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General Introduction

As the fourth most abundant element in the universe, Carbon plays an important role in the emerging of life in earth as we know it today. The industrial era has seen this element at the heart of technological applications due to the different ways in which carbon forms chemical bonds, giving rise to a series of allotropes each with extraordinary physical properties. For instance, the most thermodynamically stable allotrope of carbon, graphite crystal, is known to be a very good electrical conductor, while diamond very appreciated for its hardness and thermal conductivity is nevertheless considered as an electrical insulator due to different crystallographic structure compared to graphite. The advances in scientific research have shown that crystallographic considerations are not the only determining factor for such a variety in the physical properties of carbon-based structures. Recent years have seen the emergence of new allotropes of carbon structures that are stable at ambient conditions but with reduced dimensionality, resulting in largely different properties compared to the three-dimensional structures. These new classes of carbon allotropes are namely: carbon nanotubes (one dimensional), fullerene (zero dimensional), and the last discovered allotrope of carbon, also known as the first twodimensional material: graphene Graphene, a 2D material consisting of a monolayer of carbon atoms forming a honeycomb structure, is well known for its unique properties, such as electronic, mechanic and thermal properties [1], [2], [3], [4]. Its electronic band structure does not have a forbidden band, making it a zero-gap semiconductor. Moreover the electronic mobility of charge carriers is very high compared to other materials [5]. This material has also a high thermal conductivity [6] and an ability to stand great deformations [START_REF] Sharma | Graphene based field effect transistors: Efforts made towards flexible electronics[END_REF]. Thus, it is a good candidate for many applications.

Wallace has first studied band structure and other properties of graphene theoretically in 1947 [START_REF] Wallace | The Band Theory of Graphite[END_REF]. However, the technical limitations did not permit to study its properties experimentally at this time. We had to wait until 2004 for the work of Geim and Novoselov who first succeed to isolate a monolayer of graphene from the exfoliation of graphite [START_REF] Novoselov | Electric field effect in atomically thin carbon films[END_REF], which gave them the Nobel prize in 2010. Since then, many scientists focused on graphene with both theoretical and experimental studies. In 2013 a European project "Graphene Flagship" was launched for a duration of 10 years. The Carbon group at IEMN is involved in the project since its inception.

For more than 10 years, other 2D materials appeared such as transition metal dichalcogenides or hexagonal boron nitride (h-BN). They have complementary properties and a great potential for many applications. h-BN is a wide gap semiconductor with a similar structure as graphene, with a honeycomb lattice which named it commonly as "white graphene", with similar mechanical and thermal properties [START_REF] Pakdel | Nano boron nitride flatland[END_REF].

A major challenge is to find a way to grow those materials in order to achieve an easy and economically attractive way to produce large area of those materials with a good quality. Another challenge is to transfer those materials on substrate compatible with electronics (mainly SiO2), or the realization of heterostructures of such materials. We will focus in this first part of our work on investigation of the growth conditions required to produce large area graphene (few centimeters) and h-BN of good quality and their transfer on SiO2.

Flexible electronics has become an important field of research for many applications, such as flexible batteries [START_REF] Liu | Design and fabrication of multifunctional structural batteries[END_REF], RFID tags [START_REF] Jung | All-Printed and Roll-to-Roll-Printable 13.56-MHz-Operated 1-bit RF Tag on Plastic Foils[END_REF], displays [START_REF] Radivojevic | In Electrotactile Touch Surface by Using Transparent Graphene[END_REF] or touch screens [START_REF] Bae | Roll-to-roll production of 30-inch graphene films for transparent electrodes[END_REF]. In this goal, several materials have been used such as PEN, PET or polyimide (PI). All these materials present a good flexibility and a chemical compatibility with microelectronics process but they suffer from poor thermal conductivity, leading to lower utilization of power of devices deposited compared to classic microelectronic substrate such as SiO2. Several ways have been recently investigated to bypass this problem and a good solution is to fill the matrix of the polymer or polyimide with nanomaterials or nanofillers. We choose to use graphene and h-BN as the filler in a 3D shape: a foam of graphene or h-BN as the nanofiller and we chose a PI as the matrix. In this second part, we will explain in detail how we achieve novel flexible substrates with enhanced thermal properties.

Chapter 1: Growth, transfer and characterization of graphene and h-BN I) Introduction

I.1) Objectives

Graphene and h-BN are unique materials due to their form as monoatomic layers. Their synthesis by CVD process can be seen as the deposition of a very thin film through the pyrolysis of a gas precursor. As a result, we can adapt the growth model used in the thin film deposition model for the CVD growth. We can then understand how the process parameters such as pressure, temperature or gas flow can affect the morphology of the resulting materials, helping us preparing some large area graphene (few cm²) and h-BN with properties closer of those achieved in mechanically exfoliated graphene and h-BN.

As CVD graphene and h-BN are monoatomic layers growing on metallic substrates, they require the use of a supporting layer in order to be transferred onto a target substrate. This supporting layer requires mechanical robustness and handling convenience. In this part, I will describe the technique developed for the transfer of 2D materials on the suitable substrate.

Another objective of this work is to grow graphene and h-BN as 3D material (thick). The objective is to exploit the thermal properties of 2D material, for heat dissipation in the circuits. We decided to grow 3D graphene and h-BN structures as a foam in order to obtain thick materials. This is particularly important for applications in flexible electronics, where heat dissipation remains a major issue.

I.2) Graphene

Graphene has been studied theoretically as based material of graphite since the 40's. The first work on electronic properties of a 2D material have been published in 1947 [START_REF] Wallace | The Band Theory of Graphite[END_REF]. In 2004 Novoselov and Geim showed for the first time the stability of few layers of graphene and studied their electronic transport properties [START_REF] Novoselov | Electric field effect in atomically thin carbon films[END_REF]. Those studies opened the way of the development of new technologies based on the outstanding properties of this material. Since then, the number of publications on graphene increased significantly, as we can see on Figure 1: [START_REF] Zou | Trends Analysis of Graphene Research and Development[END_REF] Graphene is one of the allotropes of carbon. It is defined as a 2D monolayer of carbon placed as a honeycomb lattice, following a hexagonal network. We can see in the Figure 2 a periodicity in the crystallographic structure when considering a unit cell composed of two neighbor atoms of carbon (A and B). Two vectors 𝑎 1 ⃗⃗⃗⃗ and 𝑎 2 ⃗⃗⃗⃗ define each of the unit cells:

𝑎 1 ⃗⃗⃗⃗ = 𝑎 𝐶𝐶 2 (3, √3), 𝑎 2 ⃗⃗⃗⃗ = 𝑎 𝐶𝐶 2 (3, -√3)
With 𝑎 𝐶𝐶 = 1.42Å, corresponding to the distance between two neighbor carbon atoms.

Chapter 1: Growth, transfer and characterization of graphene and h-BN From those two vectors, two other vectors of the reciprocal space 𝑏 1 ⃗⃗⃗ and 𝑏 2 ⃗⃗⃗⃗ are defined as:

𝑏 1 ⃗⃗⃗ = 2𝜋 3𝑎 𝐶𝐶 (1, √3), 𝑏 2 ⃗⃗⃗⃗ = 2𝜋 3𝑎 𝐶𝐶 (1, -√3)
From the unit cell of the reciprocal space, the Brillouin zone can be obtained. In the reciprocal space, two points are important: The K and K' points also called Dirac points.

The electronic configuration of a carbon atom is 1s 2 2s 2 2p 2 . There is in total six electrons whose two of the 1s orbital are the closest to the nucleus and are bonded. The four valence electrons of the two external orbitals allows it to form covalent bonds of the type σ and π. By using the tight-blinding approximation for graphene, it can be shown that a carbon atom is bonded with its 3 neighbors by σ bonds from the recovery of sp 2 orbitals, formed by the hybridization of atomic orbital 2s and of the two orbitals 2p included in the graphene plane. In addition to those bonds, each atom of carbon has an electron in the pz orbital perpendicularly to the graphene plane. Those π electrons are very movable and they are the main actors of the transport properties of graphene. The great difference of energy (10eV) of the bonding and anti-bonding orbital σ makes the σ electrons not playing a role in the electronic and optical properties of graphene [START_REF] Bonaccorso | Graphene photonics and optoelectronics[END_REF]. Considering the hopping of only nearest neighbors and one π orbital per atom, we can use a tight-binding Hamiltonian to describe the band structure of graphene. Considering an undoped graphene, the valence and conduction bands meet at the Dirac points K and K', making it a zero-gap semiconductor. At the Dirac point, for low energies, the energy-movement relation is linear as we can see in Figure 3, making electrons in this situation called Dirac fermions, with the particularity to have a zero effective mass [1]. Graphene has also other unique properties. First its mechanical properties are impressive due to its thickness and its flexibility, but also due to its mechanical resistance (Young modulus of 0.5TPa [START_REF] Lee | Measurement of the elastic properties and intrinsic strength of monolayer graphene[END_REF]) because of the hybridization of sp 2 orbitals, making it a material of choice for flexible electronics. Moreover it has interesting optical properties with a high transparency (absorption of 2.3% of visible light for a monolayer [START_REF] Nair | Fine structure constant defines visual transparency of graphene[END_REF]). It is also a good thermal conductor, with a thermal conductivity up to 5000W.m -1 .K -1 [6] at room temperature. 

Characteristics

I.3) h-BN
Boron nitride is a III-V material. Unless other III-N nitride materials, which most stable structure is wurtzite, BN has four stable structure: hexagonal BN (h-BN), cubic BN (cBN), wurtzite BN (wBN) and rhomboedral BN (rBN). The hexagonal structure is stable at room temperature, the cubic structure is stable at high temperature and the two others are metastable at high pressure. We will focus in this work on h-BN, due to its 2D nature and outstanding properties.

Boron nitride is not a natural material. Its first synthesis was made in 1842 by Balmain [START_REF] Balmain | Bemerkungen über die Bildung von Verbindungen des Bors und Siliciums mit Stickstoff und gewissen Metallen[END_REF], using the reaction of boric acid melted on potassium cyanide. Unfortunately, the material was very unstable, and researchers used hundred years before finding a stable phase as powder. Bore (Z=5) and nitrogen (Z=7) are situated around carbon (Z=6) in the periodic classification, BN and carbon materials have similar stable structures: h-BN has a similar structure to graphite and cBN has a similar structure to diamond. [START_REF] Watanabe | Hexagonal Boron Nitride as a New Ultraviolet Luminescent Material and Its Application[END_REF] h-BN phase is very similar to graphite with close lattice parameters (a=0.2464nm and c=0.6738nm for graphite). Its structure is formed by sheets stacked with an ABAB type. However, the difference of chemical nature of B and N atoms in the plane make the stack atoms perfectly on atoms (contrary to graphite) alternately with B and N. The force between the different sheets is a Van der Waals type. The distance between two planes is 3.3Å and the hexagons in the different sheets are made by BN covalent bonds with a distance of 1.45Å with a sp 2 hybridization. The force of the covalent bond in the plane is much higher than the Van der Waals force between the sheets, giving at this material its peculiar properties. h-BN is a nontoxic material. We can use it at high temperature (850-900°C if presence of oxidation), which is quite higher than graphite (oxidation at 600°C. Moreover, it is transparent for visible light, making it a material of choice for transparent electronics. Its main physical properties are very close to graphene's one, with a high mechanical robustness, a good thermal conductivity. However, h-BN is a semiconductor with a wide bandgap (5-6eV), making it a good substrate for electronics. Some theoretical studies on electronic properties of h-BN showed that its bandgap is first-order independent of the details of the atomic structure. Its dimensions are really close to the one of graphene (mismatch around 1.7%). Thus, many studies interested in the realization of heterostructures such as graphene/h-BN or sandwiches h-BN/graphene/h-BN for the realization of graphene field effect transistors (GFETs) or graphene/h-BN/graphene for the realization of tunneling field effect transistors. It must be noticed that h-BN, as well as graphene has a good thermal conductivity, which is a very important point for our work. Most physical properties of h-BN are presented in Table 3 
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Table 3: Principal physical properties of h-BN and graphene [START_REF] Watanabe | Direct-bandgap properties and evidence for ultraviolet lasing of hexagonal boron nitride single crystal[END_REF] II) Growth and transfer of 2D graphene

1) CVD growth of graphene

The CVD growth of graphene depends mainly on two things: a catalyst, which is in most case a transition metal such as Cu, Ni, Pt, Co, Au, Fe, Ru, Ir, Pd… and a precursor, which corresponds to the source of carbon forming the graphene on the catalyst. The catalysts mainly used are methane, ethylene or benzene.

The total procedure of the graphene growth of graphene by CVD is always the same for every catalyst, namely a heating step, an annealing of the catalyst, then the growth step with the injection of the precursors at a constant temperature, then a cooling step down to room temperature. The Figure 5 shows a schematic of these four steps The growth mechanisms of graphene are depending on the catalyst, the precursor and the growth conditions. It is especially the solubility of the precursor which is the main factor. If the transition metal has a high carbon solubility (such as Ni), then after the growth and before the cooling there will be graphene at the surface of the metal, but also some carbon dissolved in the bulk material. When the temperature decreases, the carbon atoms dissolve in the metal will be evacuated and reached the surface of the metal, forming substantial layers of graphene. As a result, it is more complicated to obtain a monolayer of graphene with metals with a high carbon solubility such as Ni than a metal with a low carbon solubility such as Cu. Table 4 shows the solubility of few transition metals.

The growth mechanism determines the interaction between the graphene and the catalyst. Batzill et al. [START_REF] Batzill | The surface science of graphene: Metal interfaces, CVD synthesis, nanoribbons, chemical modifications, and defects[END_REF] showed that there are three different mechanisms: Surface deposition, penetration and segregation. Table 4 shows the different mechanisms involved for some transition metals used. It must be noticed that these growth mechanisms are also depending on the temperature. We will concentrate on the growth of graphene on Cu and Ni, which are the two metals used in this work.

The main advantage of the Cu as a catalyst is its low solubility of carbon. Indeed the Cu is not a carbon "tank" after the growth, so very few carbon atoms will segregate at the Cu surface during the cooling, making it a good candidate for the growth of graphene monolayer [START_REF] Li | Large-Area Synthesis of High-Quality and Uniform Graphene Films on Copper Foils[END_REF]. However, it is less reactive than Ni and it requires temperature around

Metal

Carbon solubility at 1000 °C (at.%) [ 1000°C to observe dissociation of the precursor at its surface, which is close to the sublimation temperature of Cu. Thus, it is very important to have a good control of the growth in order to avoid the sublimation of the copper foil in the CVD system. The growth principle of graphene on copper is a heating up to the growth temperature under a H2 flow, in order to increase the size of the Cu grains (which can be as big as 2mm under low pressure). Once the growth temperature reached, we insert the precursor in the CVD system, which will dissociate on the surface of the copper foil, leading into a saturation in carbon at the surface of the copper foil. As a result, we can observe the nucleation of graphene on the surface of the copper foil and an expansion of the graphene domains until they reach each other. Thereby we obtain a continuous layer of graphene, electrically continuous but with several domains, with the possibility of different orientations of the domains. Then we perform the cooling down to the room temperature. In most of the case the growth of graphene on copper leads to the formation of a monolayer due to the reasons explained previously, but in bad growth conditions (flow of the precursor to high or growth time too long) we can observe the formation of multilayers at the nucleation spots.

Figure 6: Schematic of the CVD growth of graphene on copper [START_REF] Chen | Large area CVD growth of graphene[END_REF] Ni as a catalyst has not been studied as much as the copper because the control of the number of layers and the uniformity of the growth is really hard because of the high solubility of carbon in nickel. However Nickel is still a good candidate for the graphene growth because the dissociation of the precursor occurs at lower temperature [START_REF] Weatherup | On the Mechanisms of Ni-Catalysed Graphene Chemical Vapour Deposition[END_REF]. The growth of graphene on nickel consists on an increase of the temperature up to the temperature growth under a H2 flow in order to increase the size of the nickel grains [START_REF] Weatherup | In Situ Characterization of Alloy Catalysts for Low-Temperature Graphene Growth[END_REF]. When the growth temperature is reached, we insert the precursor into the CVD system. First the carbon dissolves into the nickel and then nucleation spots appeared at the surface of the nickel and the graphene growth begins. After some time, we stop the precursor exposure and we start the cooling. During this cooling, depending on the growth temperature and the temperature rate, we can observe the segregation of the carbon inside the Ni at the surface, leading to the formation of multilayers of graphene at the surface.

Figure 7: Schematic of the CVD growth of graphene on nickel [START_REF] Yu | Graphene segregated on Ni surfaces and transferred to insulators[END_REF] 2) Characterization of graphene

The quality of graphene varies depending on the growth parameters, the choice of the precursor or the catalyst. Thus, it is important to systemically control the quality of graphene to validate or not the growth conditions. Several techniques have been developed and adapted for graphene. For our work we focused on 3 main characterization techniques: Optical microscopy, scanning electron microscopy (SEM) and Raman spectroscopy.

a) Optical microscopy

Optical microscopy is a good way to observe graphene. Indeed, the association of an optical microscope with a specificity of the substrate allows a good and quick identification of graphene. In this work we chose to transfer graphene onto SiO2/Si substrates. The optical contrast results from light interferences inside the SiO2. The thin oxide layer acts as a Fabry Perrot cavity. The transfer of graphene on such substrates for specific SiO2 thickness increases the optical contrast and allows us to identify the graphene with this simple method [START_REF] Simsek | Visibility of atomically-thin layered materials buried in silicon dioxide[END_REF]. The following figure shows the optical contrast as a function of the wavelength and the SiO2 thickness. [START_REF] Simsek | Visibility of atomically-thin layered materials buried in silicon dioxide[END_REF] We can see that the optical contrast of graphene is at his maximum at thickness of SiO2 of 90 and 285nm for a 55nm wavelength (which corresponds to the maximum of sensibility of human eyes). Thus, we chose to work with substrate with a thickness of SiO2 at around 280-300nm. The observation of transferred samples with optical microscopy allows us to confirm its presence but also to evaluate quickly its quality, with the formation for example of holes or cracks during the transfer. Figure 9 shows an example of graphene transferred onto SiO2. However, this technique does not help for the identification of the number of layers of graphene or the crystallinity quality of graphene, letting us use other technique such as SEM, AFM and Raman spectroscopy.

b) Scanning Electron Microscopy

Scanning electron microscopy (SEM) is a quick and nondestructive technique to observe samples at high magnification. It is based and electron-material interaction. The principle of SEM is based on a scan of a sample with an electron beam and the detection of back electrons point by point, in order to create a cartography of all the scanned surface. The secondary electrons coming on the detector are coming from a zone at around 10nm on the surface of the sample and are really sensitive to the topography. The lateral resolution is close to the diameter of the electron beam (few nm), resulting in high magnification of the collected images. SEM is an important tool for morphological characterization and has no constraint concerning the size of the sample. Raman spectroscopy is a non-destructive characterization technique, which is a great advantage for the study of graphene. Moreover, it is a technique pretty fast to use and requires no preparation of the sample. This technique has been discovered in 1928 by Chandrasekhar Raman [START_REF] Raman | A New Type of Secondary Radiation[END_REF] and is based on the interaction of the inelastic scattering of a monochromatic light and the molecular vibrations of the studied material (i.e photonphonon interaction).

The principle consists of focalizing a monochromatic light source (usually from a laser) and to analyze the diffused light. Indeed, the material is set at a virtual level of energy by the scattering of the coming photons. The material emits back the photons with a different energy level. This back scattering shows two types of signals:

-Rayleigh scattering which is an inelastic scattering of the coming photons without a change of energy level. -Stokes scattering (or anti-Stokes scattering) in the case where the coming photons interact with the phonons of the studied material with respectively a gain or a loss of energy level. The observed variation of energy gives us the levels of energy of rotation and vibration of the molecules of the studied material.

This energy variation is analyzed by a photodetector. It is called Raman shift. A Raman spectrum shows the diffused Raman intensity as a function of the frequency difference of the coming and the back scattering: if we study the Stokes scattering, this difference is positive and zero for the Rayleigh scattering. For practical reasons, this frequency difference is converted in wavenumber 𝜈̅ by the following formula:

𝜈̅ = 1 𝜆 = 𝜈 𝑐
With 𝜈̅ : wavenumber (in cm -1 ), 𝜆 : wavelength of the scattering (in cm), 𝜈 : frequency of the scattering (in Hz) and c : speed of light in vacuum.

Utilization of Raman spectroscopy for carbon materials is not new [START_REF] Wang | Raman spectroscopy of carbon materials: structural basis of observed spectra[END_REF] and especially for graphene [START_REF] Ferrari | Raman spectroscopy as a versatile tool for studying the properties of graphene[END_REF]. Raman spectrum of graphene are composed of 3 main peaks: G, D and 2D peaks, which can be seen in Figure 11 Figure 11: Example of Raman spectra of graphene [START_REF] Malard | Raman spectroscopy in graphene[END_REF] -G peak (around 1590cm -1 ): It is a characteristic signal of graphene and is associated with planar vibrations of sp 2 carbon atoms. It corresponds to a Raman process of 1 st order. It results from the phonons of E2g symmetry, which is associated to a shear stress in the unit cell plane. -2D or G' peak (around 2700cm -1 ): it corresponds to a Raman process of 2 nd order.

In this configuration, there is a scattering of two phonons: one resulting from the electron scattering excited from a band close to the K point to a band close to the K' point, and another one by the same process but on the other side. It corresponds to an intra-valley process. -D peak (around 1350cm -1 ): it is a characteristic of the defects or disorder in the graphene plane, and is associated to out-of-plane vibrations. It corresponds to a Raman process of 2 nd order with a phonon with a E2g symmetry and a defect of the system necessary for the activation of the D peak [START_REF] Basko | Electron-electron interactions and doping dependence of the two-phonon Raman intensity in graphene[END_REF]. It comes from an elastic scattering of an excited electron from a band close to the K point to a band close to the K' point on a defect, then a second scattering results in the emission of a photon. This peak is very weak or not present for a high quality graphene [START_REF] Casiraghi | Raman Spectroscopy of Graphene Edges[END_REF].

Two other peaks can also be detected: D' peak and D+G peak: -D+G peak (around 2940cm -1 ): This peak corresponds to a process with two phonons and a defect. It is a configuration where the scattering of the D and G peak scattering occur. In that case there is first an elastic scattering from a defect from a band close to the K point to a band close to the K' point, and a 2 nd inelastic scattering with a phonon emission. -D' peak (around 1635cm -1 ): This peak is resulting from an inelastic scattering from an excited electron because of a defect with a phonon emission. -

Figure 12: Representation of the different Raman processes resulting in G peak(a), D' peak(b), 2D' peak(c), D peak(d) and 2D peak (e). Blue arrows are corresponding to the absorption of a photon by an electron. Red arrows correspond to the de-excitaion of an electron with a photon emission.

Dotted horizontal lines represent an elastic scattering because of a defect and dotted arrows correspond to a scattering process [START_REF] Basko | Electron-electron interactions and doping dependence of the two-phonon Raman intensity in graphene[END_REF] Thus, the study of Raman spectrum of graphene (Figure 11) can inform us on the quality of the graphene (presence of defects), the number of layers, the doping level… Indeed, the Intensity ratio of some peaks allows us to determine the number of layers or to quantify the defects in graphene. For the number of defects in graphene, the intensity of D peak (ID) (characteristic for the defects) relatively to the G peak (IG) is relevant. A low ration ID/IG informs us on the low disorder in the graphene plane and so a good crystalline quality of the graphene. When working with a monolayer, one can observe the presence of a 2D peak very sharp and more intense than the G peak. When the number of layers increases, the 2D peak broadens itself and becomes less intense. Thus the ratio of intensity of G peak and 2D peak can informs us on the number of layers [START_REF] Chen | Bulk growth of mono-to few-layer graphene on nickel particles by chemical vapor deposition from methane[END_REF]. An intensity of the peak 2D 2 to 3 times higher than the intensity of the G peak informs us on the presence of a monolayer. This ratio is equal to 1 in the bilayer case and is superior to 1 over 2 layers. This method is quite simple to determine the number of layers of graphene.

3) Growth of 2D polycrystalline graphene

As discussed earlier, we chose to focus on the growth of graphene using CVD, which is the better way to produce large area graphene for industry. We chose to use commercial Cu foil from Alpha Aesar of high purity (99,9999%) in order to obtain monolayer graphene, as discussed before. Graphene growth has been carried out in a Jipelec JetFirst Rapid Thermal CVD (RTCVD). This system allows heating and cooling at high rates (10°C/s). Heating is provided by halogen lamps on the top of the chamber and the sample placed horizontally onto a Si wafer. The temperature is measured by a thermocouple contacting the sample's back face. The growth itself is decomposed as a heating, an annealing, a growth and a cooling. We used a mixture of 100sccm of Argon and 5sccm of Dihydrogen during all the steps and 20scccm of methane as a precursor during the growth phase. We can see a schematic of the steps in Figure 14. Note that the growth parameters have been optimized by postdoc Geeta. We first cut the Cu foil in small pieces (2.5x2.5cm), clean them with acetic acid for 5min, acetone for 5min and IPA for 5min under ultrasound in order to remove all possible copper oxide and to have the cleanest surface possible. We then put the pieces onto a Si wafer in the chamber. We proceed to a high vacuum (<5.10 -5 bar) before starting and then we start the heating for 5min from room temperature to 300°C and then 2min from 300 to 1070°C, then the annealing for 5min, we continue with the growth for 5min and we finish with a quick cooling of the chamber using a water flow (with a decrease rate of 60°C/s from 1000 to 700°C), then around 10 min to reach room temperature. 

4) Characterization of the grown graphene

An optical image of the as-grown graphene can be seen in Figure 15. The dark lines are the Cu grain boundaries. It can be seen that no grain boundaries of graphene can be seen, indicating that we obtained a full covered sample. No particles or copper oxide have been observed on our samples, indicating a good quality of the copper foil and a good cleaning of the surface before the growth. The SEM images at low and higher magnification are also indicating that we have a full covered sample, confirming the growth conditions. We can also notice the presence of few nanoparticles on some points of the Cu foil, which surely comes from the quality of the Cu foil, or the cleaning of the foil. However, at higher magnification, at some areas of the surface, we noticed some darker area, indicating the presence of multilayer graphene at the nucleation points, as explained earlier concerning the formation of graphene on copper foil. Nevertheless, the objective of obtaining graphene on all available surface is achieved with these growth conditions, letting us work with large area graphene (3x3cm).

Raman spectroscopy has been carried out using a LabRAM HR Horiba Jobin-Yvon with a 473nm laser as the light source, as we can see in Figure 17: Raman has been performed on the as-grown sample. We can clearly identify the G and 2D peaks at respectively 1581 and 2712cm -1 for a FWHM of 29 and 45cm -1 , and a weak D peak at 1355cm -1 , indicating a high quality graphene. The relative intensities of the G and 2D peak is around 2.1, which is really close to 2, indicating the presence of monolayer graphene. One can notice that we obtained similar spectrum on all available surface of the copper foil, making the sample very homogeneous. Thus, we showed that we obtained the good conditions to achieve full covered pieces of copper foil with monolayer graphene of good quality.

5) Transfer of 2D graphene a) Method of transfer

Various transfer methods are currently developed to prepare graphene onto dielectric substrates for device fabrication. One way to reach this goal is to cover the graphene with a polymer supporting layer (PMMA, for example) to prevent graphene from collapsing, and then etch the underneath Cu foil. Besides increasing visibility and facilitating the handling, the supporting layer is also necessary as bare graphene may collapse due to surface tension.

The wet transfer technique consists on several steps which have been compiled according to what have been done in literature. We first cover the graphene/Cu foil with PMMA and we then perform an annealing at 110°C with a very slow heating and cooling in order to prevent cracks in the graphene due to the difference of the thermal expansion coefficient between copper and graphene. Then we perform an etching of the back graphene at the bottom of the copper foil using an O2 plasma [START_REF] Al-Mumen | Singular Sheet Etching of Graphene with Oxygen Plasma[END_REF]. The next step is to etch the copper foil. In that aim we use a solution of ammonium persulfate ((NH4)2S2O8), known as a good and clean etchant of copper and copper oxide nanoparticles residues [START_REF] Miseikis | Perfecting the Growth and Transfer of Large Single-Crystal CVD Graphene: A Platform Material for Optoelectronic Applications[END_REF] with a concentration of ~200mol.L -1 (see appendix for details). We let the PMMA/graphene/Cu float on the surface of the solution. We let the copper being etched for several hours (up to 15h) and we take the floating PMMA/graphene to put it in a DI solution. We repeat this operation around 10 time in order to rinse the graphene from the etchant solution. We can then use a SiO2 wafer to collect the PMMA/graphene on the top of its surface, by placing the Si wafer at the bottom of the container and removing the remaining water with a pipette until the PMMA/graphene reach the surface of the wafer. We perform again an annealing at 90°C with a slow heating and cooling in order to evaporate all water remaining. For the PMMA removal we first expose our sample to deep UV to facilitate the removal [START_REF] Suhail | Reduction of polymer residue on wet-transferred CVD graphene surface by deep UV exposure[END_REF]. We then put our sample in different baths of acetone then IPA to remove the PMMA. A schematic of the wet transfer can be found in Figure 19, and the detailed parameters of each step can be found in Annex.I. The wet transfer process described earlier has been used on our sample in order to achieve a clean transfer of graphene. Figure 20 shows graphene coated with PMMA transferred onto SiO2 before the removal of the PMMA. We can see that the graphene finds itself very flat on the Si wafer, with absence of bubbles or cracks. After the transfer of graphene, our sample have been slowly annealed, and then we proceeded to the PMMA removal, according to our process. Then it is possible to observe the transferred graphene using an optical microscope, according to the reasons discussed in a). Thus, it is possible to proceed to a first check of the graphene quality. Figure 21 shows the absence of cracks or bubbles either at the border or at the center of the sample, and also the absence of remaining resist residue, indicating that we achieved a clean transfer of graphene. At higher magnification, using a SEM, we can also confirm the quality of the transfer as we can see in Figure 22. However, at higher magnification we can observe the presence of small wrinkles, which can lead into lowering the electronic transport of our graphene. However, the concentration of wrinkles or defects is very low. Further ameliorations on the growth can be investigated. Raman has been performed on the transferred sample as we can see in Figure 23. We can clearly identify clearly the G and 2D peaks at respectively 1590 and 2717cm -1 for a FWHM of 12.4 and 37.5cm -1 , and a weak D peak at 1360cm -1 , indicating a high quality graphene. The relative intensities of the G and 2D peak is around 1.5, indicating the presence of monolayer graphene. The position of the peaks did not change much compared to the spectra with graphene on copper foil. However, the relative intensities of the G and 2D peaks changed a bit, indicating residual stress in the film. This might be explained by the annealing of graphene on copper foil before the transfer because of the difference of the thermal expansion coefficient between graphene and copper. The low values of FWMH of G and 2D peaks and the absence of peak at 2900cm -1 indicates a clean removal of the PMMA, as compared to one can see in literature [START_REF] Xia | Raman spectra of bilayer graphene covered with Poly(methyl methacrylate) thin film[END_REF]. It has to be noticed that we obtained similar spectrum on all available surface of the copper foil, making the sample very homogeneous. This validates also the transfer process used in this work.

6) Growth of 2D monocrystalline graphene

Polycrystalline graphene present some lack of electron mobility because of the different orientations of the grains and the grain boundary, modifying the band structure of graphene, resulting in electron mobility lower than mobility of crystalline materials [START_REF] Wei | Controllable Synthesis of Graphene and Its Applications[END_REF]. One way to bypass this problem is to use single crystals of graphene. Thus, it requires large single crystals of graphene in order to be compatible with microelectronic processes. The typical size of single crystals of graphene can be as large as millimeter size under special conditions but a lot of works present typical size around 10µm , and are usually reported with high nucleation points density (~10 6 cm -2 ), limiting the size of the grains [START_REF] Yu | Control and characterization of individual grains and grain boundaries in graphene grown by chemical vapour deposition[END_REF]. It is a challenge to reduce the nucleation density. Several approaches have been proposed, such as the use of copper oxide [START_REF] Zhou | Chemical vapour deposition growth of large single crystals of monolayer and bilayer graphene[END_REF], the use of Pt as catalyst [START_REF] Gao | Repeated growth and bubbling transfer of graphene with millimetre-size single-crystal grains using platinum[END_REF], or electro polishing of the copper foil [START_REF] Yan | Toward the Synthesis of Wafer-Scale Single-Crystal Graphene on Copper Foils[END_REF]. We chose to treat the surface of the copper foil with a long annealing (3H) at atmospheric pressure using a strong H2 flow (~600sccm). It appeared that we reduced the nucleation density down to 4x10 4 cm - 2 as we can see in Figure 24. The different sizes of the grain as a function of H2/CH4 ratio are presented in Figure 25. It has to be noted that the biggest grain size is around 20µm for a H2/CH4 ratio, corresponding to the best etching/graphene growth ratio. It is very similar to other work on the role of H2 flow on graphene growth [START_REF] Vlassiouk | Role of Hydrogen in Chemical Vapor Deposition Growth of Large Single-Crystal Graphene[END_REF]. Knowing the best H2/CH4 ratio, we chose to increase the growth time up to 5H to check the role of the growth time on the size of the grains. Different growth parameters are resumed in Table 5. It appeared that the best growth time was 4H. After 5H the size of the single crystals didn't increase, indicating that the etching and graphene growth competition achieved its saturation regime, resulting in the limitation of the size of single crystals. We presented the SEM image of our best sample in Figure 26. We checked the Raman signal of our grown graphene. We can identify clearly the G and 2D peak at 1579.9 and 2707.9cm -1 respectively with a, intensity ratio of 2.3, confirming the presence of monolayer graphene. Moreover, the very weak D peak indicates a high quality graphene with very few defects. We achieved a maximum size of ~30µm, but other studies showed bigger single crystals (up to 5mm) and lower nucleation density using other methods [START_REF] Zhou | Chemical vapour deposition growth of large single crystals of monolayer and bilayer graphene[END_REF], [START_REF] Li | Large-Area Graphene Single Crystals Grown by Low-Pressure Chemical Vapor Deposition of Methane on Copper[END_REF], [START_REF] Gao | Repeated growth and bubbling transfer of graphene with millimetre-size single-crystal grains using platinum[END_REF]. Thereby we decided to stop the investigations at this time.

III)

Growth of 3D graphene

1) Growth of graphene on Nickel foam

The growth process used in this work is very similar to the growth of 2D graphene and then the growth mechanism will not be explained in detail. It consists to use a Nickel foam as a substrate which is well known for growth of multilayer graphene [START_REF] Yoon | Synthesis of Multilayer Graphene Balls by Carbon Segregation from Nickel Nanoparticles[END_REF].

The substrate used for the growth of both 3DC and 3DBN is a Nickel foam from Latech [START_REF]Ni Foam -Product Detail -Latech -Singapore Leading Lab Consumable Supplier[END_REF]. It is a porous Ni foam with a purity higher than 99%, with a porosity between 90 to 98% and a pore concentration of around 100 pores per inch (PPI). An SEM image of the structure of the foam can be seen in Figure 28: The 3DC growth process is very similar to those of 2D graphene. It consists to expose the Nickel substrate to a mixture of dihydrogen and argon for the annealing, and a mixture of dihydrogen, argon and methane (which is the precursor) for the growth in a CVD system at atmospheric pressure [START_REF] Chen | Three-dimensional flexible and conductive interconnected graphene networks grown by chemical vapour deposition[END_REF] (APCVD). A schematic of the growth process of 3DC can be seen in Figure 29.a). The growth mechanism explained earlier allows the multilayer graphene to deposit on all available surface of the Nickel foam, adopting its porous structure.

After the growth, the foams obtained are then dip coated with PMMA, in order to protect the h-BN or the graphene and then dipped into an HCl solution for several hours (at least 15h) for the etching of the Nickel. After total etching of the Nickel, the foams are rinsed with DI water for few hours and then dried. The resulting 3D foam is then put into a slow annealing during 3h with a temperature of 700°C and a rate of 300°C/h in order to evaporate the PMMA coating (BN and graphene are stable at that temperature). This annealing allows us to prevent the use of classical dissolution of the resist in a solvent such as acetone, avoiding the resist residues issue [START_REF] Loeblein | 3D Graphene-Infused Polyimide with Enhanced Electrothermal Performance for Long-Term Flexible Space Applications[END_REF]. After the annealing, we obtain pure foam of 3DC, with a similar structure and porosity to the Nickel foam used. Optical images of 3DC can be seen in Figure 29.b). In order to characterize the obtained 3DC, SEM images have been obtained and can be seen in Figure 30. Thus, we can see that the foams obtained has a similar structure and the same porosity as the Nickel foam used at first. At a higher magnification, we can see the presence of several domains, with some grain boundaries and some wrinkles. This results from the difference of the thermal expansion between graphene and the Ni foam, also observed in previous work [START_REF] Chen | Three-dimensional flexible and conductive interconnected graphene networks grown by chemical vapour deposition[END_REF]. Raman spectroscopy has been performed on the obtained foams and the spectrum can be seen in Figure 31. We can clearly identify the presence of the G and 2D peak located at 1582 and 2700cm -1 with a FWHM of 25.7 and 59.0cm -1 respectively. The intensity ratio of 0.72 indicates the presence of multilayer graphene. Moreover, the low intensity of the D peak on the graphene indicates the obtained graphene is of high quality according to the domain's sizes with few defects. Elsewhere, the change of intensity of the obtained peaks on few other points indicates that graphene is not homogeneous. This can be explained by the use of a Nickel foam which results in a few layers graphene [START_REF] Geim | The rise of graphene[END_REF] giving several domains with a different number of layers, with higher number of layers near the nucleation points, as we can see in Figure 31. 

IV)

Growth of 2D h-BN

1) CVD growth of h-BN

Many methods have been used to synthetize h-BN of various quality. They are very similar to what have been achieved for the growth of graphene with some modifications, especially concerning the precursors. We will focus on the growth of h-BN by CVD.

Similarly, metals that can be used as catalyst for the growth of h-BN such as Ni, Cu, Co, Ru, Pt… The most commonly used precursor are ammonia borane [START_REF] Whittell | Advances with Ammonia-Borane: Improved Recycling and Use as a Precursor to Atomically Thin BN Films[END_REF] (NH3BH3), borazane [START_REF] Guo | Controllable growth of triangular hexagonal boron nitride domains on copper foils by an improved low-pressure chemical vapor deposition method[END_REF] (BNH6), borazine [START_REF] Preobrajenski | Monolayer of h-BN chemisorbed on Cu(111) and Ni(111): The role of the transition metal 3d states[END_REF] or the combination of ammonia and diborane. All those precursors are either solid or liquid but have a common point: they are all easily evaporable by moderate heating and thus are perfect candidate for CVD process. A schematic of a h-BN growth can be found in Figure 32. As for graphene, micrometerssized monolayers of h-BN have been grown by other work using Cu and Co substrates [START_REF] Kim | Synthesis of Monolayer Hexagonal Boron Nitride on Cu Foil Using Chemical Vapor Deposition[END_REF]. Indeed, the solubility of B and N are similar on those metals, in the same way as for C. However, there is some issues providing large area h-BN (wafer scale) with a good quality, either if it is multilayer or monolayer, providing a great challenge for applications in electronics. Indeed, the use of h-BN as a substrate requires large area and a very flat surface.

Figure 32: Schematic of the CVD of h-BN using a copper foil as a catalyst and ammonia borane as

a precursor [START_REF] Kim | Synthesis of hexagonal boron nitride heterostructures for 2D van der Waals electronics[END_REF] For now, only few micrometers-sized of single crystals of h-BN have been achieved in literature. We will focus on the growth of polycrystalline h-BN in order to obtain large area for applications in electronics.

Figure 33: Atomic force microscopy image of a trigonal monolayer h-BN grain grown on Cu foil[57]

2) Growth of 2D polycrystalline h-BN

We chose to focus on the growth of polycrystalline h-BN using CVD, which is the better way to produce large area h-BN for industry. We chose to use commercial Cu foil from Alpha Aesar of high purity (99,9999%) in order to obtain monolayer h-BN, as discussed before. h-BN growth has been carried out in a Thermo Scientific Lindberg CVD, which can be seen in Figure 34. This system allows heating and cooling at moderate rates with 2 inches tube furnace. We used a mixture of 200sccm of Argon and 20sccm of Dihydrogen during all the steps. We chose a solid precursor of ammonia borane and we decided to change the amount of precursor from 6 to 11g during the growth phase. The precursor is placed at the entrance of the tube and heated at ~90°C during the growth phase.

We first cut the Cu foil in small pieces (6x2cm), clean them with acetic acid, acetone and IPA under ultrasound in order to remove all possible copper oxide and to have the cleanest surface possible. We then put the pieces in the middle of the tube furnace. We proceed to a high vacuum (<5.10 -5 bar) before starting and then we start the heating for 40min from room temperature to 1000-1050°C, then the annealing for 1H, we continue with the growth for 30min and we finish with a moderate cooling by stopping the heater and let the temperature of the tube decrease down to room temperature. A schematic of the growth process can be found in Figure 35. For all the different growth made, we performed optical images, SEM images, and Raman spectroscopy. The optical images and the SEM images of our samples tends to show that we have full covered h-BN. We first tried to vary the quantity of precursor from 6 to 11g to achieve good growth conditions. For the growth with a low quantity of precursor (6-8g of ammonia borane) no Raman spectra have been obtained, indicating bad quality of the h-BN. From 9 to 11g of ammonia borane, a weak Raman signal has been obtained at ~1370cm -1 as observed in literature [START_REF] Song | Chemical vapor deposition growth of large-scale hexagonal boron nitride with controllable orientation[END_REF], [START_REF] Han | Continuous Growth of Hexagonal Graphene and Boron Nitride In-Plane Heterostructures by Atmospheric Pressure Chemical Vapor Deposition[END_REF], indicating the presence of h-BN. However, for samples with high quantity of precursor we observed the presence of multilayer at the nucleation point, as we can see in the following SEM image: We chose to present the best sample that we grew, according to the characterization performed, using 9g of ammonia borane.

The samples have been cut into 3 pieces of ~2cmX2cm. Two pieces have then been transferred and characterized. We will focus now on these two pieces, named sample 1 and sample 2 in the following description. We can see that the two samples are very similar and have the same size. We can also see at optical microscope that the copper is homogenous, with similar copper grain size. The SEM images at low and higher magnification are also indicating that we have a full covered sample, confirming the growth conditions, with similar structure of grains and grains boundaries.

Figure 39: SEM images of h-BN on copper

Raman spectroscopy has been performed on our samples. We chose different areas to compare the Raman signal on all surfaces. For both samples we found similar Raman spectrum with the typical peak of h-BN located at 1370cm -1 originating from the boronnitrogen bond stretching. Although the signal is pretty weak, it is comparable with other publications on monolayer h-BN [START_REF] Song | Chemical vapor deposition growth of large-scale hexagonal boron nitride with controllable orientation[END_REF], [START_REF] Han | Continuous Growth of Hexagonal Graphene and Boron Nitride In-Plane Heterostructures by Atmospheric Pressure Chemical Vapor Deposition[END_REF]. The FWMH of the peak is always around 5-7cm - 1 . The position of the peak and the FWMH seem confirming the presence of a monolayer of h-BN [START_REF] Gorbachev | Hunting for Monolayer Boron Nitride: Optical and Raman Signatures[END_REF]. Moreover, we obtained similar spectrum on all available surface, confirming the good conditions of the growth to obtain a full covered film of h-BN XPS spectroscopy was carried out on our sample with the Help of Dominique Vignaud and Jawad Hadid in order to determinate the elemental composition and the stoichiometry of our h-BN. We attributed the 397.6 and 190.1eV peaks to N1s and B1s respectively, as expected for h-BN [START_REF] Song | Chemical vapor deposition growth of large-scale hexagonal boron nitride with controllable orientation[END_REF], confirming the presence of a pure h-BN sample. 

4) Transfer and characterization of h-BN

A good and clean transfer of h-BN is essential for potential applications in electronics. Thus, we tried to use what have been achieved with the graphene transfer and to adapt it to the transfer of our samples of h-BN. We will present a second method of transfer called bubbling transfer which has been optimized by another PhD student (Soukaina BEN SALK from CARBON group) on graphene. We will present the characterization performed on the two best samples presented earlier.

a) Method of transfer

Two methods of transfer have been used: the wet transfer and the bubbling transfer. First, we adapted the wet transfer of graphene with h-BN. Several improvements have been made. Due to the difference of surface tension between graphene and h-BN, we modified the deposition parameters of PMMA to achieve a protection layer of the same thickness. As h-BN is less chemically active than graphene, an O2 plasma etching of the back face is not suitable (chemical etching). We preferred to use an Ar etching (physical etching).

We checked with Raman spectroscopy that the back side was fully etched from h-BN. The other steps of the wet transfer remain the same as for graphene and can be found in Figure 19. An optical image of sample 1 before and after wet transfer can be found in Figure 44.

Figure 44: Image of h-BN before and after transfer

The second method used for the transfer of h-BN is the bubbling transfer. Its steps are similar to the wet transfer. Its main difference is the separation of the PMMA/h-BN with the copper. Instead of etching the copper we separate the h-BN from the copper based on an electrolytic solution. Its principle consists to apply a continuous voltage between the cathode formed by the copper foil covered with h-BN, and the anode formed by a graphite stem (purity of 99.997%) in an electrolytic solution made with potassium hydroxide KOH of 0.1mol/L concentration. A voltage of 2.6V is applied between the two electrodes, generating the formation of H2 bubbles at the h-BN/Cu interface following the equation:

2𝐻 2 𝑂 (𝑙) → 𝐻 2 (𝑔) + 2𝑂𝐻 -(𝑎𝑞)
A schematic of the bubbling transfer process can be found in Figure 45.

b) Characterization

Optical microscopy has been carried out on our two samples and the images show a good and clean transfer of h-BN onto SiO2, confirming both methods of transfer.

Figure 47: Optical images of h-BN (sample 1 and sample 2) transferred on SiO2

SEM images show that after transfer, both samples present h-BN on all available surface. Images show a similar aspect of the h-BN surface concerning the grain size and grain boundary of h-BN.

Figure 48: SEM images of h-BN (sample 1 and sample 2) on SiO2

Raman spectroscopy has been carried out on the two samples. We detected a weak peak located at 1370cm -1 similar to one can find in literature [START_REF] Song | Chemical vapor deposition growth of large-scale hexagonal boron nitride with controllable orientation[END_REF], [START_REF] Han | Continuous Growth of Hexagonal Graphene and Boron Nitride In-Plane Heterostructures by Atmospheric Pressure Chemical Vapor Deposition[END_REF], confirming the presence of h-BN on all surface. We can note that the FWHM increased after transfer by 3 to 4 times (4.5cm -1 to 16cm -1 average), which can be explained by the increased strain and stronger surface scattering in h-BN [START_REF] Li | Atomically Thin Boron Nitride: Unique Properties and Applications[END_REF]. This validates both methods of transfer. 

V)

Growth of 3D h-BN

1) Growth of h-BN on Nickel foam

The 3DBN growth consists as a similar growth process, with the same gases for the annealing. The precursor used for the growth of 3DBN, as for the growth of h-BN is ammonia borane (NH3BH3), which is a solid precursor [START_REF] Whittell | Advances with Ammonia-Borane: Improved Recycling and Use as a Precursor to Atomically Thin BN Films[END_REF]. The precursor is placed at one side of the tube, where the gas comes in, and is then evaporated at a temperature between 80 to 100°C. In contrary with the 3DC growth, the use of low pressure (LPCVD) is required in order to avoid too thick films of BN and the presence of sp 3 like NH3-BH3 [START_REF] Koepke | Role of Pressure in the Growth of Hexagonal Boron Nitride Thin Films from Ammonia-Borane[END_REF]. In the same way as graphene, multilayer h-BN is deposited on all available surface of the Ni foam, adopting its mechanical structure. Raman spectroscopy has been performed on the obtained foams and the spectra can been in Figure 52.b). We can clearly identify the presence of the E2g peak for the BN at 1377cm -1 with a FWHM of 44.6cm -1 , indicating the presence of multilayer h-BN. Elsewhere, the change of intensity of the obtained peaks on few other points indicates that h-BN is not totally homogeneous. This can be explained by the use of a Nickel foam which results in a few layers h-BN, giving several domains with a different number of layers. 

VI) Conclusion

In this chapter, we confirmed the growth conditions of polycrystalline graphene with a full cover of the copper foil used as a catalyst and we validated the clean transfer of graphene using the optimized wet transfer method. We showed the optimization process of the growth of single crystals of graphene by varying the H2/CH4 ratio and the growth time. We achieved a size of 30µm, which is bigger than comparative work, but too small compared to other techniques presented in other work (up to 5mm). We obtained the good growth parameters for the growth of full covered polycrystalline h-BN and we validated the transfer of h-BN using wet transfer and bubbling transfer. We presented the process to obtain thick materials composed of 2D materials using the growth of graphene and h-BN on a nickel foam, resulting in 3DC and 3DBN foam, with the same structure and porosity as the substrate.

Chapter 2: 3DC and 3DBN foam infused with polyimide

I) Introduction

Since 1960, both industry and researchers gained interest into flexible electronics due to their unique properties such as being lightweight, bendable, conformable, rugged and good mechanical strength. A big interest is also growing for such substrates because of their availability to be compatible with roll to roll processes, which can lead to easier processes, which has also an impact on economy of electronic processes. Those properties raise interest in many applications such as photovoltaics [START_REF] Ito | High-efficiency (7.2%) flexible dye-sensitized solar cells with Ti-metal substrate for nanocrystalline-TiO 2 photoanode[END_REF], organic light emitting diodes [START_REF] Gustafsson | Flexible light-emitting diodes made from soluble conducting polymers[END_REF], displays [START_REF] Gustafsson | Flexible light-emitting diodes made from soluble conducting polymers[END_REF], lighting [START_REF] Könenkamp | Vertical nanowire light-emitting diode[END_REF], radiofrequency identification systems (RFID) 4 , image and chemical sensors [START_REF] Someya | A largearea, flexible pressure sensor matrix with organic field-effect transistors for artificial skin applications[END_REF]. All those technologies are developed with a great variety of materials from polymers to thin film inorganic semiconductors or hybrid materials.

In electronic, three flexible materials are largely used: polyethylene terephthalate (PET), polyethylene naphthalate (PEN) and polyimide (PI). PEN and PET are the two main transparent flexible substrates used in flexible electronics but have a poor tolerance to temperature. PI is non transparent but present a high transition glass temperature (Tg~360°C) [START_REF] Feger | Advances in Polyimide: Science and Technology[END_REF] which allows it to be used for electronics which use a great range of temperature. However PI presents a low thermal conductivity [START_REF] Sun | Inorganic Semiconductors for Flexible Electronics[END_REF], which limits its use for high power electronics. Indeed the thermal conductivity of PI is in the range of 0.24W.m - 1 .K -1 [START_REF] Cahill | Thermal conductivity of amorphous solids above the plateau[END_REF] which is quite low compared to crystalline Si which has a thermal conductivity around 100W.m -1 .K -1 [START_REF] Glassbrenner | Thermal Conductivity of Silicon and Germanium from 3\ifmmode^\circ\else\textdegree\fi{}K to the Melting Point[END_REF]. Such a difference results in a reduction of power of devices on PI, in order to decrease the local heat generated.

One way to mitigate this issue is to infuse higher thermal conductivity materials into the polymer matrix to improve its overall conductivity. Recently, there is a growing interest to use highly thermally conductive nanomaterials as nanofillers for infusing into the matrix. Nanomaterials such as graphene [START_REF] Du | The Fabrication, Properties, and Uses of Graphene/Polymer Composites[END_REF], carbon nanotubes [START_REF] Marconnet | Thermal conduction phenomena in carbon nanotubes and related nanostructured materials[END_REF] and metallic nanoparticles [START_REF] Ebadi-Dehaghani | Thermal Conductivity of Nanoparticles Filled Polymers[END_REF] are common fillers for these purposes. Although improvements of the overall conductivity can be obtained using this approach, there are still drawbacks, such as agglomeration of the filler and high filling fractions [START_REF] Moore | Emerging challenges and materials for thermal management of electronics[END_REF].

In order to bypass this issue and obtain a high thermal conductivity material for electronics, we developed a new composite material to increase the heat spreading across the material. The idea is to fill the PI with a 3D foam material, which is composed by an interconnected networked structures with multilayers of graphene or h-BN, which are well known for their high thermal conductivity [START_REF] Pakdel | Nano boron nitride flatland[END_REF], [START_REF] Geim | The rise of graphene[END_REF].

To obtain such a material, we developed the growth of 3D foam using a CVD process, and we infused this 3D foam with some PI. A flat thin flexible substrate is obtained, and their physical properties have been investigated in order to validate its use in high power flexible electronics.

II)

Infusion of 3D foam with polyimide 1) First generation of substrate

The infiltration process consists of a multiple step process, involving the use of poly(amic acid) (PAA) diluted in N-Méthyl-2-pyrrolidone (NMP), which chemical structure can be seen in Figure 53. Residual stress is a major problem of infiltration mechanism, mainly due to the evaporation of the solvent [START_REF] Nam | Residual stress behavior and physical properties of transparent polyimide/surface-modified CaCO3 nanocomposite films[END_REF] (in our case NMP). We decided to decompose the infusion of the foam into several steps, using diluted poly(amic acid), starting from a highly diluted solution to a more concentrated solution. This allows a better penetration of the solution and avoids the formation of strain in the film. The schematic of the multiple steps infusion can be seen in Figure 54. It starts with a highly diluted solution poured onto the foam, then a curing at 350°C for 1h30min under N2 flow, enabling the imidization of the poly(amic acid). A thin film of PI is obtained at the bottom of the foam. We then poured again a less diluted solution and cure again. We repeat this step until the PI infiltrated all the foam in its thickness. For the first generation of substrates we used an aluminum mold to pour the poly(amic acid), but this techniques resulted with films with a high roughness on both faces, making our material non compatible with microelectronics. An optical image of the obtained films can be found in In order to obtain a very flat surface on one side of the film obtained, the second technique used consists of the use of a Si wafer as the bottom limit. The process remains the same, consisting of using a highly diluted solution of poly(amic acid) at first, then cure the material and repeat with solutions more concentrated until the foam is completely filled with PI. When the last curing is performed, we just need to peel off the obtained film from the Si wafer. This peeling is possible due to the reduced surface adhesion between the film and the oxide layer on the Si wafer [START_REF] Atar | Reinforced Carbon Nanotubes as Electrically Conducting and Flexible Films for Space Applications[END_REF]. We will show that by that way we obtain films with a much higher smoothness. The smoothness of the surface of the samples of the first generation (using a mold) has been checked by 3D imaging using an optical microscope. We found a roughness of 16.25µm and at some local points some gap of around 50µm, making our samples incompatible with standard microelectronics processes such as e-beam lithography. This comes from the production process and we decided to no longer use a mold but to use a Silicon wafer as the bottom limit, making one of the surfaces very flat. Samples from 2 nd generation were too smooth to obtain 3D images with the optical microscope. We used a profilometer Bruker DektaXT to obtain the roughness of the top surface of our samples and we compared it with a commercial Kapton, as we can see in Figure 58. We found a roughness of 516.6nm for the samples of 2 nd generation and 71.5nm for a commercial Kapton, which put the light on the improvements of the surface made by the 2 nd generation process. This allows us to use such a substrate for microelectronic process. AFM images have been performed on PI infused 3DC of second generation in order to check the smoothness of the surface and its compatibility with most microelectronics process. We obtain a local RMS roughness of 10.86nm, which is way better than the first generation samples and allows us to use this film for microelectronic processes. A similar roughness has been obtained on several areas of the samples, making it very homogeneous.

Figure 59: AFM images of the substrates of second generation

Graphene and h-BN are often used for flexible electronics [START_REF] Petrone | Flexible Graphene Field-Effect Transistors Encapsulated in Hexagonal Boron Nitride[END_REF], [START_REF] Jang | Graphene-Based Flexible and Stretchable Electronics[END_REF], [START_REF] Wei | Mechanically robust 39 GHz cut-off frequency graphene field effect transistors on flexible substrates[END_REF] due to their mechanical properties. The film we obtain presented a good flexibility, as it can be seen in Figure 60. Indeed, the insertion of 3DC or 3DBN seem not to affect the flexibility of the PI. Also, a series of flexion and deflection has been applied to the material and no deformation has been observed on the sample. In order to study the mechanical properties of our films, tensile tests have been performed using an INSTRON 5567. The setup can be found in Figure 61: Samples have been cut into the same design and then compared with a commercial Kapton. Stress-strain curves of commercial Kapton and PI infused 3DC can been seen on Figure 62. We obtained a Young Modulus of 2.64GPa for the commercial Kapton and 1.72Gpa for the PI infused 3DC, which is in the same order of magnitude. The difference can be explained by the different techniques used to obtain Kapton and our samples. Moreover, we obtained a tensile strain at rupture of 10% for the PI infused 3DC against 5% for the commercial Kapton. This can be explained by the high tensile resistance of the graphene, which allows a higher deformation before rupture of our films. Figure 63 shows the results of sheet resistance measurements performed on bare 3D-C (black squares) and 3D-C/PI composite film (red circles) at a temperature range from -160 to +200 °C. Both curves show the same behavior, with the maximum electrical sheet resistance of about 4.8 Ω.sq -1 at -160 °C, which decreases proportionally with rising temperature and reaches the minimum of about 3 Ω.sq -1 at +200 °C. These results indicate that the PI infiltration into 3DC does not cause any parasitic effect on its intrinsic electrical conductivity. The average sheet resistance measured for ten different 3DC/PI samples of the same thickness (218 ± 22 μm) at room temperature was found to be 4.9 ± 1.16 Ω.sq -1 .

In order to have a better understanding of the electrical conductivity behavior, the results have been fitted with several conduction behaviors. Both samples have been found to fit very well the variable range hopping (VRH) model by Godet [START_REF] Godet | Physics of bandtail hopping in disordered carbons[END_REF] as shown in the inset of Figure 63. The sheet resistance Rs (Ω.sq -1 ) follows a VRH behavior due to carriers hopping between energy levels within band-tails, described by:

𝑅 𝑆 (𝑇) = 𝑅 00 𝑇 1/2 exp (( 𝑇 0 𝑇 ) 1 1+𝑑
) Where R00 is the band tail's resistivity prefactor, T0 (K) is the temperature coefficient that contains the hopping parameters, i.e., the density of states and the localization length of the wave function and d is the hopping space dimensionality. The results fit the VRH model with a T -1/4 temperature dependence, d = 3. This indicates a 3D electronic conductivity in both the bare 3DC and 3DC/PI samples. The 3D VRH electronic transport mechanism suggests that the electrical conductivity in the 3DC skeleton involves carriers hopping between energy levels within band tails located at the graphene sheets grain boundaries. Similar electrical conduction behavior have been reported by both Godet [START_REF] Godet | Physics of bandtail hopping in disordered carbons[END_REF] and Li et al. [START_REF] Li | Structure-Dependent Electrical Properties of Carbon Nanotube Fibers[END_REF] for CNT bundles, CNT fibers, and other carbon based materials.

The temperature dependence of the films sheet resistivity was compared with other carbon materials according to the VRH model. The prefactor σ0* and slope T0 1/4 were extracted according to the equation:

𝜎(𝑇) = 𝜎 0 * 𝑇 -1 2 𝑒𝑥𝑝 (-( 𝑇 0 𝑇 ) 1 4 
)

Which is the conductivity equivalent description of the previous equation, where σ is related to the conductivity (S.cm -1 ) of the samples. The extracted values of the 3D-C/PI film are similar to those of the bare 3D-C sheet, suggesting that the original conductivity mechanism of the 3DC was preserved after the PI infiltration. In addition, the value of the localization parameter N(EF)γ -3 was calculated according to the equation:

𝑁 (𝐸 𝐹 )𝛾 -3 𝑇 0 = 310
where N(EF) is the density of states near the Fermi level, 1/γ is the decay length of the electronic wave function, and T0 1/4 is the slope extracted from previous equations. The values calculated for the localization parameter in the case of 3DC and 3DC/PI are respectively 126 and 76 eV -1 . These large values of localization parameter (N(EF)γ -3 >> 10 -5 ) indicate a very weak electronic localization. This is expected for a material composed of graphene layers, in which the electrical conductivity is weakly affected by phonon scattering.

3) Thermal properties

Thermal properties are the main goal of our film and a good focus has been put on it. The goal is to obtain a flexible substrate with good thermal conductivity for improving the power limitation of flexible electronic devices.

In order to further test the thermal robustness of the new film, thermogravimetric analysis (TGA) was performed in dry air environment, and the obtained mass loss curve is shown in Figure 64. The point of 5% mass loss (i.e. the point up to which the material remains stable) is measured to be at ~520°C, which is in agreement to obtained values of pure PI [START_REF] Ahmad | Preparation, Characterization and Thermal Degradation of Polyimide (4-APS/BTDA)/SiO2 Composite Films[END_REF].

To corroborate 3D-foam/PI's stability up to 500°C, its electrical conductivity was measured after heating the sample up to 500°C for one hour. The film remained stable with ρ ≈ 1.3 GΩ.cm (3DBN/PI case). This further indicates that the 3D foam/PI films will remain operational and with improved thermal performance up to 500°C, which is 300°C beyond common operation temperatures of current electronic devices) [START_REF]Tummala Fundamentals of Microsystems Packaging[END_REF]. For comparison, Table 1 tabulates the thermal conductivity enhancement of PI with 3D-C and other reported fillers, such as graphene [START_REF] Dai | Enhanced thermal conductivity and retained electrical insulation for polyimide composites with SiC nanowires grown on graphene hybrid fillers[END_REF] or other metal particles [START_REF] Murakami | Enhanced Thermal Conductivity in Polyimide/Silver Particle Composite Films Based on Spontaneous Formation of Thermal Conductive Paths[END_REF], [START_REF] Xie | Preparation and properties of polyimide/aluminum nitride composites[END_REF]. For PI, the highest reported thermal conductivity was achieved with 45 vol% of silver particles, yielding 15 W.m -1 .K -1 .41 Taking into consideration that the result obtained here with 3D-C is only through a 0.3 vol% filling fraction, and in order to have a better comparison, the average improvement of the thermal conductivity per filling fraction of various fillers are also presented in Table 7.

We can see our substrate present a similar or higher thermal conductivity compared to other works, except from the work of Murakami et. al [START_REF] Murakami | Enhanced Thermal Conductivity in Polyimide/Silver Particle Composite Films Based on Spontaneous Formation of Thermal Conductive Paths[END_REF]. However, it has to be noticed that the authors used a filled volume of 45 vol%, which is very high compared to this work (0. 

a) First generation of substrates

To demonstrate the improved heat spreading capability achieved through the increase in thermal conductivity, test structures were deposited on both the hybridized and bare PI films. For this, conventional PI film and 3D-C/PI film were first coated with parylene (to avoid short circuits from the conductive 3D-C) and subsequently covered with thin lines of Ni/Au (110/90nm) via evaporation method using a mechanical mask, as shown in Figure 66. Subsequently, a voltage ramp was led through the test structures with two thin tips separated with a distance of 1000 and 2000µm and we observed the generated heat under infrared thermal camera at each step. Figure 67 shows the thermal images of both samples at 1.1 V. Beyond this point, the conventional PI sample breaks down, which means the maximum current applicable on PI is of ~180 mA and the maximum power supported is of ~0.2 mW. By direct comparison of the two samples at this point, it can be clearly seen that the heat generation on the conventional PI is significantly higher than on the hybridized film (it reaches up to 172°C). The current was further ramped up on the 3D-foam/PI sample until reaching its breakdown. Figure 68 shows the obtained thermal image at maximum power. At this point, maximum temperatures of 180°C are reached on some spots. The 3D-foam/PI helped to increase the maximum current applicable to ~216 mA for 1.4V, which means a maximum power of ~0.3 mW, corresponding to a 50% improvement.

It must be noted that the thickness varied between samples (125 µm PI and 160 µm 3D-C/PI), as well as the roughness, which means after further process improvement, 3D-C/PI could even further improve performance. Indeed, the very rough surface of the samples of 1 st generation lead to local spots with a high temperature compared to the rest of the surface which induce the breakdown of our metallic structure with the thickness used. A simulation of the temperature mapping has been performed using COMSOL. The dimensions, emissivity of the material and thickness were the same. We obtained a simulation in a qualitative agreement with the measurements, as we can see in Figure 69. The differences of the values of temperature can be explained by the difference of the emissivity at different temperatures and can be slightly changed by the presence of convection and radiation. Also, if we look at the profile temperature of a metallic line on Kapton in Figure 70, we can see that the distance α that needs the material to regain the temperature of the chuck (50°C) is really close to the thickness of the film, as expected for isotropic materials. Figure 71 shows the difference of emissivity of a test structure before and after the measurement. In this case we applied a voltage up to 1.2V for a current of 161mA before the break of the metallic structure. It can be clearly seen that the break of the metallic lines occurs at the middle of the test structure at a local point, resulting in an emissivity much higher in the damaged region, leading in an absence of electrical contact after this order of magnitude. We can assume that the roughness of the samples results in local point with higher temperature, resulting in the break of the metallic lines. We deposited the same metallic lines on the samples of second generation and we performed the thermal characterization again to validate the ameliorations of the 2 nd generation process. We achieved a maximum power of ~0.4mW before the break of the metallic lines, which corresponds to an amelioration of 100% compared to commercial PI and a 33% amelioration compared to the 1 st generation samples. Indeed, the flatness of theses samples eliminated the presence of local high temperature spots induced by the roughness of the substrate, and the filling of PI with 3D foam allows a better thermal dissipation in the films. 

4) Dielectric constant measurement

In order to validate the use of our samples as dielectric substrate for high frequency devices (in the case of 3DBN/PI), we decided to fabricate some coplanar waveguide (CPW), to measure its dielectric constant and loss. A schematic of a CPW can be found in Figure 73. CPW is a transmission line which can be used to convey microwave frequency signals.

It consists of a central conductive line deposited on the dielectric substrate with a width W, with a pair of two return conductors, or ground plane placed on each side of the conductive line, separated by a small gap S. Both lines have the same thickness t and the same length L. The length is quite higher than the separating gap S, which let one consider these lines as semi-infinite planes. We decided to design CPWs with different size to obtain different impedances in order to obtain accurate results. We decided to use the dimensions W/S 60/10, 60/20 and 40/20µm which corresponds to 60, 73 and 81Ω impedances respectively (assuming that our samples have a dielectric constant close to the dielectric constant of pure PI). We decided to fabricate the CPWs using laser lithography, which is compatible with the dimensions required. A schematic of the process used can be found in Figure 74. We proceed to the deposition of 2µm of photolithography resist (b), the exposure of the resist with a UV laser (c), the development of the resist with an appropriate developer(d) and a metallization of 40/400nm of Ni/Au (e), followed by a classical lift-off of the samples (f). The first tentative of such a process have failed during the Lift-off step, leading to too few metallic lines, preventing us from performing the measurement. This can be explained by the poor adhesion of the metallic lines on the surface of the substrate, which can be explained by the roughness of the surface. Future investigations need to be done for a better adhesion of the metal on the surface for such a realization.

IV) Conclusion

In this chapter we demonstrated the process to achieve flexible substrates with enhanced thermal dissipation. We developed a technique to achieve a composite substrate composed with 3DC or 3DBN filled by PI through two generations of substrates. We showed that our substrates have a thermal conductivity around 5W.m -1 .K -1 with a thermal stability up to 500°C. We showed that the 3D foam matrix does not affect the mechanical properties of our samples with a good flexibility, and the 2 nd generation of samples showed a limited roughness, making it compatible with standard microelectronic processes. We demonstrated the ability of our samples to evacuate the heat generated by thermistors on its surface with an improvement of 100% of maximum power applied compared to commercial PI. We designed and fabricated CPW transmission lines using laser lithography in order to obtain the dielectric constant and the loss of 3DBN/PI in the goal of making it compatible with high frequency electronics.

General conclusion

The growth of large area graphene and h-BN of good quality is a great challenge for research on 2D materials. Their properties are remarkable, but science is facing technological issues in the synthesis of these two materials, especially for h-BN, which has been studied later than graphene. One of the most efficient and cost-effective way to produce this type of materials is the use of CVD using metallic catalysts. In that goal we succeed in producing polycrystalline graphene on copper with quite a good quality, fully covering the metallic substrate with a size of 2x2cm. We tried to grow monocrystalline graphene using standard CVD and achieved hexagonal single crystals of 30µm, which is quite small compared to other methods used in literature. We synthetized polycrystalline h-BN using copper as a catalyst and ammonia borane as the precursor with a size of 6x2cm with a good homogeneity on all available substrate. We were able to transfer both graphene an h-BN on Si02 substrate using both classical wet transfer and bubbling transfer, leading to a fastest transfer and resulting on clean transfer of our materials, free of cracks, bubbles and resist residues, as optical images, SEM and Raman spectroscopy showed.

We succeed in producing both 3D graphene and 3D h-BN as foam using a Nickel foam as the catalyst, resulting in multilayer graphene and h-BN with a good quality. We produced new flexible and thermal efficient substrates using these foams as a filler in a matrix of PI, already commonly used as a classical flexible substrate for microelectronics. We developed two generations of substrates. We found similar mechanical properties and thermal stability as the commercial Kapton. We deposited thermistors on the surface in order to study the thermal dissipation of our samples. We improved the maximum power applied on the thermistors up to 100% before breakdown.

II. Printed transistors

Transistors with a channel composed by graphene and carbon nanotubes inks (from Cambridge) have been fabricated in IEMN by PhD Wei Wei. We have printed transistors with graphene ink, with carbon nanotubes ink and both graphene and carbon nanotubes ink. These transistors have been fabricated with more or less ink by varying the number of passes during the printing fabrication. The following figure shows the structure of these transistors Moreover, we have: Based on this modelization, we could extract important information such as contact resistance, mobility of charge carriers, or density of charge as a function of the number of printing passes for the different inks. Figure 77 shows an example of the transfer characteristics measurements and the numerical modelization of a transistor composed of both graphene and carbon nanotubes ink with 15 passes of ink. Figure 78 sum up the results on all modelization made. Finally, the most performing ink seems to be the ink composed of both graphene and carbon nanotubes. Indeed, this ink showed the highest mobility of charge carriers with a linear tendency, with a higher density of charge carriers, with reasonable resistance similar to those of ink composed only with graphene or only with carbon nanotubes.

𝐼 𝐷𝑆 =
The following text is the script of the main fitting file using MATLAB. 
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 1 Figure 1: Number of publications and patents on graphene from 2000 to 2016[START_REF] Zou | Trends Analysis of Graphene Research and Development[END_REF] 
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 2 Figure 2: Representation of the graphene structure in (a) real space and (b) reciprocal space[1] 
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 3 Figure 3: Electronic dispersion in the honeycomb lattice. Left: energy spectrum. Right: zoom in of the energy bands close to one of the Dirac points[1].
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 4 Figure 4: Structure of c-BN, w-BN, r-BN and h-BN[START_REF] Watanabe | Hexagonal Boron Nitride as a New Ultraviolet Luminescent Material and Its Application[END_REF] 
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 5 Figure 5: Schematic of the four steps of a CVD growth of graphene
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 8 Figure 8: Optical contrast of graphene as a function of the wavelength and the SiO2 thickness[START_REF] Simsek | Visibility of atomically-thin layered materials buried in silicon dioxide[END_REF] 
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 9 Figure 9: Example of optical image of graphene on SiO2
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 10 Figure 10: a) Schematic diagram of the SEM working principle[30] and b) SEM image of graphene on SiO2
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 13 Figure 13: View of the CVD used for the growth of graphene
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 14 Figure 14: Schematics of the growth parameters
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 15 Figure 15: a) Photography and b) Optical image of graphene on Cu
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 16 Figure 16: SEM images of graphene on copper foil
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 17 Figure 17: Photography of the Raman system used in this work
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 18 Figure 18: Raman spectra of graphene on copper foil
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 19 Figure 19: Schematic of the wet transfer technique used in this work
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 20 Figure 20: Optical image of graphene with PMMA transferred on SiO2/Si
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 21 Figure 21: Optical images of graphene transferred on SiO2 a) at the border of the sample and b) in the center of the sample
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 2223 Figure 22: SEM images of graphene transferred on SiO2
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 24 Figure 24: SEM image of single crystals graphene
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 25 Figure 25: Average size of the grains as a function of the H2/CH4 ratio
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 26 Figure 26: SEM image of single crystal graphene
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 27 Figure 27: Raman spectra of single crystal graphene
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 28 Figure 28: SEM image of the Ni foam[START_REF]Ni Foam -Product Detail -Latech -Singapore Leading Lab Consumable Supplier[END_REF] 
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 29 Figure 29: a) Schematic process of the growth of 3DC and b) image of a 3DC foam
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 30 Figure 30: SEM images of the 3DC foam
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 31 Figure 31: Raman spectrum of 3DC on two different points
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 3435 Figure 34: Image of the tubular CVD used in this work

Figure 36 :

 36 Figure 36: SEM image of h-BN on copper foil with the presence of multilayer regions
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 3738 Figure 37: Optical images of sample 1 and sample 2
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 4041 Figure 40: Different Raman spectrum performed on h-BN on copper. Sample 1
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 42 Figure 42: XPS spectra of h-BN on copper
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 43 Figure 43: Peak parameters from the XPS signal
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 4950 Figure 49: Raman spectrum of sample 1
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 51 Figure 51: Schematic of the 3DBN growth process
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 52 Figure 52: a) image of a 3DBN foam. b) and c) Raman spectrum of the 3DBN foam on two different points
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 53 Figure 53: Chemical structure of poly(amic acid)
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 54 Figure 54: Schematic of the 1st generation film preparation process
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 552 Figure 55: Optical images of 3DC/PI and 3DBN/PI substrates
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 56 Figure 56: Schematic of the second generation film process
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 57 Figure 57: 3D mapping of the substrates of first generation
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 58 Figure 58: profilometry measurements of a) Samples of 2nd generation and b) commercial Kapton
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 60 Figure 60: Optical images showing the good flexibility of our samples
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 61 Figure 61: Set up of the stretching test using INSTRON 5567
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 62 Figure 62: Stress-strain curves of commercial Kapton and PI infused 3DC foam
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 63 Figure 63: Sheet resistance of bare 3D-C and 3D-C/PI at a temperature range of -160 to 200 °C (inset: fit of VRH model, that is ln(RT -1/2 ) versus T -1/4 for both materials)

Figure 64 :

 64 Figure 64: TGA thermal stability of 3D-BN/PI
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 65 Figure 65: Laser Flash thermal conductivity result of 3D-foam/PI
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 66 Figure 66: optical images of metallic lines deposited on commercial Kapton and 3DC/PI
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 67 Figure 67: Thermal images of a) conventional PI and b) 3D foam/PI
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 6869 Figure 68: Thermal images of the 3D foam/PI at 1.4V and 216mA
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 70 Figure 70: Profile temperature of commercial PI
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 71 Figure 71: Difference of emissivity a) before the measurement and b) after the breaks of the line
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 72 Figure 72: Temperature profile of the 3DC/PI of 2nd generation and associated profile
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 73 Figure 73: Schematic of a CPW transmission line
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 74 Figure 74: Schematic of the process used for the deposition of CPW lines
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 75 Figure 75: Structure of the printed transistors
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 77 Figure 77: Transfer characteristics of a printed transistor with graphene and carbon nanotubes ink and numerical modelization

  

  

  

  

  

  

  

Table 1 :

 1 Major properties of graphene

Table 2

 2 

	shows the

Table 2 :

 2 Lattice parameters of the different allotropes of BN and carbon

Table 4 :

 4 Carbon solubility and the growth mechanism on typical metals for CVD graphene:

  The different parameters used in this goal are resumed in Erreur ! Source du renvoi introuvable. with the corresponding average size of single crystals.

	H2	CH4	H2/CH4	temps	taille	
	500	5.8	86.2069	2h	21	12
	480	5.5	87.27273	2h	15	15
	500	5.5	90.90909	2h	20	20
	530	5.5	96.36364	2h	17	17
	530	5.3	100	2h	20	15
	530	5	106	2h	10	10
	540	5	108	2h	8	8

Table 5 :

 5 Growth conditions of single crystals graphene

Table 6

 6 shows the different observations made with the help of Raman spectroscopy and SEM images. The best quantity of precursor seems to be 9g of ammonia borane.

	Quantity of Ammonia	Raman signal	SEM observations
	borane (g)		
	6	No signal	Seems full covered

Table 6 :

 6 Observations of the characterized samples made with Raman spectroscopy and SEM with different quantity of precursor

  3 vol%).

	nanofiller	Thermal conductivity (W.m -1 .K -1 )	Reference
		Bare PI	Filled PI	
	SiC nanowires on	0.25	0.577	[85]
	graphene			
	Silver particles	0.2	15	[86]
	Aluminum nitride	0.22	0.6	[87]
	BN	0.18	1.2	[88]
	3DC	0.15	5	This work

Table 7 :

 7 comparison of thermal conductivity of different composites

  𝜎 𝑐ℎ 𝑊 𝐿 𝐷𝑆 𝑉 𝑐ℎ with 𝑉 𝑐ℎ = 𝑉 𝐷𝑆 -2𝑅 𝐶 𝐼 𝐷𝑆 These equations lead to the following one: With 𝜎 𝑐ℎ the conductivity of the channel, 𝑛 𝑡𝑜𝑡 the total charge density, 𝜇 the mobility of the charge carriers 𝑛 0 the residual charge density, 𝐶 𝑔 = 𝑉 𝑔 the grid tension, 𝑉 𝐷 the Dirac point, 𝑊 the channel width, 𝐿 𝐷𝑆 the source-drain distance.We can do a fitting of 2 nd order of 𝐼 𝐷𝑆 2 as a function of (𝑉 𝑔 -𝑉 𝐷 )

	𝐼 𝐷𝑆 = 𝜎 𝑐ℎ	𝑊 𝐿 𝐷𝑆	𝑉 𝐷𝑆 = √ 𝑛 0 2 + [ 𝐶 𝑔 (𝑉 𝑔 -𝑉 𝐷 ) 𝑒	] 2	𝑒𝜇	𝑊 𝐿 𝐷𝑆	𝑉 𝐷𝑆
								𝜖 0 𝜖 𝑟 𝑑	the capacitance of
	the grid, 𝐼 𝐷𝑆 2 = 𝑛 0 2 𝑒 2 𝜇 2 𝑊 2 𝐿 𝐷𝑆 2 𝑉 𝑐ℎ 2 +	𝐶 𝑔 2 (𝑉 𝑔 -𝑉 𝐷 ) 𝑒 2	2	𝑒 2 𝜇 2 𝑊 2 𝐿 𝐷𝑆 2 𝑉 𝑐ℎ 2
	𝐼 𝐷𝑆 2 = (𝑛 0 𝑒𝜇	𝑊 𝐿 𝐷𝑆	𝑉 𝑐ℎ ) 2	+ ( 𝐶 𝑔 𝜇𝑊𝑉 𝑐ℎ 𝐿 𝐷𝑆	2 )	(𝑉 𝑔 -𝑉 𝐷 )
	𝐼 𝐷𝑆 2 = 𝑝(1)(𝑉 𝑔 -𝑉 𝐷 )	2 + 𝑝(2)(𝑉 𝑔 -𝑉 𝐷 ) + 𝑝(3)
	𝐶 𝑔 𝜇𝑊𝑉 𝑐ℎ With ( 𝐿 𝐷𝑆			
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  III. Organization on the time passed on each lab  11 months in IEMN: growth and transfer of graphene. First transfer of h-BN provided by CINTRA. Study of printed transistors.  6 months in CINTRA: growth of h-BN, growth of 3DC and 3DBN. Fabrication of 1 st generation substrates, growth of single crystals graphene.  4 months in IEMN: characterization of substrate of 1 st generation, transfer of graphene by bubbling technique.  8 months in CINTRA: growth of h-BN, growth of 3DBN and 3DC, fabrication of substrates of 2 nd generation.  9 months in Lille: transfer of h-BN by two methods, characterization of substrates of 2 nd generation.
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The following steps of the process remains the same as for the wet transfer. The advantage of the bubbling transfer is its rapidity of utilization. Indeed the etching of the copper for the wet transfer requires several hours for the copper to be completely etched. The bubbling transfer allows a separation of h-BN in only few minutes. 
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Annex I. Growth and transfer of graphene and h-BN

Here are the several steps detailed for the transfer of graphene:

 Resist coating with PMMA 5% 950K with a speed of 3000rpm, acceleration of 1000rpm for 10s.

 Annealing using Sawatech oven 30 min from room temperature to 110°C, 30mn staying at 110°C, 30mn from 110°C to room temperature.

 Cleaning of the Becher using Piranha 2 H2SO4 for 1 H2O2.

 O2 plasma etching of the back face using 50W, 100mTorr, 25sccm of O2.

 Etching of copper foil using (NH4)2S2O8.

 Ozone treatment of the SiO2/Si substrate for hydrophobic improvement for 10mn.

 10 times rinsing of the PMMA/graphene with DI water.

 Transfer of the PMMA/graphene on the substrate  Annealing using Sawatech oven 30 min from room temperature to 90°C, 30mn staying at 90°C, 30mn from 90°C to room temperature.

 Deep UV treatment for 30min at 500W.

 2 baths of acetone at room temperature. 3 rd bath of acetone for 30mn at 35°C. 1 bath of IPA then N2 drying.

The only differences with the transfer of h-BN is the resist coating parameters which are a speed of 2000rpm, an acceleration of 1000rpm for 10s. Also, the plasma etching of the back face are provided with a Ar plasma with 100W, 100mTorr for 30 sccm of Ar.