourier-Transform Infrared Spectroscopy (FTIR) and Proton Nuclear Magnetic Resonance ( 1 H-NMR). The FTIR is recorded by Jasco FTIR 300E and the 1 H-NMR spectroscopy is recorded by Bruker AV300 Spectrometer. -N-H peak that appears at 3451 cm -1 (N-H stretching) and at 715 cm -1 (N-H bending);

-B-H peak that appears at 2509 cm -1 (B-H stretching) and at 897 cm -1 (B-H bending);

-B-N peak that appears at 1454 cm -1 (B-N stretching). -The quadruplet at 4.34 ppm corresponding to the hydrogen atoms bonded to the boron atoms; the proton is coupled to the four boron spin states (m = -3/2, -1/2, 1/2, 3/2);

-The triplet at 5.45 ppm corresponding to the hydrogen atoms bonded to the nitrogen atoms; the proton is coupled with the three spin states of nitrogen (m = -1, 0, 1).

In principle, the number of protons of each type (B-H and N-H) is equivalent in borazine.

However, it is observed that the ratio of the intensities obtained by integration of the two signals is not equivalent. Indeed, the response of each type of protons (B-H and N-H) is not the same.

Thus, the actual ratio of the intensities of the two signals is

NH BH / 0.88 R I I  .

Synthesis of polyborazylene

Borazine is a highly volatile molecule whose boiling temperature is 53°C [4]. Under these conditions, experimentally, it is extremely difficult to use borazine in its monomeric form. In this context, it is quite common to perform a polycondensation of borazine to polyborazylene (PBN) to increase its level of crosslinking, vaporization temperature, ceramic yield and thus facilitate its handling.

The borazine polycondensation process is carried out according to the reaction scheme given below (2-2) [5]. It is found that the formation of a bond between two monomeric entities releases a molecule of H2.

n (n-1)/2 Borazine Polyborazylene 55°C H 2 (2-2)
The polycondensation is conducted in an autoclave under pressure and temperature. Depending on the polycondensation temperature and the duration, PBN can be obtained in different states.

With increasing temperature and duration of polycondensation, transparent low-viscosity liquid, viscous transparent liquid or white solid can be obtained. The thesis of Termoss [6] reports a rather complete study of the influence of the various polycondensation parameters on the polymer obtained. PBN prepared at a temperature below 55°C leads to viscous transparent liquid. PBN prepared above 60°C is white solid that needs to be solubilized before use, during which PBN may be contaminated.

Before the experiment, the autoclave is dried at 120°C for 12 hours and then put in the vacuum chamber for 12 hours to remove the moisture. Then, 20 ml borazine is transferred into the autoclave under Ar. After the autoclave is well sealed, it is connected with the temperature controller to maintain the heating temperature at 55°C for 5 days. After this process, about 15g viscous transparent liquid PBN is obtained, with a density of 1g/cm 3 . The prepared polymer must be stored in a fridge (-20 °C) to avoid further crosslinking.

Characterization of polyborazylene

The obtained PBN is characterized by FTIR (Figure 2.4) and 1 H-NMR (Figure 2.5) spectroscopy. Both spectra confirm a good purity and quality of the synthesized PBN. -N-H peak that appears at 3451 cm -1 (N-H stretching) and at 715 cm -1 (N-H bending); -B-H peak that appears at 2509 cm -1 (B-H stretching) and at 897 cm -1 (B-H bending); -B-N peak that appears at 1454 cm -1 (B-N stretching).

It is observed that, compared with borazine, the peaks in PBN spectrum are broadening. This indicates an increase in the level of polymerization of the compound. 

PBN stabilization

Liquid state PBN is not suitable for further thermal sintering or pressing. In order to conduct such manipulation, the liquid PBN is stabilized in the solid state. PBN is first mixed with different amounts of Li3N as the crystallization promoter. The mixture is mechanically stirred for 2 hours to achieve a high homogeneity. After stirring, the PBN/Li3N mixture is heated at 200°C for 1 hour in an alumina crucible directly in the glovebox. Then, the mixture is transferred under N2 into an alumina tube furnace and the temperature is increased up to 650°C

(1 °Cmin -1 ) and dwelled for 1 hour. After cooling, the bulk mixture is grinded into powder.

The pure PBN powder is white and becomes darker with the increasing addition of Li3N.

Chapter 2

68

Because both PBN and Li3N are sensitive to oxygen and moisture, all these treatments are done under inert atmosphere. The preceramic powder is stored in the glovebox to avoid any reaction with oxygen and moisture.

The PBN preceramic powder prefigures the expected h-BN. To achieve this final step, a further heating treatment is required, got either by SPS, or by HIP.

Spark plasma sintering (SPS)

Before sintering, a protective papyex ® sheet is firstly covered on the inner surface of the 10 mm diameter SPS graphite die (Figure 2.6 Left). The papyex ® sheet is used to avoid the contact between the powder and the graphite die, that makes it easier to retrieve the sample after sintering. The graphite die is then filled with the preceramic powder (300-400 mg) and then transferred into the SPS chamber (HP D25, FCT System, Figure 2 

Hot isostatic pressing (HIP)

h-BN crucibles (Unipretec, > 99%, Φ=5mm) are used for the HIP process. Before HIP process, the crucibles are first heat treated at 1000°C for 6 hours under vacuum to remove the moisture and adsorbed impurities. Then, in a glovebox, the preceramic powder is introduced into the crucible and thereafter transferred into the HIP system working place (ASEA QIH3, Figure 2.7). The pressing chamber is purified with N2 with several filling and emptying cycles, to remove oxygen and moisture. The temperature is then increased up to 1800°C and N2 pressure is increased up to 1800 bar in 30 min. The dwelling time is 8 hours before cooling down to room temperature together with pressure release. The previous part have described how h-BN bulk crystals are obtained. The following section is dedicated to the procedures we have adopted to extract BNNSs by exfoliation. The bibliographic part has shown that many techniques may exist to separate BN layers, taking profit of their weak van der Waals interlayer forces [7][8][9]. Among these techniques, we have selected the efficient simplest ways, summarized as below.

Exfoliation methods for BNNSs

In order to obtain mono-and few-layered BNNSs, both mechanical exfoliation and chemical exfoliation methods are used.

Chemical exfoliation

Our procedure derives from the study of Marsh el al [10]. Ethanol (CARLO ERBA, ≥ 99%) is chosen as solvent for chemical exfoliation. h-BN bulk crystals are firstly put into a glass flask containing 4 ml ethanol. Then, the flask is put into an ultrasonicator (Hielscher UP400S) and ultrasonicated for 2-15 minutes to obtain a solution, where BNNSs are well-dispersed (Figure 2.8). After that, a drop of the BNNSs solution is deposited onto a 300 mesh TEM holey carbon film copper grid for further characterization. 

Mechanical exfoliation

Mechanical exfoliation method is derived from the study of Novoselov et al [9]. The mechanical exfoliation is conducted by using polydimethylsiloxane (PDMS) membranes (Gel- h-BN are characterized through a multi-scale approach. For conventional methods (part 2.3.1),

we have deliberately decided to only present the characteristics of the investigation device. For unusual techniques, principle is reminded, together with some significant experimental issues.

Finally, for a further mechanistic approach purpose, evolution of the ceramization mechanism is followed in situ, and the adopted procedure is detailed.

Characterization methods

Conventional approach

Optical Microscopy (OM) observations are conducted by using a Zeiss Axiophot X-ray photoelectron spectroscopy (XPS) measurements are done using a PHI Quantera SXM instrument equipped with a 180 hemispherical electron energy analyzer and a monochromatized Al Kα (1486.6 eV) source operated at 15 kV and 4 mA. Analyses are performed on the sample surface and after a 2 μm abrasion using a 4 keV Ar + sputtering.

Spectroscopic analysis

The Raman scattering spectra are recorded in backscattering geometry using a high resolution Raman spectrometer setup (Labram HR800 from HORIBA Jobin-Yvon), using an excitation wavelength of 514.5 nm with a x100 objective. Mean and standard deviation are calculated over typically 100 spectra.

Cathodoluminescence (CL) is performed on 300 μm thick cross sections of each SPS sample, prepared using a wire saw. At the end, a 5 nm gold film is deposited on the insulating h-BN samples to avoid electrical charging during electron-beam irradiation. CL experiments rely on a JEOL7001F field-emission-gun SEM. A parabolic mirror collects the light, which is further analyzed with a TRIAX550 Horiba Jobin-Yvon spectrometer equipped with a 600 grooves/mm grating. All samples are mounted together on a GATAN cold-finger cryostat cooled with liquid helium. Spectra are acquired with a 3 keV and 1 nA electron beam at a 10K cryostat temperature. The UV luminescence efficiency from exciton lines around 215 nm (S-series) is extracted following a procedure described by L. Schué et al [11]. The CL characterization is in collaboration with J. Barjon, A. Loiseau, I. 

In situ experiments of ceramization process

In situ investigations are aimed at a better understanding of the ceramization mechanism, including types of reactions and phase transformation temperatures. To achieve this goal, two characterization methods are involved in our study: thermal analysis and in situ heating X-ray Diffraction (XRD).

Thermal analysis

Thermal analysis is tested using a thermogravimetric analyzer (Mettler Toledo, TGA2). In the glovebox, 10 mg preceramic powders are firstly put into a 150 μl alumina crucible. Then the crucible is put into the TGA analyzer chamber. After the chamber is filled with N2, the crucible is heated up to 1500°C and then decreased to room temperature. The weight signal is then recorded, and correlated with the ongoing reaction/transformation. Pa) using a turbomolecular pump.

In situ XRD

Summary

In this chapter, we have introduced our experimental method through three aspects: Synthesis of h-BN, exfoliation methods and characterization methods.

Synthesis of h-BN starts from the preparation of polymer precursor borazine and PBN. The ceramization processes of SPS and HIP methods are demonstrated.

The exfoliation methods used in this PhD work include chemical exfoliation and mechanical exfoliation. Both exfoliation steps are introduced in details.

Characterization methods are divided into conventional approach, spectroscopic analysis and in situ experiments. Techniques including OM, SEM, TEM, XRD, AFM, Raman, XPS and TGA/DSC are presented in this chapter.

: Towards a better understanding of PBN's ceramization process: an in situ approach of investigation

Towards a better understanding of PBN's ceramization process: An in situ approach of investigation

The ceramization mechanism of PBN-to-BN is an important issue to discuss, from a fundamental point of view, which helps us to better improve the crystallization level and crystal size. In this chapter, we use in situ characterization method to investigate the transformation during the thermal treatment. Both pristine PBN and PBN/Li3N mixture are compared, in order to demonstrate the influence of crystal promoter in the PBN-to-BN process. These results come from the techniques including TGA/DSC thermal analysis and in situ X-ray diffraction.

Introduction

As indicated in Chapter 1, among the potential precursors, polyborazylene (PBN) is one of the most commonly used precursors for the synthesis of h-BN, whatever its morphology: coating, fiber, few layers as well as composite. Intermediate thermal treatments of ceramization are required to convert PBN into h-BN. Despite the major interest hold to h-BN in many strategic innovative fields (electronic, advanced optic, mechanics…) the different steps involved during the ceramization process are still not well understood. In order to break down this scientific lock, we propose to consider the successive different transformations adopting an in situ characterization approach.

To the best of our knowledge, to date, only one main paper deals with PBN thermal evolution.

In this paper, Fazen et al. [1] have illustrated, in 1995, the PBN ceramic conversion reactions via various characterization techniques, such as thermogravimetric analysis and XRD, which are shown in Figure 3.1. In the TGA/DSC curves, PBN-to-BN conversion process undergoes a two-step weight loss. A first 2% weight loss is observed from room temperature to 300°C.

The second event is recorded above 700°C, where a massive weight loss is evidenced with a gradual 4% loss. Once heated up to 1130°C, pure turbostratic boron nitride is achieved. The DSC curve shows a large exothermal peak between room temperature and 300°C. By Moreover, Fazen et al. have also considered the link between the polymerization degree of PBN and the weight loss. In this sense, they have tested three PBN mix, characterized by three different polymerization times. They have found that weight loss is higher when the molecular weight of PBN is higher (Figure 3.2). Longer polymerization time leads to higher molecular weight PBN, which is less volatile. Thus, more cross-linking reactions could occur before volatilization.

Although several attempts have been done to investigate the ceramization process of PBN-to-BN, in situ high temperature XRD test is rarely reported in the literature. As a powerful tool for crystallographic study and phase identification, in situ XRD can provide us real-time information during the whole heating process. Furthermore, HPHT and molten solvent methods have been studied by many researchers and have been used to produce high quality h-BN crystals. In such synthesis methods, Li3N, Li3BN2 and Ba3B2N4 have been used as the solvents (crystallization promoters). However, the phase transformation and evolution in the high temperature reaction process is rarely discussed. Here we present the in situ test of PBN and crystallization promoter (Li3N) mixture, trying for a better understanding of the ceramization process.

The bibliography devoted to h-BN preparation is quite well-documented, concerning most often HPHT and molten solvent methods. Nevertheless, these studies focus mainly on the quality of the resulting BN, adopting a post-mortem analysis. Therefore, they have neglected all intermediate reactions. Yet, these ceramization reactions may strongly influence the obtained product, reason why we have decided to specifically devote this short chapter to this major step.

In situ characterization of the PBN-to-BN conversion

To determine the role of crystallization promoter, we have firstly conducted an in situ high temperature XRD test on pristine PBN powder. The PBN powder has been produced by a twostep solidification process at 200°C then 650°C, in order to transform the liquid PBN into an easily handling solid, suitable for XRD characterization. Because of the pre-treatment of PBN at 650°C, the in situ XRD measurements are conducted from 600°C to 1200°C (instrument maximum temperature).

Before the experiment, the pristine white PBN powder is firstly analyzed at room temperature (Figure 3.3). The diffractrogram looks like roughly to an amorphous material's one, with a main amorphous hump. Nevertheless, if we consider more deeply the XRD pattern, we can notice two "wave crests" emerging from the background. These wave crests are located at about 22.5 all patterns share a similar shape with two wave crests. However, no separated peak can be identified throughout the heating process, even at the highest investigated temperature of 1200°C.

For an easier interpretation of XRD patterns evolution during the heating process, we have selected the data of room temperature and every 100°C from 600 to 1200°C. In Figure 3.4b, we can observe that the first wave crest, located around 22.5°, becomes more and more obvious with the temperature increasing. Furthermore, it seems that the hump position would shift towards the higher-angles direction. Figure 3.4c confirms this the 22.5° hump intensity increase and we can conclude that high temperatures favor the crystallographic organization towards h-BN. However, at 1200°C, the crystallization level of our product is still low. Nevertheless, it is worth mentioning that the relative importance of both humps reveals that PBN precursor allows, even at low temperature, to favor the 2D-character of the resulting BN. 

Role of Li3N on the ceramization of PBN

Metal boron nitride M-B-N (M=Li, Mg, Ba) solvent system, or solvent catalyst, has been initially used for production of c-BN [2,3]. High quality c-BN can be obtained under 5 to 6

GPa and 1500 to 1950°C using Li3BN2 as a solvent [3,4]. Meanwhile, researchers have been studying on how to increase the crystallinity of c-BN by establishing the phase transformation diagram of c-BN and h-BN. From the beginning of 21th century, researchers have succeeded in synthesizing high quality h-BN crystals by using Li-B-N, Ba-B-N and Mg-B-N systems [5,6].

Metal boron nitride system is also a promising assistance for producing h-BN from PBN polymer precursor. In 2014, Sheng et al. have introduced the Li3N as a crystallization promoter to PBN for synthesizing h-BN [7]. By using different kinds of thermal treatments, such as conventional heating, rapid thermal annealing or SPS, highly crystallized h-BN bulk materials or coatings have been obtained [8][9][10]. However, the detailed ceramization process has not been discussed. Therefore, a dynamic approach is required to better understand the compound evolution throughout thermal treatment. As Fazen et al. [1] have suggested a follow-up of PBN evolution, we propose to combine the results of thermal analysis with in situ XRD test conducted in heating mode.

Thermal analysis of PBN and Li3N mixture

In this section, we firstly compare the thermal behavior of PBN and Li3N mixtures pre-treated at different temperatures. For each sample, a constant amount of 5 wt.% Li3N is added. still occur between some remaining hydrogen atoms, that can not explain the whole value.

Hence, we can assume that a new phase, Li3BN2 produced by a reaction between PBN and Li3N [7], is removed by evaporation since the melting point of Li3BN2 is reported at 860°C [11]. Consequently, the last weight loss between 750 and 1200 °C may be due to latest dehydrogenation reactions coupled with the some evaporation of the liquid Li3BN2 formed in situ. i.e. in its solid state. In the TGA curve, we can observe a significant higher chemical stability of the product, since the total weight loss is drastically reduced around 12.4%. We can suppose that the first dehydrogenation evidenced in the previous case (Figure 3.5a) have already been done during the pre-treatment itself. From 200°C to 700°C, a continuous slow weight loss of about 4% appears, to be correlated probably with dehydrogenation of more strongly linked hydrogens. From 700°C to 1200°C, a 5% weight loss occurs, which is due to further dehydrogenation reactions combined with the removal of Li3BN2. From TGA analyses, it can then be concluded that pretreatment at high temperature leads to higher ceramization yield. This is explained by a lower volatilization of polymer precursor prepared at higher temperature. The as-synthesized PBN is a liquid. That is why its volatilization propensity is huge. When the temperature increases to 200-600°C, the polymer is then transformed into solid, with less volatility. Another important result is from DSC curves.

The three curves indeed share the similar shape, with an endothermal peak recorded around 950°C and reaching its maximum at 1300°C. This phenomenon has already been related in the bibliography, and would be due to the melting of the intermediate Li3BN2 compound [12].

To optimize our process, in terms of both chemical purity and crystallinity, a thermal treatment of PBN/Li3N is required. Firstly, heating leads to the initial solidification of the polymer, making it suitable for further ceramization process, such as sintering or pressing for instance.

Secondly, pretreatment decreases the further volatilization occurring during ceramization, then enhancing the product yield.

Our approach, involving thermal analysis, has given crucial information related to the thermal evolution from PBN to h-BN. To complete these data, another characterization is necessary to correlate, at each temperature, nature of the in-formation phases.

In situ heating XRD analysis of PBN and Li3N mixture

The in situ heating XRD mode is applied to a PBN/Li3N powder pre-heated at 650°C. Prior any further heating, the powder is first analyzed at room temperature (Figure 3.6). The XRD pattern gathers two wave crests with several individual emerging peaks. The two humps are similar to those already met for pure PBN, and interpreted as a preliminary disordered form of boron nitride. However, it is worth noting that the main hump is now centered on 25° (22.5°

for PBN), i.e. at a value close to the (002) peak position of h-BN at ~26.7°. This clearly shows the beneficial effect of Li3N, able to favor the growth of a layered organization, even at moderate temperatures. In addition to these humps, peaks related to Li3N (JCPDS 00-030-0759), Li3BN2 (JCPDS 00-040-1166) and mixed oxides can be observed. Li3BN2 is formed from the reaction of PBN and Li3N, while the oxides, including Li2B4O7 (JCPDS 00-018-0717), B2O3 (JCPDS 00-044-1085), LiBO2 (JCPDS 00-047-0340) and Li6B4O9 (JCPDS 00-018-0721), derive probably from an air pollution during the sample transfer or leaks in the XRD heating chamber. temperature is strictly consistent with the sharp mass loss evidenced by TGA. From this temperature, the hump is substituted by a real peak, evidencing the layered structure initiation.

Besides, lithium related oxides and nitrides are identified by the separated peaks. It can be also observed that, at 1000°C, a single Li3BN2 peak appears around 25°, and reaches higher intensity at 1025°C. This single peak becomes invisible when the temperature is above 1025°C and another single peak relating to Li2B4O7 appears. The intensity of the single Li2B4O7 peak becomes higher when the temperature increases to 1200°C. The fleeting existence of Li3BN2 could be linked to its high propensity to transform into a liquid at high temperature, even if the published melting point of this compound under ultra-pure conditions is far below (916°C, from [11]). Moreover, its very high affinity with oxygen is well-known and may explain its immediate transformation into oxide-based sub-products such as Li2B4O7 in particular. Again, oxygen traces may result from the imperfect pumping on the one hand, or entrapped air during the transfer of the sample from the glovebox to the heating XRD chamber.

The evolution of the FWHM of the h-BN(002) peak is presented in Figure 3.7c. From 600°C to 750°C, FWHM of (002) peak decreases drastically. This confirms that significant crystallization of h-BN occurs in this temperature range with layered structure forming. Above 775°C, this value becomes stable around 0.75°, indicating that h-BN layered structure becomes stable in this temperature range. Compared with the results of pure PBN, it is obvious that Li3N as the crystal promoter improves the formation of layered structure and therefore promotes drastically the crystallization level of h-BN product. 

Conclusion

Both pure PBN and PBN/Li3N mixture are characterized by thermal analysis and in situ XRD technique to investigate the ceramization process of PBN-to-BN.

For pure PBN, according to in situ XRD results, the crystallization is forming progressively throughout the heating process. However, the well-separated h-BN peak cannot be identified even at 1200°C, meaning that the crystallization level is quite low. Without any crystal promoter, the crystallization temperature is higher than 1200°C.
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For PBN/Li3N (5 wt.%) mixture, it has been demonstrated that a thermal pre-treatment of dehydrogenation is really efficient to reduce the volatility of PBN. As a consequence, the TGA analysis results indicate that higher pretreatment temperature leads to higher ceramization yield.

With the help of crystal promoter, a higher fraction of layered structure is formed during the heating process, and at a significantly lowered temperature. Indeed, we can consider that from 800°C, addition of 5 wt.% Li3N to PBN is enough to obtain a well-crystallized hexagonal BN.

The beneficial role of the intermediate Li3BN2 compound in liquid state, acting as a solvent is seriously considered.

It has to be mentioned that, due to the limitation of instrument, the maximum heating temperature has been only 1200°C, far below the crystallization initiation of pure PBN, but far above the crystallization of the mixture containing Li3N. For a better understanding of the phase transformation during the ceramization process, a wider temperature range (400-1600°C) should be scanned, under a strict oxygen-free atmosphere.
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Advanced synthesis of highlycrystallized hexagonal boron nitride by coupling PDCs and SPS processesinfluence of the crystallization promoter and sintering temperature

Hexagonal boron nitride nanosheets (BNNSs) are promising 2D materials for their exceptional chemical and thermal stabilities together with electrical insulating properties. Once synthesized, PBN has to be ceramized to form the expected h-BN. Ceramization can be done during the sintering process itself, as proposed in this chapter where synthesis method involving the Polymer Derived Ceramics (PDCs) route is combined with the Spark Plasma Sintering (SPS) process. We focus more specifically on the influence of two key-parameters of the process to be optimized: the Li3N concentration (0-10 wt.%) and the sintering temperature (1200-1950°C).

Crystallization level of the product is characterized by XRD, SEM and Raman spectrometry.

Influence of sintering temperature on both purity and crystallinity is studied using a performing tool, the cathodoluminescence. We also try to exfoliate few-layered BNNSs by chemical exfoliation and test them at the TEM-scale, and propose a potential application in advanced micro-electronics.

The structure of this chapter could appear somewhat different of the others because it does correspond more or less to a paper, already published (Y. LI et al., Nanotechnology, 30, 2019).

Nevertheless, most parts have been developed and enriched with the latest data. Furthermore, a physical measurement of h-BN is presented at the end of the chapter, based on a metal-hBNmetal capacitor device.

Introduction

Since 2004, when scientists, for the first time, have been able to isolate graphene nanosheets from graphite [1], synthesis and properties of graphene have become keystones of worldwide Chapter 4 92 research. Meanwhile, prompted by the rising star of graphene, the related 2D nanomaterials have become a hot issue in the literature, such as h-BN, transition metal oxides (TMOs) and transition metal dichalcogenides (TMDs) [2][3][4][5]. Among them, the hexagonal boron nitride nanosheets (BNNSs) consist of thin atomic layers made of B and N atoms covalently bounded in plane. BNNSs have shown to be an excellent gate dielectric support for graphene and other two-dimensional materials owing to their atomically smooth surface, high thermal conductivity and stability, combined with high mechanical strength. Compared with conventional SiO2 substrate, lattice matching and absence of dangling bonds make BNNSs and graphene excellent pairing materials, and give incentive to develop various van der Waals hetero-structures [6,7].

However, it has to be pointed out that such applications cannot be put into use without high purity large BNNSs.

To obtain large and pure BNNSs, Chemical Vapor Deposition (CVD) and exfoliation of BN crystals are generally considered. In the first method, different precursors could be used for the CVD synthesis. Among them, borazine is the main option, because it is isostructural to benzene [8]. The growth of BNNSs has been carried out primarily on transition metal substrates, such as Cu, Ni, Fe and so on [9][10][11][12]. This is based on their catalytic effect at high temperatures. In recent years, mono-and few-layered BNNSs with domains size up to centimeter-scale have been reported. [13][14][15][16][17] It should be mentioned that, CVD and CVD-derivative synthesis of BNNSs are strongly related to the morphology of substrates and purity of chemicals. Domain size, morphology and layer number are still the challenges for the applications of CVD BNNSs [8,[18][19][20].

Another approach is a common method for obtaining 2D materials, which takes advantage of the weak inter-planar sheets forces. Obtaining BNNSs by exfoliation is greatly relevant to the quality of h-BN crystal source. Nevertheless, commercial sources are unreliable because of their high-level of defects and small crystal size, which are from 1 µm to 10 µm. The group of Watanabe and Taniguchi at the National Institute for Materials Science (NIMS) is able to prepare high quality crystals using their own High Pressure High Temperature (HPHT) method.

This method needs to be conducted through severe conditions and long synthesis time [21].

In order to achieve high quality large BNNSs, our group has already proposed preliminary results on a novel synthesis way by the Polymer Derived Ceramics (PDCs) route involving polyborazylene (PBN) as precursor, combined with the Spark Plasma Sintering (SPS) [22].

Compared with samples from Saint-Gobain, HQ and CVD thin films, our h-BN sample exhibits better FWHM of Raman high frequency peak (E2g mode) [23,24]. Here we present further investigations on how to optimize the process, considering the influence, on h-BN growth, of both sintering temperature and crystallization promoter. The PDCs route consists in the synthesis of very pure preceramic polymer from tailored molecular precursor in a non-oxide system. This intermediate compound (liquid, soluble or fusible) can be then easily shaped into different forms. Based on its relatively high ceramic yield, high purity and convenient B/N atomic ratio, PBN is ideal to get further stoichiometric h-BN through an appropriate thermal post-treatment. Due to its rapid heating, the highly energetic SPS process is considered as an efficient method for the densification of advanced powder-based materials. Compared with conventional sintering techniques, it is indeed possible to achieve near-theoretical density at lower sintering temperature, lower pressure and shorter dwelling duration. To date, densification of polymer-derived SiC, Si-O-C, Si-C-N and Si-B-C-N ceramics by SPS has been seldom investigated [25][26][27][28].

In this chapter, as-sintered h-BN pellets and exfoliated BNNSs are characterized from both chemical and microstructural viewpoints. Through these characterization methods, we want to investigate more specifically on the influence of two key-parameters of the process to be optimized: the Li3N concentration (0-10 wt.%) and the sintering temperature (1200-1950°C).

Influence of crystallization promoter

The alkaline and alkaline earth metals such as lithium nitrides have been first used as catalysts for synthesis of c-BN by Wendorf in 1960s [29]. Since then, Li3N has become a traditional promoter for transforming h-BN to c-BN [30,31]. Besides c-BN, Li3N is also reported for a better h-BN crystallization level [6,32].

Ceramization yield

Owing to the further addition of Li3N to the reactant powder, the final amount of h-BN got is affected. Product yield values (mass obtained over expected mass for the whole conversion of PBN to h-BN) calculated for the three samples sintered at 1800°C, based on weight measurements, appear in Table 4.1. During the ceramization process of PBN giving rise to h-BN, a H2 release occurs, explaining the reason why the product yield of the Li3N-free sample is different to 100% (93 %). With the increase of Li3N addition in the pre-ceramic powder, the Chapter 4 94 yield decreases drastically down to 61% for a Li3N content of 10%. In addition to the expected H2 release, more Li3N added leads to a higher amount of intermediates, which are lost during the sintering step. Weight loss can be attributed to the reaction between PBN and Li3N, reforming the intermediate compound, Li3BN2, to be eliminated [33]. showing the E2g mode peak centered at 1369.1 cm -1 and a Full Width at Half Maximum (FWHM) value of 29.2 cm -1 . On the opposite, when 5 wt.% or 10 wt.% Li3N is mixed with PBN (Figure 4.1d,g respectively), well-defined and sharp single peaks are observed. This proves the high efficiency of lithium nitride as crystal promoter, leading to well crystallized stacked BN. Considering the Raman spectra, the quality of h-BN regarding its structural and chemical characteristic is comparable. However, the XRD patterns show a bigger crystal size at 5 wt.% than at 10 wt.% as proved by the lower FWHM of the (002) diffraction peak (0.12° for 5 wt.% and 0.44° for 10 wt.%). It is worth mentioning that this value is significantly lower than that presented in other study [34]. Moreover, the effect of Li3N on the flakes growth is obvious, the flakes mean dimension being modified between the two Li3N investigated contents (276 µm 2 for 5 wt.% to be compared with 215 µm 2 for 10 wt.%). As a partial conclusion, the Li3N addition is necessary for obtaining well-crystalized h-BN flakes. No significant difference is noted between 5% and 10 wt.%, so that we have selected the lowest Li3N amount, maintaining the highest ceramic yield, for the sintering temperature study.

Morphology and structure characterizations

Influence of sintering temperature

To determine the role of the SPS temperature and according to the previous results, all samples of this part are prepared with a powder containing 5 wt.% Li3N. The as-sintered samples are 10mm-diameter pellets, which are characterized adopting a multiscale approach, involving SEM, XRD, Raman and cathodoluminescence (CL) investigations.
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Morphology

First, a microscopic characterization is conducted. exceeding 250 µm 2 . At 1950°C (the highest temperature allowed by the graphite die in our SPS machine at 90MPa), flakes dimension decreases a little to 245 µm 2 . One explanation could be that at higher sintering temperature, the nucleation rate increases faster than the crystal growth rate, thus decreasing the flakes size. However, sintering temperatures between 1500 and 1800°C seem to be a good compromise between these two opposite behaviors (number of nucleation sites versus growth kinetic). All patterns still exhibit thin and well-separated peaks, indicating a good crystalline structure.

Besides, it is worth noting the major contribution of the (002) peak, which highlights the strong 2-dimensional character of the product. Except for the sample sintered at 1200 °C, all peaks are assigned to h-BN crystallographic planes in accordance with the JCPDS file 00-034-0421.

For the sample sintered at the lowest temperature, in addition to the representative h-BN peaks, Li2B4O7 (JCPDS 00-018-0717) very slight peaks also appear within the [20, 35°] 2 angular region (Figure 4.4a). This compound may result from the reaction between PBN, Li3N and little amount of O2 impurity, which could have been adsorbed on the surface of the reactor and the pellet prior to the chamber vacuum. Li2B4O7 starts to melt at 917°C [35], but traces of this oxide are still recorded at 1200°C. This compound is nevertheless totally degraded at 1500°C, since its corresponding XRD pattern does not show any traces of Li-based compounds anymore (Figure 4.4b). This means that, although little O2 may react with the precursor during the sintering process, this undesirable oxide is likely to be removed out of the pellet together with the H2 flow, as expected during the ceramization process [36]. From these first results, one can expect that sintering process should be performed above 1500°C to avoid any lithium-based contamination. 4.6 shows a graph presenting the mean value and the standard deviation of the FWHM of the E2g peak as a function of the sintering temperature. It appears that the standard deviations are typically around 0.6 to 1 cm -1 due to variations from grain to grain inside one sample. The mean FWHM values are centered on 9 cm -1 with the lowest value at 8.5 cm -1 for the 1500°C sample. It can be noted that under the same operating conditions, our best value is close to the one of reference samples from NIMS and others [24,34,37]. 

Raman spectroscopy

X-ray photoelectron spectroscopy

A characterization of the chemical signatures within the specimen is investigated by X-ray photoelectron spectroscopy (XPS). Two series of analyses are performed on the sintering pellets from different temperatures: sample surface and Ar + sputtering of the surface leading to a 2 μm depth abrasion. The spectra are shown in Figure 4.7 and the element quantitive composition is presented in Table 4.2. Photoelectron peaks from B 1s, N 1s, O 1s and C 1s are clearly recognized in the spectra recorded on all the samples. The binding energies of the B 1s and N 1s, at 190 eV and 398 eV, respectively, are consistent with reported XPS data for h-BN.

The Ar peak is generated from the Ar+ sputtering process. After 1200°C sintering, 7.2 at.% Chapter 4

102 When temperature increasing above 1500°C, lithium is absent. This is proof that sintering temperature higher than 1200°C is necessary for eliminating Li-B-O impurities. At 284 eV, the C 1s peak intensity becomes lower when increasing the abrasion depth. This is due to the general carbon contamination from SPS chamber, where the papyex and die are made of graphite. The O 1s peak (533 eV) intensity also appears much lower when increasing the abrasion depth. This indicates that the surface area is easy to be influenced by contamination, such as oxygen and carbon. Compared with the materials surface, the contamination level becomes much lower inside the bulk pellet. Therefore, a preliminary abrasion is needed to remove the main impurities.

It is also observed that, on the samples surface, the ratio between B and N is 1.08 and 1.06 for samples sintered at 1500 °C and 1950 °C. These values are close to the stoichiometric BN.

However, for the 1800 °C h-BN, this ratio is 1.39. This is probably due to a sample pollution during preparation. Another B/N ratio of 1800 °C h-BN can be found on our previous paper [22], which indicates a value of 0.97, close to the stoichiometric BN. Moreover, after 2 μm abrasion, a preferential sputtering of nitrogen atoms occurs, leaving behind a boron-rich surface, thus leading to a deviation of B/N ratio.

Cathodoluminescence

Recently, it has been demonstrated that CL is a much richer characterization method for h-BN crystals than the Raman single peak (1366 cm -1 ) and FWHM analysis, usually performed in non-resonant conditions [24]. This characterization technique is very sensitive to deep structural and chemical defects, and in this sense is complementary to XRD and Raman measurements. In this context, average CL spectra are recorded on pellet cross-sections exciting a sufficiently large area to analyze many grains. In these conditions, no significant variations are found inside the pellet volume, and the representative CL spectra are presented and analyzed in As in conventional semiconductors, the efficiency of intrinsic light emissions provides an efficient way to indicate the overall material quality, accounting for both purity and crystallinity. Figure 4.8c shows that the measured luminescence efficiency (LE) decreases strongly when using high temperatures for the sintering process. Such an interpretation is supported by the ratio between the impurity-related and the intrinsic luminescence drawn in Figure 4.8d, which increases by 2 orders of magnitude from 1200°C to 1950°C annealing temperatures. This is most probably due to a non-intentional thermally activated diffusion of impurities in h-BN pellet, such as carbon and oxygen. Presence of these elements at a level of the atomic percent has indeed already been reported in the literature [22] and has to be As a summary, the highest SPS temperatures promote larger flakes with better structural quality as shown by Raman spectroscopy. However, CL shows that high temperatures also induce a contamination of h-BN crystals by impurities. This work opens the way to an optimization of the SPS process, matter of compromise between crystallinity and flake sizes.

Towards h-BN nano-sheets

The main goal of the study is to optimize the experimental conditions in order to give rise to well-crystallized and large h-BN flakes, prone to be exfoliated into high quality BNNSs.

Actually, a SPS sintering of a pre-ceramic powder including 5 wt.% Li3N performed between 1500 and 1800°C allows getting well-crystallized, low impurity content h-BN flakes larger than 200µm 2 (average area) with a good yield (80%). We further explore the BNNSs from different sintering samples. These flakes are then dispersed in ethanol and chemically exfoliated for TEM observations (Figure 4.9). The micrographs acquired at low magnification (Figure 4.9a, d, g, j) show that, at different sintering temperatures, representative several microns sheet can be observed.

The size is by far lower than that of original flakes, which may be explained by their damage under external force generated by sonication during the exfoliation process. Nevertheless, the above-mentioned high quality of h-BN is also shown at atomic scale. We indeed observe fewlayered (less than 10) uniform BNNSs, with an hexagonal structure clearly confirmed by SAED and FFT, which shows six bright spots hexagonally distributed (Figure 4.9c, f, i, l and insert).

This corresponding SAED pattern is interpreted as the AA' atomic stacking in the c-direction.

The difference among the exfoliated BNNSs from different sintering temperatures is not obvious. After different sintering temperatures, the contaminations of carbon or oxygen do not influence the outlook of nanosheets, which have sharp edges and laminar structure at high resolution. 

Dielectric properties measurements of SPS derived h-BN

As reported in the first chapter dedicated to the bibliographic part, for many years, as bulk material, h-BN is being mainly used as a solid lubricant, to produce crucible usable at high temperature or as additives or fibers, ceramic composites. However, with future applications in mind, it becomes urgent to develop miniaturized functional devices that can be used in new relevant research fields, essentially high frequency electronic ones or optics. For example, in its 2D form, h-BN is, to date, a material of extreme importance for applications in electronic 106 transport, like top-gated graphene field effect transistor (FET) and moiré superlattice heterostructures [41][42][43]. Actually, in electronic transport devices with graphene, a low dielectric constant material with a large breakdown voltage is needed in low power devices applications such as interconnects to protect the graphene from its environment and to reduce the intrametal capacitance and propagation delay of signals. Therefore, low dielectric constant 2D materials are superior candidate for such devices. In this 2D family, h-BN possesses a reasonable unidirectional dielectric constant (εr = 3~4) and two times higher optical phonon energies than conventional used SiO2 [44]. Therefore, for the above application of h-BN synthesized by PDCs and SPS, dielectric constant and dielectric strength are parameters that have to be evaluated. In this context, our collaborators from Laboratoire Pierre Aigrain (LPA, ENS), have fabricated metal-hBN-metal capacitor devices using our exfoliated BNNSs synthesized as described above 1 . Hence, measurements of the dielectric constant and breakdown voltage have been done using the latter devices and first results are now available.

Capacitor device fabrication

First, the bottom gate fabrication consists in the deposition of a chromium/gold electrode (5 nm and 150 nm respectively) with a defined structure by lithography on a silicon substrate (Si/SiO2 285 nm). Then, the BNNS is placed on the bottom electrode by a dry transfer method using a PPC/PDMS stamp [45]. Finally, the top gate fabrication is performed as the bottom one, depositing another chromium/gold electrode just above. 

Measurement principles

By measuring the admittance as a function of the frequency in the 0-10 GHz range, it is possible to measure the capacitance C of different devices made with various h-BN thicknesses.

Consequently the dielectric constant of h-BN can be deduced, using the following equation (4-1) in which A is the capacitor area, d the BNNS thickness and 0, the vacuum permittivity. The slope evaluated at 0.53 V/nm gives the dielectric strength value (Ebd=Vbd/thickness, bd: breakdown) for our samples. This value is very interesting because suitable for transport measurement with high gate voltage, which is around 0.3V/nm.

Conclusion

This study aimed to better understand and optimize an innovative laboratory-scale way to produce hexagonal BNNSs through a combination of PDCs route and SPS process. The two key-parameters, temperature and Li3N contents, are investigated.

Without Li3N, a single-blocked poorly crystallized material is obtained. For a 5 or 10 wt.% Li3N addition to the PBN powder, structural and chemical characteristics are excellent.

However, the further Li3N reactant also affects the product yield owing to the elimination of The best experimental conditions (sintering from 1500 to 1800°C with 5 wt.% Li3N enriched pre-ceramic powder) lead to flakes around 250 µm² on average. XRD and Raman spectra prove good crystal quality even if CL detects some traces of contamination (average CL spectra are recorded on the whole pellet cross-sections), when increasing the sintering temperature. We are now optimizing the exfoliation step in order to deliver larger sheets, whose size will be comparable to that of original flakes.

Furthermore, physical measurements have been conducted. These physical measurements are very interesting for at least three reasons. First, the dielectric constant is most of the time very hard to evaluate because depending on many factors (device, instrument…) leading to controversial issues. Then, the possibility, here, to reach this parameter is an outcome result.

Moreover, the deduced value fits well with traditionally accepted ones. Second, the found breakdown voltage value (0.53 V/nm) is consistent with independent measurement using quantum hall effect [47], which gives hope to the use of our samples in future electronic transport applications. Finally, as BNNSs suppliers, this is very rewarding to see our samples useful for physical measurement and concrete future applications.

115 

:

Introduction

As it has been introduced before, our research group, involving both LMI and MATEIS, has been working on producing h-BN bulk crystal by combining PDCs route and SPS [1]. In the previous chapter, our recent results of the influence of SPS parameters have been presented.

However, the SPS sintering process, in which graphite is in contact with the preceramic powder, seems to affect the chemical quality of the final product. Besides, the high compaction effect inherent to SPS leads to the formation of very compact flakes, which are very difficult to separate and may impede their growth. Therefore, we further propose another method, HIP, as the ceramization process. In the HIP process, pure BN crucibles are used to avoid the contamination from the direct contact between preceramic powder and surrounding graphite.

HIP is a conventional technique to reduce the closed porosity and increase the density of many materials, such as nickel-based superalloys for turbine blades for instance [2,3]. This process is also of wide development today, for the post-densification of highly-porous as-additive
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116 manufactured parts [4,5]. For h-BN, although HIP method has been investigated for producing heat-resistant components for many years [6,7], to the best of our knowledge, large single crystals have never been successfully achieved by this method. In our experiments, we have used a HIP system, which provides the inert heating environment needed for preceramic powders containing PBN to transform them to large h-BN crystals. BNNSs can then be obtained by a direct exfoliation of as-pressed bulk materials.

HIP is a further improved method for ceramization process, by which we aim to promote the size of h-BN single crystals, thus for larger size exfoliated BNNSs. In this chapter, we focus on the characterization results of HIP derived h-BN bulk crystals and BNNSs adopting a multiscale approach regarding both structural and chemical aspects.

h-BN bulk crystals

The detailed pressing process has been introduced in Chapter 2. Transparent colorless h-BN crystals can be obtained after 1800 °C and 1800 bar HIP process under N2 using a preceramic mixture made with PBN and Li3N (5 wt. %). These bulk crystals are characterized by different techniques, including OM, XRD, Raman and XPS. 

Morphology

Structural characterizations

XRD and Raman spectroscopy are carried out to characterize structure of the h-BN bulk crystals. Experimental powder X-ray diffractometer is used to confirm the structure of the as-pressed bulk crystals. In Figure 5.3, well-separated, thin single peaks can be identified. No impurity peaks can be found in the recorded pattern. All peaks are assigned to expected crystallographic planes of h-BN crystal. Especially characteristic peaks of h-BN, (002) for c-axis direction and

X-ray diffraction

(100) for in-plane direction, are thin in shape and can be well-defined. The FWHM of (002) peak is 0.15° and the intensity ratio between (100) and ( 002) is R = I(100)/I(002) = 0.22. Compared with the standard JCPDS data (00-034-0421), all these features indicate that HIP derived h-BN bulk crystals have a good structure ordering, with no preferential orientation.

Raman spectroscopy

Raman spectrum is recorded on the as-pressed h-BN bulk crystals to investigate its deeper intrinsic structure. The sample exhibits two clear single peaks (Figure 5.4). In low frequency range, Figure 5.4a, the peak is located at 52.6 cm -1 , which is close to 52.5 cm -1 in the literature [8,9]. This low frequency peak, with a FWHM of about 1.2 cm -1 , corresponds to the vibration between layers, referred as interlayer shear mode. In Figure 5.4b, another Raman peak is observed at 1366.0 cm -1 . The peak center position matches the value 1366 cm -1 in literature [8,10]. This high frequency line, with a FWHM of about 7.6 cm -1 , is comparable to the best h-BN single crystals obtained by HPHT method [11,12] and is dominated by the intralayer vibrations, 121 shown in Figure 5.5 together with the deduced quantitive elementary composition, presented in After the abrasion treatment, no more traces of carbon are identified on the spectrum. This is a further proof that the carbon can be considered as an external pollution. Furthermore, the elemental B/N ratio is about 1.14, which is different with the surface ratio. This could be due to a preferential sputtering of nitrogen atoms during the Ar + sputtering process, which increases Chapter 5

122 the ratio of boron. Compared with SPS method (B/N ratio is ~ 0.97), HIP-derived h-BN bulk crystals demonstrate a better stoichiometry (B/N ratio is ~ 0.99).

From the morphology, structure and chemical investigations above, it is obvious that well crystalized h-BN bulk crystals are obtained by combining PDCs route with HIP technique.

However, to go ahead towards large BNNSs, we try to cleave the resulting bulk crystals into thin flakes, and exfoliate them into nanosheets.

h-BN single crystals and nanosheets

In this part, we are interested in lowering the crystal dimension in the c-axis, while maintaining as large as possible its in-plane direction. Firstly, we are able to isolate several freestanding h-BN thin flakes from the bulk crystals, simply using a tweezer, the latter being suitable for large area exfoliation. Then, followed by the mechanical exfoliation method, described in Chapter 2, we try to achieve and characterize h-BN thin flakes and nanosheets. These characterization methods include OM, XRD, SEM, AFM, Raman, TEM and EELS. are colorless and transparent, with a smooth reflecting surface. The dimension of the crystals is about 2 mm, which is close to the size of h-BN single crystals synthesized by NIMS [11] and Zhigadlo [14], and larger than crystals by HQ Company [15].

Freestanding h-BN thin flakes

Compared with SPS method, HIP does improve the crystals appearance for bulk crystals and thin flakes. With this technique, transparence and size of h-BN single flake have indeed been significantly improved. A deeper investigation is still nevertheless needed to confirm the crystal structure.

X-ray diffraction

Powder X-ray diffraction We firstly use powder X-ray diffractometer to confirm the structure of the h-BN freestanding flakes. Several flakes are chosen to be tested on special single crystal silicon sample holder, which has no signal on the XRD pattern. In Figure 5.7, only h-BN (002) and (004) single peaks can be well identified at 26.8° and 55.1° respectively. This is because h-BN flakes have a planar shape and the lattice plane (002) is parallel to the silicon holder surface, providing only the signals of the parallel crystal faces along c-axis, such as (002) and (004). The interplanar spacing of (002) is 3.328Å, which is consistent with the data of JCPDS file 00-034-0421.

Chapter 5 124 However, this parameter calculated from peak position is not fully accurate. The non-leveling sample holder may lead to the peak shifts during the test. Thus, a more precise technique is needed to confirm the intrinsic unit cell parameters of a single crystal.

Single crystal X-ray diffraction

In order to confirm the primitive h-BN cell structure at a deeper scale, we characterize a single crystal using a single crystal X-ray diffractometer. The crystal sample has a thin plate shape with a dimension of 319  196  69 μm 3 . and lattice constants a = 2.508 Å. In the c-axis direction, the lattice constant c is 6.664 Å, which means that the distance between layers is 3.332 Å. In Table 5.2, we compare the unit cell parameters with the experimental values in previous literatures [16][17][18][19]. 

h-BN by

PDCs+HIP h-BN in [16] h-BN in [17] h-BN in [18] h-BN in [19] a = 2.5080( 7 From above results, a h-BN P63/mmc space group has been confirmed. Furthermore, the unit cell parameters have been calculated based on the diffraction patterns. Both bulk crystals and single crystal have been proved for a high quality crystalline hexagonal structure. the πP losses of h-BN are at ~9 eV higher binding energy than the B 1s and N 1s peaks. Another loss feature, located at ~25 eV higher binding energy than the core peaks, can be observed and identified as the bulk plasmon (BP) loss feature. These values of both πP and BP loss features are consistent with the previous experimental XPS studies on h-BN [20][21][22].

X-ray photoelectron spectroscopy

Chemical analysis of HIP-derived h-BN single crystal has confirmed a stoichiometric BN composition. The etching treatment is really efficient, with the total disappearance of both carbon and oxygen contaminants. Furthermore, by identifying the plasmon loss features in B 1s and N 1s core spectra, in particular the πP loss feature, π electrons have been confirmed for presence in the h-BN single crystals.

In order to characterize h-BN thin flakes and nanosheets, mechanical exfoliation method is used for h-BN bulk crystals and different characterization techniques are applied. Compared with the PDMS membrane, Si/SiO2 wafer provides a better visual contrast to distinguish the regions between h-BN and substrate. Si/SiO2 substrate also provides an ultraflat surface to support the h-BN thin flakes and nanosheets, which is smooth in surface and reaches up to 200 μm in dimension. The size difference between the h-BN flakes on PDMS and Si/SiO2 is due to the flake breaks during exfoliation process and transferring step. Some wrinkles and self-folds, which are probably also generated during the mechanical exfoliation process, are observed on the flakes and nanosheets. In the experimental studies, microfabrication of graphene and h-BN based heterostructures relies on whether the mono-or few-layers are visible using optical microscopy [23][24][25].

Optical microscopy and scanning electron microscopy

However, due to its zero opacity, atomically-thin h-BN exhibits little optical contrast [10].

Therefore, an oxidized Si wafer is often used to enhance the interference color for better visibility of BNNSs [26,27]. Figure 5.11 illustrates such optical photographs of h-BN thin flakes and nanosheets deposited onto a Si/SiO2 substrate. The thickness of SiO2 on the top is 285 nm, exhibiting purple-to-violet color under a white light optical microscope. In Figure 5.11a, a multicolor flake is shown. This phenomenon is due to thickness differences among different areas, which lead to thin-film interference. When the flakes become thinner, the reflecting light color is close to the substrate, the contrast is lowered, and it becomes more difficult to discriminate the sheets [10]. Figure 5.11b-d shows the color change when decreasing the thickness of h-BN flakes. Among the lowest contrast areas, corresponding to the thinnest h-BN layers, the lateral size still reaches length higher than 100 μm. This proves that, although the size of the 2D layers is decreasing during the exfoliation process, large BNNSs can still be obtained.

Optical microscopy can provide us the size and contrast related information of the thin flakes and nanosheets. Furthermore, probe microscopy is quite a powerful tool to illustrate directly the real thickness of the exfoliated h-BN nanosheets.

Atomic force microscopy

Several h-BN thin flakes and nanosheets are measured by AFM and presented in Figure 5.12. The thickness of the layer without folding is about 3.2 nm. Due to the instrument limitation (camera resolution), it is unfortunately impossible to locate the nanosheets with fewer layers or monolayer. Nevertheless, it can be proved that nanosheets of about 10 layers can be obtained by exfoliation of HIP-derived h-BN single crystals. To further investigate the scattering phenomenon at small scale, especially inelastic scattering in h-BN thin flakes and nanosheets, Raman spectra are recorded on regions with different contrasts using a green laser with λ = 532 nm. Figure 5.13a-c present the Raman spectra and d-f indicate the corresponding laser beam location. Only single characteristic peak can be defined on the spectra in the frequency range 1365 cm -1 -1366 cm -1 , with peak FWHM between 8.1 cm -1 and 8.7 cm -1 . It is obvious that the peak becomes progressively weaker when decreasing the h-BN flake's thickness (lower contrast). According to the report from Gorbachev et al. [10], the integrated intensity for the 1366 cm -1 peak is proportional to the number of layers with high accuracy for the first several layers. Therefore, thickness of fewlayer nanosheets can be distinguished if the Raman spectrometer is calibrated. It can be observed that the FWHM of this 1366 cm -1 peak is higher than that of h-BN bulk crystals 7.7 cm -1 and broadens slightly when decreasing the thickness. As the flakes become thinner, the Raman peak exhibits variation in the position, with both blue-shift and red-shift observed. In the literature, the changes of peak broadening and random frequency shifts are probably due to the local strain of layers [10]. When nanosheets are transferred onto the substrate, strain varies within the monolayers following the substrate roughness and local strain can be induced by self-stretching of BN monolayers [28].

Although no monolayer or bilayers can be identified by Raman spectrometer in our experiments, the similar changes in the peak position and FWHM may be predicted as the influence of the local strains induced from the interactions between substrates and neighbor layers. A further study will be interesting in bilayers and few-layers to investigate the origin of the strain change.

Above all, we have characterized h-BN thin flakes and nanosheets via various methods. Both chemical and structural analyses suggest a high quality h-BN single crystals, as well as nanosheets. Next, we use TEM to observe the in-plane atomic arrangement and interlayer stacking order.

Transmission electron microscopy and electron energy loss spectroscopy

The BNNSs for observation are transferred from PDMS to a holey carbon coated copper grid.

The TEM image in Figure 5.14a shows a h-BN nanosheet of about 4 μm in size. Some parts of the nanosheet are self-folded, implying that the original size is likely to be larger than 4 μm.

The inset SAED pattern shows a set of six diffraction spots hexagonally distributed, demonstrating a single orientation hexagonal structure. This SAED pattern can be interpreted as the AA atomic stacking along the c-axis, as already met for h-BN prepared from PDCs route [29]. (white dots) is about 2.5 Å. This distance is that between the centers of two neighbor hexagonal rings or the lattice spacing of h-BN (Figure 5.14f). Accordingly, it can be calculated that the in the literature [30][31][32]. It is worth mentioning that both B and N peaks are here much more defined than the ones obtained after SPS [1], confirming a still better quality level.
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Conclusion

In this chapter, we have tested a new combined method to improve the crystal size of h-BN.

This method involves a softer ceramization process by HIP. Compared with SPS, HIP provides us better h-BN crystals with transparent and colorless appearance, as well as larger size.

We have demonstrated that HIP-derived h-BN bulk crystals exhibit high crystalline hexagonal structure. The chemical analysis confirms a stoichiometric BN pure composition. The h-BN single crystals, with size up to several hundred microns, have been successfully isolated from the bulk h-BN. The unit cell parameters have been investigated by single crystal XRD, indicating a P63/mmc space group with lattice constants a = 2.508 Å and c = 6.664 Å.

Furthermore, h-BN thin flakes and nanosheets have also been obtained after mechanical exfoliation. Through morphology, structure and chemistry characterizations, well-crystallized BNNSs with high purity have been confirmed.

In conclusion, compared with SPS, HIP experimental parameters have significantly improved the crystal quality of h-BN, as well as exfoliated nanosheets. The crucible and the gas pressure may have contributed to maintain PBN and Li3N together at high temperature to allow the growth of h-BN in more favorable conditions with the help of a liquid intermediate Li3BN2.

Thus, it provides a promising way to obtain large h-BN single crystals and nanosheets for supporting graphene and 2D heterostructures. Nevertheless, deeper investigations are still needed to better understand the crystal growth mechanism of h-BN, and to find more suitable HIP conditions to improve the crystal size.

General conclusion and prospects

The aim of this PhD work is to synthesize large h-BN single crystals and nanosheets through the PDCs route followed by a ceramization post-treatment. Indeed, such a 2D nanomaterial is of prime importance as substrate for graphene, susceptible to open the way to a new-generation of microelectronic devices. To date, among the traditional synthesis routes of h-BN single crystals and exfoliation methods for mono-and few-layer BNNSs, it appears that only one procedure is available now to deliver large pure h-BN: the HPHT procedure. However, this method involves severe conditions, which are crippling for a wide spreading. This is the reason why we have proposed a new strategy to prepare h-BN single crystals and BNNSs through softer conditions, coupling the PDCs route with a ceramization treatment of sintering.

The PDCs route involves PBN as precursor. For a fundamental methodology purpose, it appears important to first understand its evolution throughout the ceramization transformations, in order to identify the most relevant synthesis parameters. Two key-parameters are highlighted:

the role of temperature on the one hand, the efficiency of a crystallization promoter, Li3N, on the other hand. In this sense, both pure PBN and PBN/Li3N mixture are characterized adopting an in situ approach of characterization. It has been shown, for pure PBN, that the crystallization is progressive throughout the heating process, and unfinished at 1200°C. In opposite, an addition of 5 wt.% Li3N is able, from 800°C, to give rise to a well-crystallized h-BN. The beneficial role of the intermediate Li3BN2 compound in liquid state, acting as a solvent, is seriously suspected.

It has to be mentioned that, due to the limitation of instrument, the maximum heating temperature is only 1200°C, far below the crystallization initiation of pure PBN, but far above the h-BN crystallization in the mixture containing Li3N. For a better understanding of the phase transformation during the whole ceramization process, next in situ XRD investigations could be devoted to a wider temperature range analysis (400-1600°C), under a strict oxygen-free atmosphere.

The two main chapters of the manuscript concern the transformation of PBN into h-BN, involving as sintering methods either SPS, or HIP. In chapter 4, we specifically study the influence, on the crystal quality, of the two key-parameters identified in the previous part: the SPS sintering temperature and Li3N contents. As a confirmation, without Li3N, a single-blocked poorly crystallized material is obtained. For a 5 or 10 wt.% Li3N addition to the PBN powder, structural and chemical characteristics are excellent. However, the further Li3N reactant also affects the product yield owing to the elimination of intermediate compounds.

The 5 wt.% addition of Li3N is then identified as the best compromise between the amount of h-BN got, and its crystallinity. It has also been established that at too low temperature (1200°C), some intermediate reaction products still remain in the resulting pellet, like Li2B4O7, showing that Li3N may act as an oxygen gas getter. From 1500°C, the reaction seems completed and the by-products eliminated, giving rise to high-quality well-crystallized h-BN staked flakes with average flake area more than 200 µm 2 . The best experimental conditions (sintering from 1500 to 1800°C with 5 wt.% Li3N enriched pre-ceramic powder) led to flakes around 250 µm² in dimension. XRD and Raman spectra prove good crystal quality even if CL detects some traces of contamination linked to the SPS reactor. In order to evaluate the applicative potential of our product, physical nano-electric measurements are conducted on exfoliated boron nitride crystals. The found breakdown voltage value (0.53 V/nm) is consistent with independent measurements using quantum Hall effect, which gives hope the use of our samples in future electronic transport applications.

Some different exfoliation techniques are tested, by mechanical as well as chemical way.

Unfortunately, whatever the technique, the obtained sheets are far smaller (more than 2 orders of magnitude) than initial available flakes. It will probably be interesting to address next efforts to the optimization of this exfoliation step.

If the efficiency of SPS is clearly pointed out, the deleterious effect of graphite-based reactor has also to be considered on the purity of BN. In this sense, a second sintering process, HIP, The physical performances of these BNNSs, in terms of optical and physical properties, are in progress.

Whether SPS or HIP sintering method used for h-BN single crystals production, to date, crystallization mechanisms are not well elucidated. This point has to be considered in future investigations to ensure a better understanding.

After this work, it can be considered that a new strong supply of hexagonal boron nitride is now available for the 2D-nanomaterials community, at least at the laboratory-scale. Therefore, the fabrication of nanodevices or van der Waals heterostructures from "our h-BN" may become a reality. Nevertheless, two obstacles must still be overcome. First, a physical lock is still limiting a wide spreading of BN-based microelectronic devices: the alignment between h-BN substrate and the graphene top-layer. In this sense, the recent progress of the microscopecontrolled deterministic placement of 2D materials should be considered with a great interest.

Moreover, the chemistry modification of the substrate could be a second way to enhance performance of nanodevices. As demonstrated here, the versatility of the PDCs route will be unquestionably an advantage, together with the associated ceramization treatment. New precursors characterized by more complex compositions than PBN could give rise to new 2D nanomaterials with new outstanding performance.
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 11 Figure 1.1 Crystalline structures of h-BN, c-BN and w-BN.

  graphite". The atomic planes of h-BN consist of hexagonal rings formed by B and N atoms with strong in-plane covalent bonds (sp 2 -hybridization). Between the atomic planes the bonding forces are weak, due to van der Waals' interaction. Unlike graphite's AB stacking, h-BN is built by AA order, in which boron and nitrogen are alternating along the c axis (Figure1.2)[13].

Figure 1 . 2

 12 Figure 1.2 Stacking order of graphite: AB (left) and h-BN: AA (right).

Figure 1 . 3

 13 Figure 1.3 Structural models of (a) single-layered nanosheet (2D), (b) single-walled nanotube (1D), (c) single-shelled fullerene (0D).[19] 

Figure 1 .

 1 Figure 1.4 h-BN crystals grown under different conditions. (a) APCVD experimentalsetup for h-BN growth. (b) SEM images of the h-BN domains grown at 1065 °C using argon as a buffer gas. Sketch of the resulting h-BN crystal shapes and corresponding termination-nitrogen (blue) and boron (red).[42] 
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 15 Figure 1.5 (a) Photography of h-BN on Pt foil. (b) SEM image of h-BN on Pt foil. The white and yellow arrows indicate the h-BN wrinkles and Pt domain boundary, respectively.(c) SEM image of Pt foil after h-BN growth at a pressure of 0.5 Torr.[43] 
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 16 Figure1.6 Schematic diagram of the IBSD system with two independent Kaufmann ion sources. The primary ion source is used to sputter h-BN target for growing h-BN, while the assisting ion source is used to pre-etch Ni substrates prior to the growth.[START_REF] Wang | Synthesis of Large-Sized Single-Crystal Hexagonal Boron Nitride Domains on Nickel Foils by Ion Beam Sputtering Deposition[END_REF] 
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 17 . No topological defects or vacancy reconstructions have been observed in such samples.

Figure 1 . 7

 17 Figure 1.7 Preparation of single-layer hexagonal boron nitride membranes. (a) Optical micrograph of a few-layer BN flake on the silicon substrate. (b) The same flake after transfer to the Quantifoil supporting carbon film. (c-e) HRTEM images. (c) Initial view after brief irradiation on the thinnest part. (d) After 35 min of electron irradiation, a first isolated hole appears. (e) Formation of single-layer h-BN membranes, indicated by red dashed regions, after slightly more irradiation. Scale bars 2 μm (a and b), 2 nm (c-e).[START_REF] Meyer | Selective sputtering and atomic resolution imaging of atomically thin boron nitride membranes[END_REF] 
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 18 Figure 1.8 Elemental discrimination of lattice atoms in h-BN monolayer. (a) The phase image of reconstructed exit wave of the same region. (b) A zoomed image of the marked area in (a) where the individual boron and nitrogen atoms are clearly discriminated. (c) A line profile from the trace in (b). (d) Simulated phase image of h-BN monolayer. (e) A line profile from the trace in (d). Scale bar = 0.5 nm.[51]
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 19 Figure 1.9 (a) SEM image of typical graphene-like BN petals grown from sodium tetraborate at 1000 °C. The inset shows the Raman spectrum recorded for this sample. (b) Low magnification bright field TEM image of BN nanotubes and graphene-like petals. The inset shows the corresponding SAED pattern. (c) HRTEM image of an individual BN petal with peculiar bending. The inset depicts the corresponding fast Fourier transform (FFT) pattern from the flat part close to the [001] zone axis.[START_REF] Matveev | Synthesis of boron nitride nanostructures from borates of alkali and alkaline earth metals[END_REF] 

Figure 1 .

 1 Figure 1.10 a) SEM image and b) TEM image of BN spheres prepared by vapor phase pyrolysis of Ammonia Borane.[61]

Figure 1 .

 1 Figure 1.11 Experimentally Observed Chemical Pathways in the Pyrolytic Decomposition of Ammonia Borane to Boron Nitride: [1] Ammonia Borane; [2] Molecular Aminoborane; [3] Polyaminoborane (PAB); [4] Borazine; [5] Polyiminoborane (PIB); [6] Semi-Crystalline P63/mmc (hexagonal) boron nitride; [7*] Hydrogen abstraction by the evolution of molecular hydrogen at high temperature, is assumed, but other possible pathways exist. **Reversibility between molecular aminoborane,[2], and PAB,[3] is inferred and likely to depend on temperature, chain length, and the extent of branching in the PAB polymer. At low temperatures, PAB is preferred and at higher temperatures PAB decomposes into molecular aminoborane[2] hydrogen, borazine[4], and polyiminoborane[5].[START_REF] Frueh | Pyrolytic decomposition of ammonia borane to boron nitride[END_REF] 

Figure 1 .

 1 Figure 1.12 h-BN single crystals synthesized by molten solvent method (a) Image of h-BN single crystals by Ni-Cr solvent method.[73] (b) SEM image of h-BN single crystal by Fe-Cr solvent method.[START_REF] Liu | Large-Scale Growth of High-Quality Hexagonal Boron Nitride Crystals at Atmospheric Pressure from an Fe-Cr Flux[END_REF] 

Figure 1 .

 1 Figure 1.13 h-BN single crystals grown by HPHT method (a) Ba-B-N solvent system. [91] (b) Mg-B-N solvent system. [90]

Figure 1 .

 1 Figure 1.14 2D crystal materials: Single-layer crystallites of NbSe2 (a), graphite (b), Bi2Sr2CaCu2Ox (c), and MoS2 (d) visualized by AFM (a and b), by scanning electron microscopy (c), and in an optical microscope (d). (All scale bars: 1 μm.) The 2D crystallites are on top of an oxidized Si wafer (300 nm of thermal SiO2) (a, b,and d) and on top of a holey carbon film (c).[23] 
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 11 Figure 1.15 (a). Optical micrograph of large graphene flake transferred onto a 23 nm thick h-BN crystal. Scale bar 10 μm. (b). Mechanical transfer process. [102]

Figure 1 .

 1 Figure 1.17 TEM images of BNNSs. (A to C) Low resolution TEM images of flakes of BN, MoS2, and WS2, respectively. (D to F) High-resolution TEM images of BN, MoS2, and WS2 monolayers. (Insets) Fast Fourier transforms of the images. (G to I) Butterworth-filtered images of sections of the images in (D) to (F).[115]
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 118 Figure 1.18 Schematic description of the main liquid exfoliation mechanisms. (A) Ion intercalation. (B) Ion exchange. (C) Sonication assisted exfoliation.[START_REF] Nicolosi | Liquid Exfoliation of Layered Materials[END_REF] 
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 119 Figure 1.19 (Left) Thin curled sheets peeling off the top surface of an h-BN particle in response to shear forces created by the ball milling. (Right) TEM image of the hydroxylfunctionalized BN nanoplatelets.[117]

  PDCs route is thought to date from the synthesis of Si-based ceramics by pyrolysis of organosilicon polymers in 1960s[120]. It is an attractive means for the design of advanced ceramics with a compositional and structural homogeneity, especially in non-oxide systems[121]. One of the most appealing advantage is that, starting from molecular or preceramic polymeric precursors, specific shapes including ceramic fibers, films or composite materials can be produced, which cannot be easily obtained by conventional powder technology. In principle, preceramic polymers can be processed or shaped using conventional polymerforming techniques such as polymer infiltration pyrolysis (PIP), injection molding, coating from solvent, extrusion, or resin transfer molding (RTM). Once formed, objects made from the preceramic polymers can then be converted to ceramic components by heating to temperatures high enough to consolidate the elements contained in the polymer structure to a ceramic [120]. Another significant advantage lies in the controllability of final product by altering molecular precursors at atom scale. Therefore, a number of precursors have been developed for the PDCs route. Binary, ternary, quaternary, even pentanary ceramic systems have been studied by using PDCs route, including Si3N4, SiC, BN, AlN, SiCN, SiCO, BCN, SiCNO, SiBCN, SiAlCN, SiAlCO, SiAlBCN and SiHfBCN [120, 122, 123]. Bill and Heimann [124] have prepared an oxidation protection coating on C/C-SiC composites by pyrolysis of a polysilazane layer, obtained by dip-coating method. The lifetime of the composite material at high temperatures in air could be increased by up to 120% with the coating, compared with the uncoated samples. Preceramic polymers are particularly suited to the production of highly porous ceramics ( 70 vol.%), with pore sizes ranging from nanometers to several millimeters [120]. Nangrejo et al.[125] have produced SiC-Si3N4 composite foams from polysilane precursor. The foams consist of a threedimensional array of struts and a well-defined open cell structure with size between 400 μm and 900 μm (Figure 1.20a). One of the initial interests in PDCs route is to synthesize ceramic fibers with high thermo-mechanical performance [120]. Bernard et al.[126] have reported the synthesis of SiBCN ceramic fibers using boron-modified polysilazane as the single-sourceChapter 1 32 precursor (Figure 1.20b,c). The pyrolytic Si3.0B1.0C5.0N2.4 fibers have a tensile strength of 1.3 GPa and elastic modulus of 170 GPa.

Figure 1 .

 1 Figure 1.20 SEM images of (a) a pyrolyzed SiC-Si3N4 composite foam cell structure.[125] (b, c) morphology of Si3.0B1.0C5.0N2.4 fibers.[126]

  Bernard's group, Toury's group and their colleagues have reported several synthesis ways of BN coatings, fibers, films and composites using different precursors, including borazine and B-trichloroborazine [145-153, 159-165]. Both borazine and B-trichloroborazine have the stoichiometric 1:1 B/N atomic ratio, which is ideal for further treatment to obtain h-BN. Btri(methylamino)borazine can be obtained by reaction of an excess of methylamine and Btrichloroborazine. After a low temperature polycondensation, B-tri(methylamino)borazine and borazine are transformed into poly[B-tri(methylamino)borazine] and polyborazylene respectively. The heating temperature to final BN materials ranges from 1200 °C to 1800 °C. The obtained BN coatings, fibers and bulk materials are shown in Figure 1.21.
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 11421 Figure 1.21 SEM images of h-BN fabricated by PDCs route. a) b) Interface and crosssection of BN coating on titanium.[146] c) BN fibers.[165] d) e) Polished surface and fracture surface of disk-shaped bulk BN.[145]

Figure 1 .

 1 Figure 1.22 SPS sintered h-BN ceramics. a) SEM image of the cross-section. b) Raman spectrum of raw sample. c) TEM and SAED image of a 10 m BNNS.[105]

  whereas those with open porosity have to be encapsulated. Heat and pressure conditions eliminate internal voids, microporosity or defects through a combination of plastic deformation, creep and diffusion bonding [176]. The primary applications of HIP are the reduction of flaws, the consolidation of powder metals and ceramic composites [177]. Encapsulated powder and sintered components are densified to give improved mechanical properties and a reduction in the scatter band of properties [176]. h-BN polycrystalline powder can be obtained by pressureless sintering. However, the crystal size is limited to several microns [178-182]. BN-sintered bulk materials are generally produced by pressure-assisted sintering, including HP and HIP [183]. Nowadays, HP has been an important method to produce boron nitride parts, including break rings, high-temperature insulators and crucibles (Figure 1.23). Compared with HP, HIP requires less sintering aids (B2O3, 1 wt.%) and lower sintering temperature [18]. In 1983, Hunold et al.[184] have published the first patent on polycrystalline h-BN by HIP method. The process is conducted

Figure 1 .

 1 Figure 1.23 a) 3M hot pressed h-BN break ring for horizontal continuous casting of steel and nonferrous alloys.[186] b) SEM micrograph of h-BN bulk materials synthesized by hot pressing (HP) (from MYCROSINT) (by ion polishing) showing h-BN crystallites.[183]

  dielectric property. Characterization of nanomaterials is important for the investigation of the 2D nanosheets features such as thickness of layers, elemental composition, domain size and crystal structure. Researchers have employed different techniques for characterization of BNNSs. These methods are similar to techniques involved in the analysis of graphene and other homologous 2D materials. 1.5.1 Electron microscopy Scanning Electron Microscope Scanning electron microscope (SEM) is one of the most versatile instruments available for the characterization of materials microstructure. It uses a focused beam of high-energy electrons to generate a variety of signals at the surface of specimens. The signals that derive from electron-sample interactions reveal information about the sample including microstructure, chemical composition, crystalline structure and orientation. Figure 1.24 shows SEM images of h-BN domains on Cu substrate in a triangular shape. It is easy to distinguish h-BN layers from the metal substrate by identifying the different contrasts in the images.

Figure 1 . 24 1 40

 1241 Figure 1.24 Effect of the growth temperature on the CVD grown h-BN single domains. SEM image of h-BN single domains at (a) 965 °C; (b) 1065 °C.[42] 

Figure 1 .

 1 25 shows low magnification TEM and HRTEM images of BNNSs, presenting the morphology and number of layers. Combined with selected area electron diffraction (SAED), the orientation of monoor few-layers can be identified.

Figure 1 . 25

 125 Figure 1.25 Microstructure of h-BN flakes and atomic layers. (a) Overview performed at low magnification and large defocus. (b) The thinnest area with seven layers. The inset shows a close up on the thinnest region of the sample.[99] (c) HRTEM images of the film edges indicate that the h-BN is two atomic layers thick. Some of as-grown films are three to five layers. The scale bar is 5 nm. The insert of (c) is the corresponding SAED of the regions, which shows the hexagonal structure of h-BN film. (d) A typical atomic image of a h-BN film. The scale bar is 2 nm.[187]

Figure 1 .

 1 Figure 1.26 (a,b) Constant-current STM images (-2 V and 1 nA, 1313 nm 2 ) of the h-BN nanomeshes on Rh(111) and Ru(0001), respectively. (c,d) Cross-sectional profiles along the white lines in images a) and b). The two structures are very similar under the same tunneling conditions. They reveal the same apparent buckling of 0.070.02 nm between the apertures and the wires, and the same aperture size (2 nm) and wire thickness (1 nm).[189]

Figure 1 .

 1 Figure 1.27 (a) AFM tapping mode topography image of a h-BN flake. (b) The dashed lines indicate the position of the line profile. The thinnest region is 3.5 nm thick or roughly ten layers.The root-mean-square (RMS) roughness of the thinnest region is 0.14 nm, whereas the silicon oxide substrate itself has a roughness of 0.30 nm.[START_REF] Pacilé | The two-dimensional phase of boron nitride: Few-atomiclayer sheets and suspended membranes[END_REF] 

Figure 1 .

 1 Figure 1.28 XPS spectra from a representative sample of h-BN on Cu foil. (a) Survey spectrum used to identify the present elements; (b) and (c) high resolution B 1s and N 1s peaks corresponding to the BN film.[193]

Figure 1 . 29 a

 129 shows the absorption spectrum of single-layer h-BN on a quartz substrate. The h-BN film exhibits almost zero absorbance in the visible-light range and abrupt absorption in the UV region. For a direct gap semiconductor such as BN the absorption coefficient  has the form [194]:

  The PL emission properties of sample are influenced by the environment, including light source and temperature. For BNNSs, the PL emission spectra of the BNNS, measured at room temperature (RT) at different excitation wavelengths, are shown in Figure 1.30a. It is found that the maximum PL emission has taken place under the excitation of 205 nm (6.05 eV) (Figure 1.30b). When temperature increases (283 K to 303 K), the maximum PL emission intensity decreases and the first emission band (3.31 eV) is red shifted to smaller energy (3.29 eV) [195]. Moreover, Museur et al. have observed a strong structured emission in h-BN under excitation energy 4.1 eV. This low energy line can be assigned to defect transitions involving impurity atoms [196-198].

Figure 1 .

 1 Figure 1.30 a) Excitation wavelength dependent PL emission from BNNS at RT. b) Plotting of the maximum PL emission intensity against excitation wavelength. c) Temperature dependent PL emission spectra of BNNS measured at an excitation wavelength of 215 nm in the temperature range of 283-303 K.[195]

  .31b) [199]. A recent comparison of h-BN sources by different characterization methods, including Raman and CL spectroscopy, has been presented by L. Schué et al. in 2017 [200]. They have compared h-BN samples from NIMS, LMI, Saint-Gobain and HQ Graphene company. In the CL spectra, besides the intrinsic luminescence between 209 nm and 217 nm from all samples, they have found the impurity center with a maximum intensity at 302.8 nm from the NIMS, LMI and HQ samples. This is due to the deep-defect emission caused by different impurity level (Figure 1.32b).

Figure 1 .Figure 1 .

 11 Figure 1.31 a) CL spectrum for hexagonal boron nitride at room temperature.[87] b) Nearband-edge exciton recombinations from exfoliated h-BN layer: 6 monolayers (ML), 8 ML, and 10 ML compared to the normalized reference spectrum (from the HPHT crystal).[199]

  33b) [100, 201]. A comparison of Raman spectra of different h-BN sources is presented in Figure 1.32a. L. Schué et al. have compared high frequency Raman peak, which locates around 1366 cm -1 , from NIMS, LMI, Saint-Gobain and HQ Graphene company samples [200]. h-BN from LMI exhibits the second best FWHM value among the four samples.

Figure 1 .

 1 Figure 1.33 a) Raman spectra of atomically thin BN. The left inset shows changes in integrated intensity against the number of BNNSs layers. The right picture illustrates the phonon mode responsible for the Raman peak. b) Plot of Raman peak position against the number of BNNSs layers. [100]

1 )

 1 Before the preparation, the reagent ammonium sulfate (NH4)2SO4 (Sigma Aldrich, ≥ 99%) is first dried in a 120°C oven for 12 hours to remove the hygroscopic moisture. Figure2.1 shows the experimental set-up for borazine synthesis. The synthesis reaction occurs in the flask on the left, where the solid reagent sodium borohydride NaBH4 (Sigma Aldrich, Purum p.a., ≥ 96% (gas-volumetric)) is mixed with the solid (NH4)2SO4 at the molar ratio 2/1 in the solvent of tetraethylene glycol dimethyl ether (tetraglyme, Sigma Aldrich, ≥ 99%). The solvent is continuously stirred at 120 °C with a magnetic rotor during the whole process. In the middle part of the photo, there are three collectors immersed in liquid nitrogen. These collectors are used to condense and store the borazine, which is generated from the flask and transformed into liquid phase in the collectors. During the reaction, the whole Schlenk line is under vacuum.The synthesis of borazine is conducted with the temperature holding at 120°C until the end of reaction. After the reaction, a fractional distillation is carried out to purify and transfer the product into a Schlenk tube.

Figure 2 . 1

 21 Figure 2.1 Experimental set-up for borazine synthesis. On the left: flask where reaction occurs. In the middle: three collectors immersed in liquid nitrogen. On the right: a piezometer connected with a vacuum pump.

Figure 2 . 2

 22 Figure 2.2 Chemical analysis of borazine by FTIR.

Figure 2 . 3

 23 Figure 2.3 Chemical analysis of borazine by 1 H-NMR.

Figure 2 . 4

 24 Figure 2.4 Chemical analysis of PBN by FTIR.

Figure 2 . 5

 25 Figure 2.5 Chemical analysis of PBN by 1 H-NMR.

  .6 Right) in-between the two punches, then compressed at room temperature under uniaxial load until 90 MPa. SPS heating is then conducted at different temperatures (1200 -1950 °C) with the same heating rate (100 °C•min -1 ) maintaining the 90 MPa load throughout the 1-hour sintering. During the sintering, SPS chamber vacuum is 0.1 -0.4 hPa. The heating process is held at this maximum temperature to complete the BN ceramization reaction and the densification process.

Figure 2 . 6 (

 26 Figure 2.6 (Left) Schematic drawing of SPS set-up; (Right) FCT HP D25 SPS system.

Figure 2 . 7 (

 27 Figure 2.7 (Left) ASEA QIH3 HIP system; (Right) Schematic drawing of HIP heating chamber.

Figure 2 . 8

 28 Figure 2.8 BNNSs in ethanol after ultrasonication.

Film

  ® ). Firstly, two PDMS stamps (named as S1 and S2) are cut into the size of 1cm  2cm.Then, h-BN single crystals (1-2 mm in dimension) are transferred onto the S1 by a precise sharp-tip tweezer (Figure2.9a). After that, S2 is put onto the top of S1 and fully pressed to make sure both surfaces are well contacted (Figure2.9b). Then, S2 is peeled off from S1 using a flat-tip tweezer to exfoliate BNNSs onto S2 (Figure2.9c). At last, S2 is put on a Si wafer, which has a 285m SiO2 layer on the top (Sil'tronix Silicon Technologies) (Figure2.9d). After all these repeated steps, mono-and few-layers BNNSs are successfully exfoliated from h-BN single crystals and transferred onto Si wafer for further characterization.

Figure 2 . 9

 29 Figure 2.9 Mechanical exfoliation from h-BN crystals to BNNSs: a) Two PDMS stamps (named as S1 and S2) are cut into the size of 1cm  2cm; b) after h-BN single crystals are transferred onto S1, then S2 is put onto the top of S1 and fully pressed; c) S2 is peeled off from S1 using a flat-tip tweezer to exfoliate BNNSs onto S2; d) S2 is put on a Si wafer in order to transfer the BNNSs onto it.

  Photomicroscope. Both bulk h-BN crystals and BNNSs on Si wafer are characterized by OM.

Figure 2 .

 2 Figure 2.10 AppNano FORT series AFM probe.

  Stenger and A. Plaud from Groupe d'Étude de la Matière Condensée (GEMaC) of Université de Versailles Saint-Quentin-en-Yvelines and Laboratoire d'Étude des Microstructures (LEM), CNRS-ONERA.

Figure 2 .

 2 Figure 2.11 HTK 1200N high temperature oven for XRD.

  thermogram with simultaneous mass spectrometry measurements, weight losses are interpreted by BN ordering and mainly by dehydrogenation processes. In the XRD patterns of PBN at room temperature and 400°C, no obvious peaks can be identified, whereas at 1450°C, separated h-BN (002) and (100) peaks are well defined.

Figure 3 . 1 Figure 3 . 2

 3132 Figure 3.1 Left: TGA and DSC curves of PBN under argon. Right: XRD pattern of PBN at room temperature, PBN heated to 400°C, and boron nitride produced at 1450°C. [1]

Figure 3 . 3

 33 Figure 3.3 XRD pattern of PBN at room temperature.

Figure 3 .

 3 Figure 3.4a is the 3D plot of XRD patterns recorded during the heating process. The patterns are achieved every 25°C in the temperature range of 600°C and 1200°C. From a general view,

Figure 3 .

 3 Figure 3.4 a) 3D plot of in situ XRD test patterns of PBN heated from 600°C to 1200°C. b) In situ XRD patterns of PBN at RT, 600°C, 700°C, 800°C, 900°C, 1000°C, 1100°C, and 1200°C. c) Intensity of the hump near 22.5° as a function of the temperature from 600°C to 1200°C.

Figure 3 .

 3 Figure 3.5 presents the TGA/DSC curves of PBN/Li3N mixtures prepared at different temperatures, recorded from the room temperature up to 1500°C.Figure 3.5a is based on the liquid PBN and Li3N mixture, without any thermal treatment. The thermogram reveals an important global weight loss of 34.6%. The most significant loss (29%) is evidenced between room temperature and 200°C, which would indicate a rapid dehydrogenation reaction associated with a strong volatilization of the lowest weight mass species, such as borazine, borazine dimer or trimer. From 200°C to 750°C, a lower weight loss (~ 2%) is observed, which is due to further dehydrogenation reaction. At higher temperature, in the 750-1200°C range, a supplementary weight loss of around 4% is observed. Although dehydrogenation reactions can

Figure 3 . 5

 35 Figure 3.5 TGA/DSC curves of PBN/Li3N mixtures prepared at different temperatures. a) without specific heat treatment, liquid; b) 200°C, Solid; c) 650°C, Solid.

Figure 3 .

 3 Figure 3.5b is recorded on the PBN/Li3N mixture that has been pre-treated at 200°C for 1 h,

Chapter 3 84 In Figure 3 .

 843 5c, TGA curve indicates a 5.1% total weight loss of PBN/Li3N mixture prepared at 650°C. No significant weight loss can be observed below 700 °C. This means that the dehydrogenation reaction has already been almost finished. The most weight loss is recorded between 700°C and 1200°C. This is consistent with the previous results Figure3.5a and b. The 5% weight loss is mainly due to the removal of the Li3BN2. Above 1200°C, and whatever the sample, a slight mass gain is recorded. Such an unexpected event is probably due to an oxidation reaction, oxygen resulting from the exposition to air of the sample during its transferring step or leaks in the TGA chamber, or ppm oxygen contamination of the nitrogen gas used.

2 ▼ 7 ◆ B 2 O 3 ▲ 2 ■Figure 3 . 6

 2723236 Figure 3.6 XRD pattern of PBN/Li3N mixture at room temperature. The sample is preheated to 650°C and cooled to room temperature.

Figure 3 .

 3 Figure 3.7a shows a tri-dimensional representation of XRD patterns within the [600°C, 1200°C]temperature range, for the PBN/Li3N mixture. With the temperature increasing, the shape of XRD patterns evolves from a poor crystallization level to a high crystallization one. Well defined peaks can be identified above 800°C. This phenomenon is different from the in situ XRD result of pure PBN in Figure3.3, where no separated peaks could be defined.

Figure 3 .

 3 Figure 3.7 a) 3D plot of in situ XRD test patterns of PBN/Li3N mixture heated from 600°C to 1200°C. b) In situ XRD patterns of PBN/Li3N mixture at RT (room temperature), 600°C, 700°C, 800°C, 900°C, 1000°C, 1100°C, and 1200°C. c) Plot of h-BN (002) peak FWHM to temperature.

Figure 4 .

 4 Figure 4.1 presents the microstructural and chemical characteristics of the samples prepared with different amounts of Li3N added to the pre-ceramic powder and for a sintering step conducted at 1800°C. Without Li3N, an "amorphous-like" disordered structure is observed, composed of undefined blocks (Figure 4.1a). Interpretation of the XRD patterns confirms the very poor structural organization of the agglomerated product (Figure 4.1b). Indeed, even if areaction occurred during the SPS process, the resulting boron nitride is poorly crystallized with only three broad diffused peaks. It is worth mentioning that the (001) peak, particularly well defined for h-BN and characteristic of its 2-dimensional nature, does not evidence in this case any preferential texture. Such a poor quality of boron nitride, resulting from a partial transformation of pre-ceramic powder, is also corroborated by the Raman investigation,

Figure 4 . 1

 41 Figure 4.1 Microstructural and chemical characterization of the product obtained for a 1800°C sintering temperature, without Li3N (a-c), with 5 wt.% (d-f) and 10 wt.% Li3N(g-i): a,d,g: SEM observation; b,e,h: XRD patterns; c,f,i: Raman spectra.

Figure 4 .

 4 2 presents a series of representative SEM images of raw materials sintered at different SPS temperatures. Whatever the temperature, pellets show similar feature composed of defined BN domains staked into flakes and growing in different orientations.

Figure 4 . 2

 42 Figure 4.2 Cross-section SEM images of BN pellets. a) 1200° C; b) 1500 °C; c) 1800°C; d) 1950 °C (laminar structure shown in the insert image).

Figure 4 . 3

 43 Figure 4.3 Flakes size distribution of sintered pellets.

Figure 4 . 4

 44 Figure 4.4 XRD patterns of sintered pellets. a) 1200° C; b) 1500 °C; c) 1800°C; d) 1950 °C.

Figure 4 .

 4 Figure 4.4 presents XRD patterns of pellets sintered at 1200°C, 1500°C, 1800°C and 1950°C.

Figure 4 . 5

 45 Figure 4.5 Raman spectra of sintered pellets. a) 1200° C; b) 1500 °C; c) 1800°C; d) 1950 °C.

Figure

  Figure 4.6 shows a graph presenting the mean value and the standard deviation of the FWHM

Figure 4 . 6

 46 Figure 4.6 Mean values and standard deviations of the E2g peak FWHM as a function of the sintering temperature.

Figure 4

 4 

Figure 4 .

 4 Figure 4.8a first gives a spectrum overview for CL intensity comparisons. Except with the low temperature annealing at 1200°C, luminescence from impurities with a zero-phonon-line at 302 nm predominates. Such luminescence from middle gap energy states is related to point defect centers containing carbon or oxygen as already shown by other authors[38][39][40]. The so-called D series attributed to excitons trapped at structural defects are also observed with a maximum at 227 nm. Finally, the intrinsic luminescence of the h-BN free excitons is observed around

Figure 4 . 8

 48 Figure 4.8 CL results showing a) low spectral resolution, b) high spectral resolution, c) UV luminescence efficiency versus SPS temperature, d) CL of impurities compared to free excitons versus SPS temperature.

  parts in the SPS reactor and with the primary vacuum involved during the sintering operation.

Figure 4 . 9

 49 Figure 4.9 TEM images of exfoliated BNNSs from 5 wt.% Li3N sintered pellets. a)-c) 1200°C; d)-f) 1500°C; g)-i) 1800 °C; j)-l) 1950°C.

Figure 4 .

 4 10 proposes the different steps of the device fabrication.

Figure 4 .

 4 Figure 4.10 Metal-hBN-metal device fabrication steps.

Figure 4 . 11

 411 Figure 4.11 Optical images performed on the four fabricated devices. The purple parts represent the substrate, the yellow ones are the gold electrodes while the blue ones are h-BN samples.

  increasing the applied voltage to the capacitors, it is possible to measure the breakdown electric field and the associated maximum charge density. Figure4.12 shows expected graphs to deduce dielectric constant and breakdown voltage of our 2D h-BN samples.

Figure 4 .

 4 Figure 4.12 Left) Plot of thickness as a function of ε0/C, where the slope is equal to dielectric constant εr. Right) Plot of leakage current to the change of gate voltage, where breakdown voltage can be defined as the cross points.

Figure 4 . 13

 413 Figure 4.13 Deduction of the dielectric constant from the capacity measurements on different BNNSs.

Figure 4 .Figure 4 . 14

 4414 Figure 4.13 presents the plot of h-BN thickness as a function of ε0/C recorded on the four capacitor devices. The slope gives a value of 3.9 for the dielectric constant. This value is very close to accepted values found in the literature[42][43][44] 46].

Figure 4 .

 4 Figure 4.14 shows the graph plotting the breakdown voltage values versus the BNNS thickness.

  The 5wt.% addition of Li3N presents thus the best compromise between the amount of h-BN got, and its crystallinity.It has also been established that at too low temperature (1200°C), some intermediate reaction products still remain in the resulting pellet, like Li2B4O7, showing that Li3N may act as an oxygen gas getter. From 1500°C, the reaction seems completed and the by-products eliminated, giving rise to high-quality well-crystallized h-BN flakes with average flake area more than 200µm 2 .

Figure 5 . 1

 51 Figure 5.1 Optical photograph of the crucible cross-section after HIP.

Figure 5 .

 5 Figure 5.1 shows a typical cross section view of the final product still in the crucible by optical microscope. The crucible/products interface is underlined by the dashed-line. The crucible particle size is much smaller than as-pressed crystals. The thickness of the crucible bottom is

Figure 5 .

 5 Figure5.2 presents the representative optical images of as-pressed h-BN bulk crystals. In general, the crystal size varies from several hundred microns to more than 1 mm. Figure5.2af presents a series of bulk crystals inside the crucible. These crystals possess hexagonal-shape facets, with sharp edges and different light reflecting surfaces. It can be measured that the size of a single continuous surface reaches more than 500 µm. Freestanding crystals can also be observed inside the crucible, which are shown in Figure5.2d-f. These crystals have flat surfaces larger than 500 µm, up to larger than 1 mm.

Figure 5 . 2

 52 Figure 5.2 Optical micrographs of h-BN crystals after HIP. a)-c) Bulk crystals inside the crucible chamber. d)-f) freestanding crystals in the crucible chamber.

Figure 5 . 5

 55 Figure 5.5 XPS general surveys of the h-BN bulk crystals recorded on top-surface and after a 2 μm-thick abrasion.

Figure 5 . 6 Figure 5 . 6

 5656 Figure 5.6 Optical photograph of a freestanding h-BN thin flake.

Figure 5 . 7

 57 Figure 5.7 Powder XRD pattern of freestanding h-BN flakes.

Figure 5 .

 5 8a-c show the h-BN single crystal at different rotation angles, while d-f demonstrate the diffraction pattern recorded at these positions. At each position, different diffraction spots can be observed, corresponding to different lattice planes. From Figure 5.8c and f, only few diffuse diffraction signals are detected, when the Xray beam passes vertically through the single crystal flake. Indeed, in such configuration, the single crystals is too thin in the c-axis and provides less lattice planes for diffraction. With the help of CrysAlisPro software, all the diffraction patterns are automatically found, the unit cell parameters are calculated and the space group is confirmed. All the diffraction spots (116 spots in total) are well fitted to the hexagonal lattice structure. HIP derived h-BN crystals exhibit a P63/mmc space group. The B and N atoms are covalently bonded with a separation of 1.448 Å

Figure 5 .

 5 Figure 5.8 h-BN single crystal XRD. a)-c) Photograph of the h-BN single crystal at different rotation angles. d)-f) Corresponding diffraction patterns recorded at different rotation angles.

Figure 5 .

 5 Figure 5.9 a) XPS general surveys of a h-BN single crystal surface and after a 2 μm-thick abrasion. b) B1s peak at 189 eV, bulk plasmon (BP) loss peak at ~214 eV and π plasmon (πP) loss peak at ~198 eV. c) N1s peak at 397 eV, bulk plasmon loss peak (BP) at ~423 eV and π plasmon loss peak (πP) at ~406 eV. d) and e) After 2 μm abrasion, C1s and O1s binding energy ranges, respectively.

A

  PDMS membrane is used to reduce the thickness of the h-BN flakes. The exfoliated h-BN materials are then transferred onto a silicon wafer with a 285nm SiO2 top layer. These flakes and nanosheets are observed directly on PDMS or Si/SiO2 wafer by SEM (Figure 5.10). Figure 5.10a-d shows images of h-BN thin flakes on the PDMS substrate. It should mentioned that, due to low contrast between the polymer background and h-BN flakes, the brightness and contrast of these images are re-adjusted to provide a better visual threshold for viewers. The flakes on the PDMS membrane have flat and smooth surface with layered edge, illustrating the laminar structure. The size of the h-BN flakes varies from 200 μm to more than 1 mm. Figure 5.10e-h shows the SEM images of h-BN thin flakes and nanosheets on the Si/SiO2 substrate.

Figure 5 .

 5 Figure 5.10 SEM images of h-BN thin flakes on a)-d) PDMS membrane; e)-h) Si/SiO2 substrate.

Figure 5 . 11

 511 Figure 5.11 Optical photographs of h-BN thin flakes and nanosheets.

Figure 5 .

 5 Figure 5.12a-c are typical AFM topography images of a flake, large nanosheets and a folded nanosheet respectively. Figure5.12d-f show the corresponding 3D AFM images of a-c. The different line profiles are illustrated in Figure5.12 g-i, indicating the thickness of the different areas. In Figure5.12 a,d,g, a h-BN flake is measured and the thickness is about 54.6 nm. Several large nanosheets can be observed in Figure5.12b, with width above 20 μm and length above 30 μm. The line profile in Figure5.12h indicates the thickness of the nanosheets, 4.2 nm and 6.0 nm respectively. Figure5.12c shows a nanosheet with double, triple and quadruple folding.

Figure 5 .

 5 12c shows a nanosheet with double, triple and quadruple folding.

Figure 5 .

 5 Figure 5.12 a)-c) AFM topography images of h-BN thin flakes and nanosheets. d)-f) Corresponding 3D AFM images. g)-i) Corresponding line profiles indicating the thickness.

5. 3 . 6 Figure 5 .

 365 Figure 5.13 a)-c) Raman spectra of BNNSs with different thickness. d)-f) Optical photographs of the corresponding laser area. Yellow dots indicate the laser position. The diameter of the laser is ~5μm.

Figure 5 .Figure 5 .

 55 Figure 5.14b corresponds to a folded area, illustrating several aligned layers and allowing us to determine the expected interplanar distance of 3.3 Å. Figure 5.14c is a straight edge of the sheet, indicating that it has mainly experienced tearing during the mechanical exfoliation. A high resolution TEM (HRTEM) image of the nanosheet in-plane morphology is presented in Figure 5.14d. As expected, the corresponding FFT again shows the six hexagonally distributed dots. From this FFT, filtered image is reconstructed to reduce the background noise, as showed in Figure 5.14e. The well-crystallized structure of the sheets is clearly confirmed. From the inset gray value profile (Figure 5.14e), the distance between two adjacent atomic columns

Figure 5 .

 5 Figure 5.14 TEM images of the exfoliated BNNSs. a) A h-BN nanosheet locates on the holey carbon film, inset: SAED pattern of the selected area. b) TEM image of a folded area. c) TEM image of the edge area. d) HRTEM image of the BNNSs, inset: corresponding FFT image. e) FFT reconstructed image of d, inset: gray value plot of the yellow line in the image allowing to determine distance. f) h-BN in-plane and interplane structures based on HRTEM image measurement.

Figure 5 .

 5 Figure 5.15 a) Wide range EELS spectrum obtained on BNNSs. b) extracted signal of B-K edge. c) extracted signal of N-K edge.

Figure 5 .

 5 15b and c show the better-defined spectra, after removal of the background. Both π* and σ* energy-loss peaks are presented in B-K and N-K edges, which are characteristics of the sp 2 hybridized atoms of h-BN. The presence of π electron is consistent with the XPS results in part 5.3.3 and the results

  has been studied, involving only boron nitride crucibles in contact with the PBN powder. As a consequence, better and still larger h-BN crystals are obtained, showing a transparent and colorless appearance. Whatever the scale considered, we have demonstrated that HIP-derived h-BN bulk crystals exhibit high crystalline hexagonal structure. Besides, the chemical analysis confirms a stoichiometric BN composition. The h-BN single crystals, with size up to several hundred microns, are successfully isolated from bulk h-BN. The unit cell parameters have been investigated by single crystal XRD, indicating the expected P63/mmc space group with lattice constants a = 2.508 Å and c = 6.664 Å. Furthermore, h-BN thin flakes and nanosheets are obtained after exfoliation by a dry transfer method. Through morphology, structure and chemistry characterizations, well-crystallized BNNSs with high purity have been confirmed. 141

Table 1 . 1

 11 Basic physical properties of h-BN, c-BN and w-BN.[2] 

	Properties	h-BN	c-BN	w-BN
	Density (g/cm 3 )	2.0-2.28	3.45	3.49
	Melting point (°C)	3000 (dissociates)	2973	-
	Knoop hardness (GPa)	2-4	45	34
	Bulk modulus (GPa)	36.5	400	400
	Thermal conductivity (W/(cm•°C))	6  c axis 0.3 ∥ c axis	7.4	-
	Bandgap (eV)	5.2	6.4	4.5-5.5

Table 1 . 2

 12 Lattice constant and mismatch to graphene of different 2D materials.

	2D materials	Lattice constant (Å)	Lattice mismatch (%)
	Graphene	2.464	0
	h-BN	2.504	1.6
	CoO2	2.819	14.4
	MoS2	3.148	27.8
	WS2	3.154	28.0
	MoSe2	3.289	33.5

  The vial is filled with pure N2 and kept at 200 kPa. The shearing forces are generated by setting the rotation speed of the planetary mill at 150 rpm.

	flake, which has been exfoliated by scotch tape. Dean et al.[102, 103] have successfully
	fabricated high-quality exfoliated mono-and bilayer graphene devices on single-crystal h-BN
	substrates, by using a mechanical transfer process (Figure 1.15). Besides traditional scotch tape
	method, Li et al.[104] have obtained BNNSs with diameters of hundreds of nanometers and
	thicknesses of a few nanometers by a controlled ball milling process (Figure 1.16). The mixture
	of 0.5g h-BN (Merck) and 6 mL benzyl benzoate is loaded in a steel milling vial with 50 steel
	balls (12.7 mm in diameter).
	Starting from ready-made h-BN single crystals
	synthesized by HPHT method, Gorbachev et al.[100] have prepared BN mono-and bilayers
	by mechanical exfoliation method and identified on top of an oxidized Si wafer (290 nm SiO2).
	High quality BNNSs by mechanical exfoliation is also an appealing substrate dielectric for
	graphene-based devices. Yang et al.[101] have grown single-domain graphene on flat h-BN

Table 1 .3 Molecular

 1 

precursors and preceramic polymers for fabrication of h-BN by PDCs.

Molecular precursor Preceramic polymer Shapes of ceramics Ref.

  

	Tris(dimethylamino)borane		
		Coatings, composite	[134-
		ceramics, films	136]
	Tris(methylamino)borane		
		Bulk ceramics, coatings,	[137-
		fibers, tubular BN, composites	141]
	Polyethyleneimine and		
	Trimethylamine-triborane		
		Powders	[142]
	Borazine	Microparticles,	bulk
		ceramics,	coatings,	[143-
		porous BN monoliths, composites, foams, few	152]
		layers, membranes
	B-trichloroborazine		
				[153-
		Fibers, films, coatings	155]
	B-tris(methylamino)borazine		
	Ammonia borane H 3 B NH 3	Nanotubes, spheres, porous powders Porous BN, fibers	[61, [156-128-132] 161]
	n/2		
	Dibromoborane dimethyl		
	sulfide		
	-	Bulk powders, fiber coatings	[133]

Ammonia borane is a commercially available and widely used molecule for h-BN synthesis.

Maleki et al.[130] 

have synthesized high surface area microporous BN powders by using ammonia borane as the single source precursor. Before pyrolysis at 1300°C, the ammonia borane is polymerized under low temperature

(70, 80, 90 and 140°C) 

for at least 2 hours. They have found that lower temperature heating of ammonia borane before pyrolysis results in higher surface area and micropore volume.

The heating temperature is important for h-BN crystallinity by PDCs route. It has been observed that temperature lower than 1000°C is insufficient for high crystallization of the h-BN ceramics.

Lorrette et al.[134] 

have fabricated h-BN coatings on carbon fibers using tris(dimethylamino)borane as the precursor. At 1300 °C, the deposition rate can reach 2μm/h.

Bonnetot et al.[138] 

have obtained BN matrices and coatings using tris(methylamino)borane.

They have pointed out that, after a 1000 °C pyrolysis, a further 1700 °C post-annealing is necessary to transform amorphous BN to crystalline BN and eliminate organic residues.

Lei et al.[139] 

have studied the evolution of structure and composition of the poly[tris(methylamino)borane] during its conversion to ceramics. They have found that the BN sample pyrolysed at 900 °C is amorphous and after an annealing at 1600 °C its structure becomes turbostratic BN.

Table 1 .4 Chemical

 1 

	Element/Phase	wt.%
	B	43.2
	N	55.4
	Total O	1.3
	B2O3	0.9
	Ca	0.05

Analysis of h-BN powders synthesized by HIP.

[184] 

  These observations suggest that, although PBN does not present a crystallized structure, a low-ordered structure prefiguring h-BN can be deduced. This result is consistent with the previous results of Fazen et al[1].

	Chapter 3
	and 42.5°, close to the crystallized h-BN (002) and (100) or (101) plane (26.7°, 41.6° and 43.9°
	respectively according to JCPDS file 00-034-0421).
	80

Table 4 . 1

 41 Product yield of SPS pellet compared with pre-ceramic powder.

	Li3N Concentration wt%	0	5	10
	Product Yield %	93	80	61

Towards larger h-BN single crystals and BNNSs: A new combination of PDCs route and HIP method

  Towards larger h-BN single crystals and BNNSs: A new combination of PDCs route and HIP methodBy combining PDCs route with SPS method, we have succeeded in obtaining high quality h-BN and BNNSs. However, the bulk h-BN is not transparent and the flake size is limited to ~50 μm. As a consequence, exfoliated BNNSs can reach tens of microns that is still insufficient to envisage their uses in further application devices. In order to improve the crystal quality, we have tested other ceramization methods. Through a series of experiments, we have been able to synthesize transparent colorless h-BN crystals via a new combination of PDCs and Hot Isostatic Pressing (HIP). Furthermore, large single crystals and BNNSs can also be achieved after a simple mechanical exfoliation process. In this chapter, characterization techniques including OM, XRD, XPS, SEM, AFM, Raman, TEM are applied for investigating HIPderived h-BN bulk crystals, single crystals, thin flakes and nanosheets.

Table 5

 5 .1. In the full range survey spectrum, photoelectron peaks from B 1s, N 1s, O 1s and C 1s can be recognized on the sample surface. The binding energies of the B 1s and N 1s, at 189 eV and 397 eV, respectively, are consistent with reported XPS data for h-BN[13]. The

	atomic percent ratio B/N is about 0.99, which is very close to 1, indicating a good
	stoichiometric BN composition. 5.2 % of carbon and 0.7 % of oxygen are also observed. These
	two impurities may come from the surface pollution during the XPS test and/or air
	contamination.

Table 5 .1 XPS

 5 

	Test depth	C	Element at.% O B	N	Ratio B/N
	Surface	5.2	0.7	46.8	47.3	0.99
	2 μm abrasion	-	1.0	52.9	46.1	-

element quantitive analysis of bulk h-BN crystals.

Table 5 .2 Unit

 5 

cell parameters of a h-BN single crystal.
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101 lithium is still remaining in the sample after 2 μm abrasion. The amount of oxygen is quite high on the sample surface and after etching. The presence of these two elements is in accordance with the XRD pattern, where Li2B4O7 is identified. The integrated intensity of the 52.6 cm -1 line is about the fortieth of the 1366 cm -1 line (Ilow/Ihigh ≈ 1/43). This ratio is consistent with the data in the literature of h-BN single crystals by HPHT and other method [8,9]. In-plane shear mode According to the interpretation of Kuzuba et al. [8], both low and high frequency modes belong to the same irreducible representation. The large difference between these intensities is resulted from the difference of the second derivatives (∂rs/∂Qi) 2 , where rs is the (r,s) component of the polarizability tensor and Qi the displacement corresponding to the ith normal mode (i = 1,2).

Due to the weak interlayer interaction of the h-BN crystal, (∂rs/∂Qi) 2 for the interlayer vibration is considered to be much smaller than that for the intralayer vibration.

The above investigations, including both XRD and Raman, have proved well crystalline h-BN structure signatures in the h-BN bulk crystals. h-BN lattice planes have been identified and two characteristic h-BN Raman vibration modes have been observed. A complementary analysis is now focused more on its chemical compositions.

Chemical characterizations

Chemical signatures of the bulk h-BN crystals are investigated by XPS. Analyses are performed on crystals surface and after a 2 μm depth Ar + sputtering abrasion. The spectra are

Appendix

Publications and conference communications during PhD: In the past decades, due to their exceptional chemical and thermal stabilities together with their electrical insulation properties, hexagonal boron nitride nanosheets (BNNSs) have become a promising support substrate for graphene and promoted the incentive of various van der Waals heterostructures. For such application, BNNSs are generally obtained by Chemical Vapor Deposition (CVD) and exfoliation. In the first method, domain size, morphology and layer number remains to be challenges for the applications of CVD BNNSs. Secondly, obtaining BNNSs by exfoliation is greatly relevant to the quality of h-BN crystal source.

In order to achieve high quality large BNNSs, our group has proposed a novel synthesis strategy by the polymer derived ceramics (PDCs) route combined with sintering technics: Spark Plasma Sintering (SPS) or Hot Isostatic Pressing (HIP).

Here we firstly present the in situ tests of PBN and crystallization promoter (Li3N) mixture, trying for a better understanding of the ceramization process. In our study, both pure PBN and PBN/Li3N mixture are characterized by thermal analysis and in situ XRD technique. In a second part, we further investigate the influence of sintering temperature and crystallization promoter content on h-BN growth.

As-sintered h-BN pellets and exfoliated BNNSs are characterized from both chemical and microstructural viewpoints. The effect of SPS temperature on both purity and crystallinity is also studied using cathodoluminescence. Few-layered BNNSs are successfully isolated by exfoliation. Furthermore, physical measurements also confirm that SPS derived h-BN exhibits a low dielectric constant.

In the end, we propose HIP technique as a further improved method for ceramization process. Characterizations from bulk crystals to BNNSs are carried out in three aspects: morphology, lattice structure and chemical composition. This novel attempt provide us transparent BN single crystals with large lateral size. Besides, BNNSs with a high purity degree have also been confirmed. 
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