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Résumé en français

Les couches de graphene épitaxiées sur la face carbone du carbure de silicium sont tournées les unes par rapport aux autres. Cette rotation préserve la structure de bande linéaire du graphene mono-couche et permet un transport balistique des porteurs de charge. Parmi les propriétés intéressantes développées dans le chapitre 2, la possibilité de former de pleines couches de graphene sur le substrat isolant qu'est le SiC est un avantage majeur de cette technique comparé aux autres méthodes de croissance du graphene (exfoliation et épitaxie en phase vapeur sur métaux). Les grandes surfaces produites permettent aux expérimentateurs de faire facilement des mesures STM car la localisation de la partie utile de l'échantillon n'est pas un problème dans ce cas. Dans ce travail de thèse, j'ai réalisé la croissance de graphene sur la face carbone du SiC dans le but d'étudier la supraconductivité induite dans le graphene par la proximité d'un supraconducteur. Cette supraconductivité induite dont le principe expliqué dans le chapitre 3 se développe d'autant plus loin de l'interface que le matériau non supraconducteur possède un grand libre parcours moyen. D'où notre choix du graphene. Dans le chapitre 3 je présente aussi les efforts que j'ai mené pour fabriquer des jonctions graphene/supraconducteur par une technique de lithographie propre: la lithographie par microsphères. Cette méthode utilise des micro-sphères de silice comme masque dur durant le dépôt par évaporation d'un matériaux supraconducteur tel le vanadium. Malgré la propreté de cette méthode telle qu'avérée par les images STM des échantillons, nous n'avons pas réussi à induire la supraconductivité dans le graphene. Suite à ce résultat négatif, nous avons développé une seconde approche décrite dans le chapitre 4. Un matériau supraconducteur réfractaire, le niobium, est cette fois-ci déposé sur le substrat avant la croissance du graphene. A l'issue de la croissance, nous avons eu la surprise de constater que la température critique du matériaux supraconducteur s'était élevée de 7 à 12 K. Cela s'explique par la carburation du Niobium lors du recuit. Par ailleurs, nous avons bien démontré que des couches graphitiques sont aussi crues sur le NbC permettant ainsi de réaliser des jonctions. Néanmoins, nous n'avons à nouveau pas réussi à observer de supraconductivité induite dans le graphene.

Outre les propriétés intéressantes pour l'étude de la supraconductivité induite, les couches de graphene en rotation constituent en elle même un sujet d'étude intéressant. En effet, la densité d'état de ce système présente des singularités de van Hove dont la position en énergie dépend de l'angle de rotation. Ce système ouvre donc la porte à l'étude de la physique associée à ces singularités (supraconductivité, magnétisme) à des énergies accessibles par dopage électrostatique. De plus, une localisation des fonctions d'onde électroniques a été prédite pour les faibles angles de rotation et cette localisation a été confirmée par des résultats expérimentaux préliminaires. Cependant, il manquait une étude systématique des propriétés électriques des systèmes à faible angle de rotation.

Les mesures que j'ai réalisé dans ce régime sont présentées dans la dernière partie de ce mémoire. Ces mesures de spectroscopie sont comparées à un modèle de liaison fortes. Le modèle sans désordre et en présence de désordre ne permettent pas de décrire correctement les expériences menées pour des angles inférieurs à 2°. Mon travail souligne qu'une physique riche existe aux faibles angles de rotation et qu'il reste encore beaucoup de travail à faire pour la comprendre.

Mots clés: spectroscopie tunnel; épitaxié graphène; supraconductivité; van Hove singularité; propriétés électroniques.

Summary in english

Epitaxial graphene on carbon-terminated face (C-face) of SiC substrates consists of graphene layers rotated from each other. This rotation of layers grants this material single-layer like properties, such as a linear dispersion band structure and a ballistic transport. As discussed in chapter 2, the full-wafer size and the insulating SiC substrate are two of many advantages of graphene films grown on SiC compared to those prepared differently (exfoliation method and chemical vapour deposition method). These two advantages allow experimentalists to perform scanning tunneling microscopic (STM) experiments and to study electronic properties of graphene easily.

In this PhD work, we grew graphene on C-face of SiC substrates to investigate the induced superconducting proximity effect in the ballistic regime. The physics of this phenomenon is explained in chapter 3 as the formation of time-reversed pairs of electrons and holes. Concerning the superconducting materials, we relied on vanadium and niobium carbide to induce the proximity effect. These two approaches are discussed in detail in chapter 3 (for V) and chapter 4 (for NbC). STM characterizations performed on fabricated samples show a superconducting gap in V and a part of the NbC surface, but no induced gap in graphene. Several possible reasons, like a poor interface between superconductors and graphene, the unability of the STM to reach the true graphenesuperconductor interface, and the degradation of the surface of NbC, were suggested and discussed. Despite our failure to observe the induced gap, our high-quality epitaxial NbC films meet the requirements for hot-electron bolometers, and the demonstrated technique is interesting to investigate further.

Besides their single-layer like properties, the rotation of layers also leads to tunable van Hove singularities and the localization of states, which are thoroughly discussed in chapter 5 and 6. Once one of these singularities stays at the Fermi level, graphene is predicted to gain intrinsic superconductivity and magnetic properties. This condition can be achieved by reducing the rotation angle towards zero, as these singularities converge to the Dirac point or the Fermi level for undoped graphene. In addition to the intrinsic superconductivity, the localization of states also appears for layers rotated with a small angle, as observed in several STM experiments. Experimentally, we found regions in rotated layers, which appear as periodic Moiré patterns in our STM images. The rotation angles were estimated from the Fast Fourier Transform of the recorded STM images. Comparing our experimental results with tight-binding calculations for disorder-free layers rotated with the same angles leads to a qualitatively good agreement for the positions of van Hove peaks. However, the appearance of new peaks in proximity to the Dirac point for layers rotated with θ = 1.5°and a spatial evolution of of spectroscopic features for the small rotation angles cannot be explained by the calculations for disorder-free layers. In order to explain these two phenomena, we considered the influence of disorder. This Introduction Electronic transport in low-dimensional system is one of the main interests in physics. However, conventionally, physicists relied on the confinement of electrons, which are buried inside the bulk of semiconducting materials. This prevents surface probe techniques, like scanning tunneling microscope, to study 2D electron gas. Pioneering experimental results about electrical properties of graphene and epitaxial graphene published by Manchester and Georgia Tech groups [START_REF] Novoselov | Electric field effect in atomically thin carbon films[END_REF][START_REF] Berger | Ultrathin epitaxial graphite: 2D electron gas properties and a route toward graphene-based nanoelectronics[END_REF] demonstrate the possibility to investigate 2D electron gas in these types of materials. Since its discovery, this new material has attracted not only physicists, but also scientists in other fields to conduct researches on properties of this material, as well as to realize its great potentials in a variety of applications, like electronic devices, spintronics, flexible electronics, sensors and etc [START_REF] Ferrari | Science and technology roadmap for graphene, related two-dimensional crystals, and hybrid systems[END_REF]. Additionally, the existence of graphene inspires researchers to expand further the lists of 2D materials.

In superconducting fields, our main interest is to study the superconducting proximity effect, where a non-superconducting metal looses its electrical resistance at low temperature thanks to a superconductor in proximity. This phenomenon has been reported in experiments performed with many materials, like gold, carbon nanotubes. But most of these experiments have been realized by measuring superconducting junctions. For local properties of the induced effect, there are very few reports done for diffusive metals. Recently, there is a conundrum, where measurements performed on a diffusive gold film exhibit a ballistic behaviour [START_REF] Escoffier | Ballistic effects in a proximity induced superconducting diffusive metal[END_REF]. As remarked by the authors, this observation raises a question about the boundaries between different transport regimes (ballistic, quasiballistic and diffusive). Graphene is a true platform to probe the ballistic transport, because of the absence of back-scattering and a long mean free path. Therefore, by replacing gold with ballistic graphene, experiments may shine some lights on superconducting proximity effect in the ballistic regime. However, the fabrication of ballistic graphene is not as simple as it seems to be. In chapter 3, readers can find in a short review about some approaches to make ballistic graphene-based superconducting devices, like suspending graphene [START_REF] Allen | Visualization of phase-coherent electron interference in a ballistic graphene Josephson junction[END_REF], or encapsulating them with h-BN flakes [START_REF] Calado | Ballistic Josephson junctions in edge-contacted graphene[END_REF][START_REF] Ben | Proximity superconductivity in ballistic graphene: from Fabry-Pérot oscillations to random Andreev states in magnetic field[END_REF][START_REF] Efetov | Specular Interband Andreev Reflections in Graphene[END_REF]. However, none of these approaches can be implemented for scanning tunneling microscopic (STM) experiments because of several limitations of this technique. The basis of STM, e.g. working mechanisms of STM, and various elements of a cryogenic STM system, will be briefly discussed in chapter 1.

Instead of using single graphene layers on SiO 2 , we relied on epitaxial graphene films grown on C-face of SiC. These films possess several advantages over ones made by mechanical exfolation or by CVD method, like their large size and being clean and ready for STM experiments. Besides the discussion about these advantages, the growth mechanisms and different techniques to obtain high-quality films will be covered in chapter 2. Moreover, epitaxial graphene grown on C-face of SiC have single-layer properties, like a linear dispersion, and a ballistic transport [START_REF] Hass | Why Multilayer Graphene on 4H-SiC(0001) Behaves Like a Single Sheet of Graphene[END_REF][START_REF] Sprinkle | Multilayer epitaxial graphene grown on the SiC (0001) surface; structure and electronic properties[END_REF][START_REF] Miller D. L | Observing the quantization of zero mass carriers in graphene[END_REF], because of the rotation of their layers.

Our search for the induced superconducting gap in epitaxial graphene will be presented in chapter 3 and 4. Chapter 3 is devoted to the presentation of our efforts to realize a superconducting proximity effect in graphene by deposition a superconductor on top of graphene. In chapter 4, we demonstrate an interesting and innovative fabrication method to grow superconductor and graphene in one single step. The solid-state reactions between Nb and SiC materials at high temperature produce high quality and superconducting NbC and graphene films. Despite our many efforts, we failed to measure the proximity induced superconducting gap in samples produced in these manners. In order to explain our failure, we will consider some interpretations and suggest several perspective works.

Besides the main goal, the electronic properties of rotated graphene layers also attract us. For this reason, we devote the last two chapters to focus on van Hove singularities, an intrinsic property of 2D material, which is predicted to link with superconducting and magnetic properties of graphene. However, as explained in chapter 5, it is difficult to check this connection in single layer graphene. Here again, rotated graphene layers are interesting alternative platforms to study van Hove singularities. The rotation of layers results in Moiré bands and generates new singularities at much lower energies and in a controllable manner. Furthermore, once the rotation angle becomes small enough, new physics with the localization of states occurs. This phenomenon was predicted by tightbinding theories [START_REF] De | Localization of dirac electrons in rotated graphene bilayers[END_REF][START_REF] De | Numerical studies of confined states in rotated bilayers of graphene[END_REF][START_REF] Lopes Dos | Graphene Bilayer with a Twist: Electronic Structure[END_REF], and has been observed in many STM experiments [START_REF] Li | Observation of Van Hove singularities in twisted graphene layers[END_REF][START_REF] Brihuega | Unraveling the Intrinsic and Robust Nature of van Hove Singularities in Twisted Bilayer Graphene by Scanning Tunneling Microscopy and Theoretical Analysis[END_REF][START_REF] Yan Wei | Angle-dependent van Hove singularities in a slightly twisted graphene bilayer[END_REF][START_REF] Cherkez | Hove singularities in doped twisted graphene bilayers studied by scanning tunneling spectroscopy[END_REF][START_REF] Yin Long-Jing | Experimental evidence for non-Abelian gauge potentials in twisted graphene bilayers[END_REF]. Our experimental data on rotated graphene layers, presented in chapter 6, agree with previous reports in the existence of Van hove singularties, as well as in the localization of states. In addition to the well explained phenomena, some features can be described better with the tight-binding model including disorder.

Chapter 1 STM set up 1.1 Working mechanism

The working mechanism of STM is shown in Fig. 1.1. In order to probe the electronic properties of the sample with a tip in atomic scale, we need two elements: the tunneling effect between tip and sample, and the very fine-tuning movement of the tip via the piezoelectric phenomenon. Firstly, the tunneling effect happens when an insulating barrier is present between the metallic tip and the conducting sample. This insulating barrier can be air, vacuum, or insulating oxide layer. In the STM, usually, it is either vacuum (UHV-STM) or inert gas. The distance between the tip and the sample is often very small, in the range of few Å, in order to have the electronic wave functions from both two sides overlapping. This overlapping of two wave functions generates the tunneling current flowing from one side to another, once there is a voltage bias. This tunneling current I t depends on both the density of states (DOS) of the tip and the sample. Moreover, as the electron waves exponentially decay in vacuum, I t (d) is an exponential function of the distance d between the two electrodes: I t ∼ e -kd with k is the decay constant k = √ 2mφ/ 2 . Here φ is the average of work function of the two electrodes. Usually, for a metallic material, φ is about 5 eV, which gives the decay constant of about 1 Å-1 . In order to move the tip in both small and large scales, STM employs piezoelectric material as an actuator. By applying an electrical voltage, piezoelectric plates are deformed, then these deformation results in the movement of the sample and the tip. As shown in Fig. 1.1 b), these motors take care of the tip position in three dimensions, x, y and z. The motion in xy plane allows the scanning of the tip above the sample surface, and the z motor is to adjust the vertical position of the STM tip to maintain a constant I t in the constant current mode of STM. This adjustment requires a feedback control, which reads the measured current and varies the voltage, applied to the piezoelectric to change the tip-sample distance in order to regain the set point value of I t .

Thanks to the possibility to measure the tunneling current flowing between sample and tip, and to move with a very high precision, the two usual functions of STM are to characterize the morphology of the sample surface and to investigate the density of state of the sample. Recently, it is believed that by studying I t (d) dependence one could study also the tip-sample interaction in soft materials, like graphite and graphene [START_REF] Mashoff | Bistability and oscillatory motion of natural nanomembranes appearing within monolayer graphene on silicon dioxide[END_REF]. We will discuss these points in details in the following parts, and then the practical set up of our low temperature STM in CEA will be discussed. constant tip extension, taken from Ref. [START_REF] Fischer Øystein | Scanning tunneling spectroscopy of high-temperature superconductors[END_REF].

Scanning modes

Fig. 1.2 shows two scanning modes of STM: constant current and constant tip extension (or constant height) modes. In the former one, the feedback is active during the scan of the STM tip above the sample surface, so that the value of I t is kept constant. Therefore, the tip follows the profile of the surface. By recording the tip extension, one can get the morphology of the sample surface. This mode is used mostly in the case of rough surface.

On the other hand, in the second mode, the feedback is inactive (or slowed down), and the extension of the tip is kept constant during the scanning. The variation of I t is recorded. As the feedback loop is off, the second mode is only suitable to work on atomically flat surface to avoid crashing the tip into steps on the samples. As the distance between the tip and the surface is almost unchanged (only for perfectly flat substrates), the variation of the I t is purely the variation of DOS of the sample. Therefore, this mode measures the spatial dependence of the DOS.

Scanning tunneling spectra

As mentioned above, I t depends on the DOS of the tip and of the sample at the local position underneath the tip. This dependence can be described by the following formula:

I t (V ) = 4πe [f (E f -eV + ) -f (E f + )]ρ s (E f -eV + )ρ T (E f + )|M | 2 d (1.1)
with f (E) is Fermi function, ρ s and ρ T are the DOS of the sample and the tip, respectively. M is the tunneling matrix. Then by taking the derivative dI/dV, one gets the information about ρ s (eV ) ∼ dI/dV , the local DOS (LDOS) of the sample at the energy eV. Experimentally, the derivative can be measured analogically by applying a small modulated voltage and measuring the resulting modulated current at the same frequency, while ramping the DC bias voltage V. It is also important to note that during the measurement of LDOS, the feedback is off temporarily. Besides, by combining the ability to measure the LDOS and the ability to move in xy plane, one can map of LDOS of the sample. During this process, the STM tip is moved from one point to another with an active feedback. Then after reaching to the point of interest, the feedback is switched off, and the measurement of LDOS takes place. After finishing the IV measurement, the feedback is enabled again, and the tip is moved to the next point. In literatures, this technique is called current-imaging-tunneling-spectroscopy (CITS).

I(z) measurement

As discussed before, in order to get the tunneling regime, the STM tip is brought close to the sample surface. Usually, the distance is in the range of a few Å. Since the distance becomes very small, there are interactions between the STM tip and the studied sample. The most two important interactions are Coulomb interaction, and the Van der Waals force [START_REF] Mashoff | Bistability and oscillatory motion of natural nanomembranes appearing within monolayer graphene on silicon dioxide[END_REF]. The Coulombic force is due to the electrical charge of the tip, which induces a negative charge in the opposite side. Then, these two charges attract each other. In addition, the Casimir/Van der Waals force is a weaker interaction, which takes place even without the existence of electrical charge. Therefore, by approaching the tip to achieve the tunneling regime, one should consider these forces. On hard surfaces, like metals, the deformation of the top layer is negligible. In contrast, soft surfaces like graphene/graphite can be much more easily deformed. As a consequence, by retracting or extending the tip, the graphene/graphite surface can be protruded, or intruded elastically. Therefore, I t (z) does not show the exponential dependence of I t versus the change of the distance between tip and sample. The deformation of the sample need to be taken into account. As a consequence, by studying I t (z), one can learn about the interaction between tip and sample as well as the mechanical property of the soft material. In order to measure I t (z) curves, the tip is positioned above the point of interest in the first step. After switching off the feedback loop, the vertical position z of the tip is varied, and at the same time, I t is measured. 

STM set up

The microscope body

The microscope body is made of macor, a glass-ceramic material, containing oxide of silicon, magnesium, aluminium, potassium, boron and a small amount of fluorine. This is a rigid material with comparable to that of the piezoelectric ceramic.

Scanner tube

The piezoelectric tube of 23 mm long is the heart of the microscope, as it allows a very precise movement of the tip at the nanoscale at room temperature and in a cryogenic condition. This part controls the 3D movement of the STM tip, which is glued to the tube at one of its ends. Our tube is made of lead zirconate titanate with metallized inner and outer walls to form a capacitance of about 3 nF. The external electrode of the tube is divided into two pairs of electrodes, which are electrically isolated from each other. By applying an electrical bias on one pair, the tube is bent and moves the tip in xy plane. In the end, the movement in z is controlled by the inner electrodes. The theoretical displacements of a tube are given by the formula where V x,y is the potential difference applied between two facing external electrodes, and V z is the applied voltage on the inner electrode, d 31 is the piezoelectric coefficient, L is the tube length, D is the tube diameter and t is the thickness of the wall. Theoretically, the in-plane movement is 100 nm/V, and the retraction/extension of the tube is about 15 nm/V at 300 K. Since the maximum value of applied voltage is ± 150 V, the largest STM image is 30*30 µm 2 . On the other hand, the piezoelectric coefficient strongly depends on the temperature. At cryogenic conditions, this value becomes about 10 times smaller. Therefore, in our STM, the maximum displacement along x and y at 4 K is about 3 µm. As a consequence, the scanning window is very small, which limits the possibility to find a micron size device at low temperature. The same reduction happens to the vertical movement. At 300 K, the total displacement is about 5 µm, and this value at 4 K is about 480 nm.

∆ x,y = 0.9d 31 V x,y L 2 Dt (1.2) ∆ z = d 31 V z L t (1.3)

STM tip

Our STM tips are made of Pt/Ir (90/10), which is harder than Pt itself. Therefore, the mechanical noise only happens at a very high frequency range (few hundreds kHz).

In order to make the tip, it can be cut mechanically, or etched in solution. In our experiments, we use commercial STM tips, sold by Bruker. These tips are cut from a Pt/Ir wire with a diameter of 0.25 mm. The very important feature of the commercial tip is that it has a sharp apex, compared to a home-made one, as shown in Fig. 1.4. This allows users to image a sample surface with a large corrugation. And this property is very important to study our graphene-based superconducting devices as discussed later.

Then, the tip is glued on the end of the scanning tube with silver paste.

Sample holder

Our sample holder is a copper plate, to which the bias voltage is applied. Our samples are glued with silver paste to keep it fixed on the sample holder. Besides, the silver paste Figure 1.5: Scheme of a piezoelectric leg and the coarse approach motor, taken from Tonnoir's PhD manuscript [START_REF] Tonnoir | Spectroscopie tunnel de graphène épitaxié sur du rhenium supraconducteur[END_REF].

makes electrical connections with the sample holder. In addition to the glued sample, there are a thermometer and a heating resistor glued to the sample holder. In the cryostat 1.5 K, this thermometer, cernox (an oxide nitride of zirconium) from Lakeshore, works from room temperature to 1.3 K. On the other hand, in our dilution fridge, we employ a ruthenium oxide to measure the temperature below 4 K and down to 50 mK. In both cases, the resistance of our thermometers are measured in a four-wire set up.

Piezoelectric motors

The coarse approach motor and the xy stage have a quite similar set up, as shown in Fig. 1.5 and Fig. 1.6, respectively. The mobile part of the former is a Al 2 O 3 prism, on which the sample holder is glued and for the latter it is a Al 2 O 3 disk, which holds the scanning tube. Both motors require six piezoelectric legs, Al 2 O 3 plates and Al 2 O 3 spherical marbles and a spring system. While the coarse approach motor can reduce the tip-sample distance from about 1 mm to less than 1 nm, the xy motor allows users to move the piezoelectric tube in xy plane on large scale, in both ambient and cryogenic conditions. As they are very similar, here we explain briefly only how the coarse motor works with the help of six piezoelectric legs. More details could be found in Escoffier's dissertation [START_REF] Escoffier | Étude de la cohérence quantique dans les systèmes supraconducteur-métal normal par microscopie et spectroscopie à effet tunnel[END_REF].

A piezoelectric leg consists of four piezoelectric plates as shown in Fig. 1.5 and a polished Al 2 O 3 plate to reduce the friction between the leg and the prism. The piezoelectric material is lead zirconate titanate (PbTi 1-x Zr x O 3 with x close to 0.5). The two faces of each plate are metallized and are glued to copper foils as an electrical electrode. As the electric field is perpendicular to the stack, the deformation takes place and generates a shear force in the plane of the stack and parallel to the prism once the electrical voltages are applied to the metallized surfaces. These piezoelectric stacks can work in two modes: Pan mode, and inertial mode.

Pan mode: In Pan mode [START_REF] Pan | He 3 refrigerator based very low temperature scanning tunneling microscope[END_REF], each movement step of the prism consists of two substeps. Firstly, the piezoelectric legs are deformed in sequence. It means that the voltage is applied to the first leg up to the set-point value, then is hold. The same process happens successively to the other legs. The sequential application of voltages to the six piezoelectric legs makes them slide one after the other, while the prism does not move with respect to the STM tip, thanks to the friction between the prism and the five resting legs. Then, in the second sub-step, the prism is slowly moved by a simultaneous decrease of the applied voltage on all the legs. Inertial mode: While the application of electrical voltages and the deformation of legs are sequential in the previous mode, they are simultaneous in the inertial mode. Once reaching the set-point voltage is reached, it is switched off abruptly, so that all legs could relax back to the undeformed shape by sliding on the prism, which stays at rest.

Both two methods have the same efficiency at ambient and at low temperatures. However, it needs to be mentioned that the efficiency of the piezoelectric legs are reduced at low temperature. Therefore, it requires to apply higher voltage to move sample and STM tip at low temperatures. In addition, the Pan method is based on the sequential application of voltages, this process is collective in the case of the inertial method. Thus, the later method requires less wires than the former one does. The reduction of the total number of wires from seven to two reduces the probability to have a broken wire and eases the STM maintenance .

Cryogenic system

Cryostat at 1.5 K

The design of our He 4 cryostat is shown in Fig. 1.7 a). With this set-up, the microscope is suspended in a metallic tube by a 1 meter long spring. Along this spring, there are copper plates placed perpendicular to it in order to shield the external radiation. The tube is pumped to the pressure of 10 -6 mbar. After installing the tube into the cryostat, liquid He is transferred to cool it down to 4.2 K. Therefore, the cryopumping process can happen by trapping the remaining gas at the cold wall, while the STM inside is still at ambient temperature. The heater mounted on the sample holder can be switched on to degas the sample surface at about 50 °C. In order to cool the STM to 4.2 K, a small amount of exchange gas of pure He 4 is injected into the tube. During all these steps, the distance between the tip and sample can vary a lot due to the thermal contraction. Therefore, it requires either to have a distance large enough prior to put the tube into the cryostat, or either to use the safe mode to control the tip. Basically, this safe mode is opposite to the approach mode. While the approach mode asks the coarse motor to bring the tip from far away to the tunnelling regime and stop, the safe mode moves the tip backward whenever the STM finds a tunnelling current. This avoids tip crashing due to the thermal contraction of the STM body. After reaching 4.2 K, the temperature can be further reduced to 1.5 K by pumping out the helium gas from the cryostat. Usually, the cool down from room temperature to 1.5 K usually takes less than a day. In this cryostat, the lack of magnet is a disadvantage. However, the simplicity of the system allows us to work fast in order to rapidly check the quality of the sample prior to make another experiment at lower temperature in the dilution fridge.

Sionlundi

The promising sample after being measured in the 1.5 K cryostat can be studied in the dilution fridge, called Sionlundi, to work at lower temperature, and can have a characterization under magnetic fields. Fig. 1.7 b) shows the design of the STM set-up in our Sionlundi. Our Sionlundi follows the inverted dilution fridge version, which has the same principle as other version of dilution fridge. However, in other systems, the coldest part is placed in the bottom part of the cryogenic system inside the liquid He dewar. In our set up, the dewar is below and is pressurized to circulate the He 4 inside the cryostat. As the whole cold part is kept outside the cryostat, vacuum is needed to isolate our Sionlundi thermally. Besides, five copper shields are employed to limit the radiation losses. This separates our Sionlundi into five stages, which have different temperatures (100 K, 10 K, 4.2 K, 1 K and 50 mK). The He 4 circulation cools down the first three stages. To cool down the sample, a mixture of He 3 and He 4 is injected into the cryostat. In order to cool down the 1 K stage, we employ the Joule-Thompson effect, which cools the He 3 and He 4 mixture by forcing it through a thermally insulating impedance. The increase of the gas volume leads to the decrease of the temperature, because the loss of thermal energy compensates the generated work to expand the gas. As usually, by mixing He 3 and He 4 the 50 mK base temperature is obtained. The whole cool down process takes about three days. As the system stays at very low temperature, the efficiency of the piezoelectric motors are much suppressed, and also any movement of the sample could generate a lot of heat. Therefore, it often requires to find the object of interest at 4.2 K prior to cool the system to 50 mK.

Conclusion

Scanning tunneling microscope functions via the tunneling effect between metallic tip and the conducting sample when the distance between the tip and sample is small enough. In our lab, we have two home-made STM, one allows experiment at 1.5 K, and the other is suitable for studies at 50 mK. The two microscopes have quite similar working mechanism, which needs a coarse motor to control the 3D movement of the STM tip and the sample.

In our experiments, we use commercial STM tip, which is glued to a piezo tube, which takes care of the fine movements. Because the cooling system of the 1.5 K cryostat is more simple than one of the Sionlundi, it takes much less time to prepare experiments with the former (one day compare to at least three days for Sionlundi). Therefore, it is wise to test samples with the 1.5 K cryostat before conducting experiments in dilution regimes with the Sionlundi.

Chapter 2

Fabrication of epitaxial graphene on SiC In 2004, two independent groups published interesting results on a new material, graphene (ultrathin or atomically thin graphite films) [START_REF] Novoselov | Electric field effect in atomically thin carbon films[END_REF][START_REF] Berger | Ultrathin epitaxial graphite: 2D electron gas properties and a route toward graphene-based nanoelectronics[END_REF]. Because of its crystal structure, graphene has a linear electronic dispersion in proximity to its K point in the reciprocal space, which allows an extremely high carrier mobility. Then, electrons of graphene are considered as massless fermions and follow relativistic behaviours. Later, a property of a real two dimensional electron gas was demonstrated by observing the quantum Hall effect, specific to Dirac fermions [START_REF] Novoselov | Two-dimensional gas of massless Dirac fermions in graphene[END_REF]. Inspired by these first results, there are many works done to investigate properties of this interesting material, as well as to realize its advantages for future applications.

Among many studies about this new material, many efforts have been done to search for the best method to produce high quality graphene at an industrial scale. As reviewed recently by Ferrari, there are many methods to produce graphene, like exfoliation methods, growth on SiC, growth on catalytic metals (by precipitation or by chemical vapour deposition) etc (see Fig. 2.1) [START_REF] Ferrari | Science and technology roadmap for graphene, related two-dimensional crystals, and hybrid systems[END_REF].

Mechanical exfoliation of graphene from bulk graphite samples is probably the simplest and the cheapest method, as it requires only a scotch tape and graphite. Despite the high quality of the produced graphene film [START_REF] Mayorov | Micrometerscale ballistic transport in encapsulated graphene at room temperature[END_REF], the size of these flakes, limited by the single crystal grains in the starting sources (of the order of milimeters [START_REF] Geim | Graphene: Status and prospects[END_REF]), is its biggest disadvantage for large-scale productions. For our goal to search for the superconducting proximity effect with scanning tunneling microscope, tiny flakes of graphene are difficult to find, especially at low temperature, where the scanning window is 3*3 µm 2 large. The used insulating SiO 2 substrate is another problem.

The problem of the size of the produced graphene film is overcome by the growth of this material on metals. Special attention has been devoted for catalytic metals, like nickel (Ni), copper (Cu). At high temperature, these materials facilitate the decomposition of introduced gaseous carbon sources into carbon atoms, which are then absorbed by these metals. Depending on the used metals, different processes occur, as illustrated in Fig. 2.2. When Ni is used, at high temperature, C atoms diffuse into the bulk of the Ni layer. Then, by cooling down, these C atoms diffuse back to the surface of metals and the segregation process and the formation of graphitic material occur. Frequently, graphene films grown on Ni substrates contain more than one layer, because this segregation is very challenging to control precisely. On the contrary, C atoms always stay at the first top layers of a Cu substrate, because of low-solubility of C atoms in this type of substrate. This allows the growth of graphene to be self-limited to single and few-layer on Cu. By growing graphene on metals, the size of the graphene films is limited by the size of the used metals, which can be up to 30 inches, as demonstrated recently by Bae and coworkers [START_REF] Bae Sukang | Roll-to-roll production of 30-inch graphene films for transparent electrodes[END_REF]. The produced film has high quality with a low resistance (125 Ω/ ) a high optical transmittance (97.4%) and exhibits half-integer quantum Hall effect. However, films grown in this way needs to be transferred onto another insulating substrates, like Siwafers for transistor device applications. Furthermore, this process employs resist layers, which may leave many residues on the graphene films. Also, during this process, some metallic residues and adsorbates may be trapped between graphene and the substrate. As a result, these defects degrade the graphene films. For STM experiments, we have experiences that an additional cleaning step with a STM tip is required to obtain atomic resolution STM image of the surface.

The thermal decomposition of SiC material offers an alternative method to get a wafer-size graphene. In the literature, graphene films grown on this substrate are referred as epitaxial graphene (EG), because of their epitaxy with respect to the underneath substrate. The use of undoped SiC substrates is an advantage of this method over the growth on metals, because of the large band gap of the underneath substrate. After the growth, EG films are ready for transistor applications without a need to be transferred. Besides the interests in applications, EG grown on this substrate attracts many fundamental researches. Single-layer like properties, e.g. linear dispersion curves and a ballistic transport, have been found in films grown on C-face of SiC substrates, despite their thickness [START_REF] Hass | Why Multilayer Graphene on 4H-SiC(0001) Behaves Like a Single Sheet of Graphene[END_REF][START_REF] Sprinkle | Multilayer epitaxial graphene grown on the SiC (0001) surface; structure and electronic properties[END_REF][START_REF] Miller D. L | Observing the quantization of zero mass carriers in graphene[END_REF]. The origin of the single-like properties comes from the rotation of layers grown on C-face, which will be discussed in chapter 5. More recently, researchers revealed a ballistic transport in graphene nanoribbons on sidewall facets up to 16 µm at room temperature [START_REF] Baringhaus | Exceptional ballistic transport in epitaxial graphene nanoribbons[END_REF], as well as an electronic band-gap, originating from the nanoscale confinement of smaller ribbons existing in the same facets [START_REF] Palacio | Atomic structure of epitaxial graphene sidewall nanoribbons: Flat graphene, miniribbons, and the confinement gap[END_REF].

We will start this chapter by having a quick overview about the crystallography of SiC material. Then, the discussion will move to the growth mechanisms of graphene on these two faces, and different approaches to improve the quality of the grown film. After that, our RF-furnace and our method to grow high quality epitaxial graphene films on C-face of 4H-SiC substrates will be described in the end of this chapter.

Epitaxial graphene on SiC

Silicon carbide-crystalline structure and its polytypes

Silicon carbide is an insulator with a bandgap of 2.3-3.2 eV, depending on the polytype. In its crystal, each Si atom is surrounded by four C atoms via sp 3 hybridization and vice versa. The Si-C bonds and Si-Si bonds are 1.89 Å and 3.08 Å, respectively. On 

Thermal decomposition of SiC material

The graphitization on SiC substrates were reported since 1975. Bommel et al. recognized the existence of graphitic materials on both Si-faces and C-faces of SiC by analysing low energy electron diffraction patterns and Auger electron spectrum performed on annealed SiC substrates [START_REF] Van Bommel | LEED and Auger electron observations of the SiC (0001) surface[END_REF]. From experimental results, these authors suggested that the growth happens via the sublimation of Si atoms, which leave C atoms on the surface. Then, these atoms will be relaxed and form graphitic lattice. By comparing the lattice constant of SiC and graphite unit cells, the authors determined that for each complete graphene layer, three layers of SiC need to be removed.

Furthermore, graphitic materials grown on these two faces differ from each other in many properties: their crystallography, their growth rate and their growth mechanisms. While graphite grown on Si-face is monocrystalline, the product grown on the other face has a new stacking structure, whose layers are rotated randomly relative to a SiC unit cell. Besides, the thickness of the produced films is another difference. By annealing at 1300°C for one hour, researchers obtained less than 10 nm thick graphitic material on a H Figure 2.4: Illustration of initial processes taking place on Si-face of SiC substrate at high temperature, adapted from Ref. [START_REF] Norimatsu | Formation process of graphene on SiC[END_REF][START_REF] Kusunoki | Growth and Features of Epitaxial Graphene on SiC[END_REF].

Figure 2.5: Illustration of initial processes taking place on C-face of SiC substrate at high temperature, adapted from Ref. [START_REF] Kusunoki | Growth and Features of Epitaxial Graphene on SiC[END_REF][START_REF] Norimatsu | Formation mechanism of graphene layers on SiC (0001) in a high-pressure argon atmosphere[END_REF].

Si-face, but about 10 times thicker films on the opposite face (C-face).

Concerning the growth processes, by taking high-resolution transmission electron microscopic images of the samples annealed at different temperature, Norimatsu et al. drew conclusions about different growth processes on Si and C faces of SiC [START_REF] Norimatsu | Formation process of graphene on SiC[END_REF][START_REF] Norimatsu | Formation mechanism of graphene layers on SiC (0001) in a high-pressure argon atmosphere[END_REF][START_REF] Kusunoki | Growth and Features of Epitaxial Graphene on SiC[END_REF]. Their conclusions are illustrated in Fig. 2.4 and in Fig. 2.5. On Si-face, the growth starts at the step position, where Si atoms have many dangling bonds and are less stable. Therefore, these atoms are more volatile and are sublimated first. This initial sublimation results in the appearance of the first graphene layer at the step positions, which are formed via the surface reconstruction at high temperature. This first layer will cover above the step if gaining more C atoms. At the same time, the next layer can also form underneath the first layer at the same place and also follows the same growth direction. Graphene layers grown at different terraces will form a connection when they meet each other.

On the contrary, while the growth process occurs on Si-face in a layer-by-layer manner, the initial growth step on C-face follows another path according to [START_REF] Kusunoki | Growth and Features of Epitaxial Graphene on SiC[END_REF][START_REF] Norimatsu | Formation mechanism of graphene layers on SiC (0001) in a high-pressure argon atmosphere[END_REF] by starting with few layers (3-6 layers) in nucleation sites. On this face, surface steps, defects and dislocations (screw dislocations and threading type) play the role of nucleation sites, which are represented in Fig. 2.5 as craters. By increasing the annealing time, more Si atoms are sublimated, and these craters become more open. At the same time, starting graphene films are enlarged. This process continues until the whole surface is covered completely. Then new layers will form underneath the starting ones. The last difference between the growth on Si-face and on C-face is the starting temperature, which is lower for the second case. Although the basic knowledge of the solid state reaction of SiC materials at high temperature has been obtained since 1975, it took a long time and many efforts to improve the quality of grown films. First samples done with annealing in vacuum contain many defects and are quite rough, as shown in Fig. 2.7 a). The main technical problem was later identified as the poorly controlled sublimation process of Si atoms in UHV condition. Therefore, it requires to reduce the sublimation rate of these atoms as much as possible. For this purpose, there are many interesting suggestions, like introducing inert gas (argon) [START_REF] Emtsev | Towards wafer-size graphene layers by atmospheric pressure graphitization of silicon carbide[END_REF], using the confinement controlled sublimation with graphite enclosure [START_REF] De Heer | Large area and structured epitaxial graphene produced by confinement controlled sublimation of silicon carbide[END_REF], and keeping the two SiC substrates closed to each other but with a small gap in between [START_REF] Yu | New synthesis method for the growth of epitaxial graphene[END_REF]. As shown in Fig. 2.6 b) and Fig. 2.7 b), the morphology of the EG grown in Si-face resembles well to the etched substrates with many parallel steps (see Fig. 2.6 a)). Moreover, unlike samples grown in UHV done by Bommel, Emtsev's and de Heer's methods reduce significantly the amount of defects in the produced films on Si-face. The same improvement has been observed for films grown on the C-face of SiC substrates as well (see Fig. 2.7 c)). As reported by de Heer and co-workers, these authors found that the order in the out-of-plane directions is improved significantly. Instead of being as disordered as layers grown in vacuum, layers of films are rotated with respect to each other by an angle of about 30°.

Fabrication techniques

Besides this main research interest, researchers also would like to control the growth in order to obtain few-layer graphene nanoribbons on C-face. However, this topic is not covered here, but readers can find an interesting review on this research trend in Ref. [START_REF] Camara N | Current status of self-organized epitaxial graphene ribbons on the C face of 6H -SiC substrates[END_REF]. Learning from de Heer's and Emtsev's publications, we built up a furnace similar to de Heer's one [START_REF] De Heer | Large area and structured epitaxial graphene produced by confinement controlled sublimation of silicon carbide[END_REF] (see Fig. 2.8) with certain modifications to have the graphitization in atmospheric conditions. The main parts of our set-up are the RF high-voltage source and the cylinder-shaped crucible made of graphite kept inside a glass tube, like de Heer's set-up. These important parts are highlighted by framed boxes. However, there are some differences between our set-up and de Heer's one: the glass tube and the graphite crucible. One end of the quartz tube is connected to the exhaust line while the other one is connected to the pumps or to the gas injection line. Moreover, when the pumps are switched off, the used gases are also injected via this path during the growth process. Using Emtsev's idea, we would like to get an atmospheric pressure at certain steps of our annealing process. Secondly, while graphite enclosure used in [START_REF] De Heer | Large area and structured epitaxial graphene produced by confinement controlled sublimation of silicon carbide[END_REF] (see Fig. 1 in the same report) has a small leak to control the escape rate and the sublimation rate of Si atoms from SiC, our crucible does not have any chimney. In addition to these main elements, we rely on two different pyrometers to trace the temperature of the crucible during the whole annealing process. One of them works from 500-1000°C, and the other has a working range of 1000-2000°C. The whole annealing process can be programmed and run automatically, but we need to change the gas injected at different steps manually. The growth process consists of the etching of SiC substrates in the mixture of Ar and H 2 and then the growth of EG in Ar atmosphere, as summarized in Fig. 2.9. As shown, the etching step starts with the ramp up of applied voltage to obtain a temperature of about 800-900 °C (30°C/min)in vacuum, which is hold constant for 30 minutes. Then, an atmospheric pressure is obtained by injecting a mixture of Ar/H 2 (95% and 5%) gases and by leaving the upper end of the glass tube opened to the exhaust line. At the same time, the ramp up of temperature is resumed with a new rate (about 9°C/min) to reach the maximum of 1600°C . After holding the temperature stable at this value for 30 minutes, the cooling down to 800°C follows a reversed procedure. During this cooling step, when the temperature is about 1200°C, the flowing gaseous mixture is replaced by a flowing argon gas. This flow will be stopped during the last raise of temperature by closing two ends of the tubes. Comparing to the ramp up for the etching step, the last raise of temperature of the growth process takes much longer time (200 minutes compared to 90 minutes). Once, the system reaches 1600°C, it is hold stable before being cooled down to room temperature with the same rate. In addition to this recipe, we also tried other recipes, which will be discussed in chapter 4.

Our set-up to grow epitaxial graphene

Conclusion

Thermal decomposition of SiC material at high temperature is a good technique to produce graphene and epitaxial graphene. As discussed in this chapter, this method provides high quality samples, which is ready for STM experiments without being transferred to other substrates. For epitaxial graphene on SiC, it is important to distinguish which surface of the substrate is used to grow graphene, because the growth process, the thickness as well as the electronic properties depend on the starting face. Moreover, since 2004, there are many improvements in the growth technique to produce high-quality films, like the CCS method and the growth in atmospheric conditions. To grow graphene films for our studies, we rely on a home-built RF-furnace and an atmospheric pressure graphitization proposed by Emtsev.

Chapter 3

Fabrication of graphene disk for STM studies of induced superconductivity 3.1 Review of the status of ballistic graphene-based superconducting devices

Ballistic Josephson junction

Josephson junction consists of two superconductors, connected by another non-superconducting material, like carbon nanotubes (CNTs) (see Fig. 3.1 c). Let's consider a right-moving electron with energies below the superconducting gap in the junction between a CNT and two superconducting aluminum electrodes (see Fig. 3.1 a)). At the right-hand interface, this electron is retroreflected as a hole, moving backward towards the left interface. At the same time, a Cooper pair is transmitted into the right-hand Al electrode in order to preserve the total charge at this interface. This phenomenon is called Andreev retroreflection and an electron-hole pair can be considered as a pair of time-reversed particles [START_REF] Michael | Introduction to superconductivity-2nd[END_REF]. Then, later at the left-hand interface, the Andreev retroreflection happens to convert this hole back to another electron, which is coupled to the hole, and to the first electron. Furthermore, because the coupled electron and hole share the same trajectory, all these particles move along the same line. The first retroreflection makes the hole move in the opposite direction with respect to the first electron, the second retroreflection creates the second electron, which again moves in the opposite direction of the hole. In the end, the two electrons are coupled in phase, and shares the same momentum. The multi Andreev retroreflections at the two interfaces can form standing waves with bound states, Andreev Bound States (ABS), an analogue of Fabry-Pérot resonance in optics. In the case of Josephson junctions, ABS appear as pairs of symmetric DOS peaks inside the superconducting gap. The condition to observe ABS is that the phase acquired during one cycle is a multiple of 2π. Moreover, the coherence of the first and second electrons implies a ballistic movement of these electrons, i.e. the electron mean free path is much longer than the length of the CNT junction, or the CNT in this case. The multi reflection process can form a standing wave, which results in bound states. In the DOS of CNT, these states are manifest as peaks existing in the induced superconducting gap in CNT b). The positions of these peaks can be varied by changing the back gate voltage, or by applying external magnetic fields. c) Colour-enhanced scanning electron micrograph of the device, with a CNT (grey line) connecting the two branches of a superconducting fork (green). In order to probe the DOS of CNT, another superconducting electrode (red) is weakly connected to the tube.

Figures adapted from Ref. [START_REF] Pillet J-D | Andreev bound states in supercurrent-carrying carbon nanotubes revealed[END_REF].

Efforts have been spent to realize ballistic Josephson devices with graphene. For this purpose, experimentalists need either to enhance the electronic mean free path, or to reduce the size of the junction. Lee and co-authors applied the second approach by making vertical junctions with single and few-layers graphene, connecting to two superconducting electrodes [START_REF] Lee Gil-Ho | Ultimately short ballistic vertical graphene Josephson junctions[END_REF]. A measured zero resistance of these layers is a proof of superconducting proximity effect induced by Al electrodes. Moreover, the thermal dependence of measured critical current,I c (T), of devices depends on the amount of graphitic layers. For single layer devices, this thermal dependence I c (T) is fitted well by a short-junction model, i.e. smaller than the superconducting coherence length, but thicker devices show long-junction behaviour with concave-shape of I c (T) curve. Additionally, the study of current phase relation suggests the ballistic nature of the Josephson devices with ultrathin graphene films.

The mean free path of graphene is enhanced by either suspending the film above the Si wafer [START_REF] Allen | Visualization of phase-coherent electron interference in a ballistic graphene Josephson junction[END_REF], or encapsulating it with two hBN films [START_REF] Calado | Ballistic Josephson junctions in edge-contacted graphene[END_REF][START_REF] Ben | Proximity superconductivity in ballistic graphene: from Fabry-Pérot oscillations to random Andreev states in magnetic field[END_REF]. Consequently, this longer mean free path allows these authors to increase the separation (up to 500 nm) and make planar junctions, rather than a vertical one. Fabry-Pérot resonances have been observed in both normal and superconducting states of their devices. By employing this method, Allen recognized that the edge of the graphene flake supports the ballistic regime despite having disorder [START_REF] Allen | Visualization of phase-coherent electron interference in a ballistic graphene Josephson junction[END_REF]. Shalom et al. believe that the diffusive scattering events at nearedge region allows ABS to exist and supercurrent to flow in graphene in high magnetic field. Whereas, in the bulk, the application of a high field can split the trajectories of electrons and holes, so that the ABS cannot exist. The unexpected role of the edge can explain the existence of supercurrrent in ballistic encapsulated Josephson junction in a strong magnetic field. Last but yet importantly, the transition between intraband retroreflection and interband specular Andreev reflections is demonstrated in the change in conductance of N/S junction of graphene and NbSe 2 [START_REF] Efetov | Specular Interband Andreev Reflections in Graphene[END_REF]. Besides transport experiments, scanning tunneling microscope (STM) is another powerful tool to investigate superconductors and superconducting proximity effect, because it can measure the local density of states (LDOS) of materials. Moreover, an ability to move in x-y plane allows this technique to characterize the spatial dependence of DOS. For example, Escoffier and co-authors reported the existence of sub-gap peaks in induced superconducting gap in gold at low temperature [START_REF] Escoffier | Ballistic effects in a proximity induced superconducting diffusive metal[END_REF]. In their study, they made gold patterns with different geometries surrounded by a Nb film. Fig. 3.2 a) and b) are the scanning electron micrograph and the STM images of the sample. In Fig. 3.2 b), the dark region is the gold film surrounded by Nb one (a brighter part). At low temperature, the Andreev retroreflections take place at the Nb/Au interface as discussed before. Consequently, Andreev pairs of electrons and the time-reversed particles are formed in gold regions. The formation of Andreev pairs coexists with the opening of a superconducting gap in non-superconducting gold film, which can be measured by STM. Scanning tunneling spectroscopic (STS) spectra taken on Nb and Au films, show similar superconducting gaps. Besides the superconducting gap, authors also found pairs of symmetric peaks around zero voltage. The origin of these peaks is suggested to be ABS, because they follow well the de Gennes-St.James' description of the energy dependence of the bound states. However, this result is striking, because ballistic features are not expected in gold which is diffusive with a short mean free path of only 22 nm. The same result is also observed in diffusive NbTi/Cu junctions at 1.6 K [START_REF] Levi | Scanning tunneling microscope studies of the superconductor proximity effect[END_REF]. This apparent paradox could be resolved by invoking ballistic trajectories within a single gold grain but this remains a subject of debate.

To sum up, the superconducting proximity effect can be observed in both transport and STM experiments with a well-understood Andreev reflection. Whereas in transport measurements, where the obtained information is global, the ABS can be observed only in a ballistic medium, the local measurement of DOS with STM seems to indicate the local existence of ABS even in a diffusive system. Besides, there is a lack of a STM measurement on superconducting proximity effect in the ballistic regime. Therefore, we set a goal to investigate the superconducting proximity effect induced in graphene by STM. This is the main content of this and the next chapters, which two different approach present two different methods to pattern graphene films.

This chapter is structured as follows. We will start with the introduction of our clean and STM-compatible approach, which employs a novel and resist-free lithography technique. Following the discussion of the fabrication technique, STM images and electronic properties will be presented to search for the superconducting proximity effect in graphene, where we failed to measure the induced gap. To understand the reason of this failure, we made and measured graphene-based junctions in order to estimate the contact resistance. Other difficulties are also discussed in details in our text. The growth of epitaxial graphene films on SiC, (2) the deposition of silica spheres, (3) the evaporation of V/Au bilayers, (4) the removal of silica spheres from our samples.

Our project aims to repeat Escoffier's STM experiments [START_REF] Escoffier | Ballistic effects in a proximity induced superconducting diffusive metal[END_REF] with graphene, which supports ballistic transport. Therefore, it requires to pattern a ballistic graphene film in contact with a superconductor. Here, we found conventional lithography methods with resist layers is inappropriate, because the removal of these layers is imperfect and leaves many residues. In order to preserve the cleanliness of the sample surface, instead of using resist layers and e-beam or photo lithography to pattern the film, we developed a new technique, a sphere lithography, to pursuit our goal. The whole process flow is summarized in Fig. 3.3. As shown, the fabrication starts with SiC substrates, which are produced in our RF-furnace with the recipe discussed in chapter 2 to obtain epitaxial graphene films. Then, silica spheres are deposited on samples either by spin-coating or by dip coating in a sphere-containing solution. These spheres with a diameter of about 2 µm are made of non porous SiO 2 , dispersed in deionized water. Plastic bottles containing dispersed silica spheres are sold by Polysciences Europe GmbH. The concentration of spheres in a pristine solution is about 1.2 * 10 10 spheres/ml. Before using, we dilute it further by mixing few droplets of this solution with isopropanol and stirring strongly the mixture. Then, the solution is ready to dip samples in or to spin-coat them before drying them with a strong flux of dry nitrogen. The density of spheres on the surface of our samples is checked carefully by observing under an optical microscope. The deposition of V/Au multilayer is done afterwards with samples covered with silica spheres, which will be removed in the last step. Whereas the deposited Ti/Au film was fully covering the whole sample surface, the mechanical impact is so strong that some parts of the bilayers has been removed, and the leftover is fragmented.

Silica spheres can be removed simply by shaking samples in an ultrasonic bath. However, the mechanical impact should be limited to avoid tearing the graphene film off and detaching the deposited film from the graphene layer. Fig. 3.5 demonstrates how the powerful ultrasonic shake can damage the deposited Ti/Au film. The Ti/Au film is removed completely in some places of the sample, and the leftover is cracked. Therefore, other attempts have been tried like using a flow of deionized water, or isopropanol projected from a syringe. By changing the force applied to the movable plunger and the size of the orifice of the opening end of the tube, we can vary the flow rate and the power of the projected liquid. We succeeded to obtain small clean areas with this method. However, its low reproducibility limits us to remove spheres from larger areas of samples. Consequently, for samples cleaned in this manner, it is necessary to position the STM tip right above their clean part.

Another way to remove these spheres is to etch them away by dipping samples into BOE (buffered oxide etching) solution, which is often used in microfabrication for the same purpose. The effect takes place in a much larger scale, compared to one obtained by projected a strong stream of liquids. Moreover, this solution is found to be harmless to the superconducting films, because both V, and gold do not react with BOE. Besides, graphene films are believed to be chemically inert to many chemicals [START_REF] Ferrari | Science and technology roadmap for graphene, related two-dimensional crystals, and hybrid systems[END_REF], and indeed after the BOE treatment, we were able to obtain nice STM images of undamaged graphene surface as shown later. Despite the chemically inertness of graphene films and the superconducting films, we still keep the dipping time as short as possible, but long enough to etch away deposited silica spheres. Samples discussed in this chapter are cleaned by using the BOE solution.

Materials

As mentioned above, we need a ballistic graphene film. The ballistic transport can be obtained by suspending the film above the substrate or encapsulating it between two BN films. However, a strong interaction of STM tip and a suspended graphene film can challenge the STM experiment [START_REF] Mashoff | Bistability and oscillatory motion of natural nanomembranes appearing within monolayer graphene on silicon dioxide[END_REF] and the coverage of graphene film by two insulating BN films makes it inaccessible for the STM. Epitaxial graphene films grown on C-face of SiC substrates have properties similar to those of graphene monolayer and they support the ballistic transport, as discussed in chapter 2 and chapter 5. Therefore, this material fits well our goal.

Concerning superconductors, we have different options. On one hand, our evaporator can deposit either aluminum (Al), vanadium (V) or niobium (Nb), which are known as good superconducting electrodes for graphene [START_REF] Allen | Visualization of phase-coherent electron interference in a ballistic graphene Josephson junction[END_REF][START_REF] Ben | Proximity superconductivity in ballistic graphene: from Fabry-Pérot oscillations to random Andreev states in magnetic field[END_REF][START_REF] Lee Gil-Ho | Ultimately short ballistic vertical graphene Josephson junctions[END_REF][START_REF] Komatsu | Superconducting proximity effect in long superconductor/graphene/superconductor junctions: From specular Andreev reflection at zero field to the quantum Hall regime[END_REF]. On the other hand, our collaborator, Bruno Gilles from SiMaP masters the growth of rhenium (Re) film on different substrates, which is also able to induce the superconducting gap into graphene [START_REF] Tonnoir | Spectroscopie tunnel de graphène épitaxié sur du rhenium supraconducteur[END_REF][START_REF] Tonnoir | Induced superconductivity in graphene grown on rhenium[END_REF]. However, because the normal-superconducting phase transition of Al and Re films occurs at very low temperature (below 1.5 K), the characterization in the 1.5 K cryostat cannot provide information about their superconducting property and the proximity effect in graphene. Therefore, we preferred to work with either V or Nb, which become superconducting at temperatures higher than 1.5 K and can therefore be quickly characterized in our He 4 cryostat. In order to have a good contact between graphene and the superconducting materials, an additional layer is usually required. Ti, Pt, Pd can adhere well to graphene and are compatible with superconductors [START_REF] Allen | Visualization of phase-coherent electron interference in a ballistic graphene Josephson junction[END_REF][START_REF] Komatsu | Superconducting proximity effect in long superconductor/graphene/superconductor junctions: From specular Andreev reflection at zero field to the quantum Hall regime[END_REF][START_REF] Mizuno | Suspended Graphene Ballistic Josephson Weak Links[END_REF]. However, the use of HF-containing solution in the last step of the fabrication process can damage Ti and Pt layer, but it is harmless to Pd layer. Therefore, we chose to deposit a thin Pd layer of 3 nm thick on graphene prior the deposition of the superconductor. Then, in order to protect the superconductor against oxidation, a capping layer of Au of 3 nm is evaporated on the superconductor in the last step of the evaporation of metals. Indeed, in some samples, we also tried without the adhesion layer. However, so far, we have not observed any difference between with and without the use of Pd in term of the improvement of mechanical contact between graphene and V, as well as the induced superconducting gap. Therefore, here we will only show the results measured on samples having superconducting V(20 nm)/Au(3 nm) multilayer.

Contrarily to vanadium, we faced a big problem while evaporating Nb on graphene. While Komatsu observed a good contact with a transparent interface between Pd/Nb/Pd stack and graphene [START_REF] Komatsu | Superconducting proximity effect in long superconductor/graphene/superconductor junctions: From specular Andreev reflection at zero field to the quantum Hall regime[END_REF], the adhesion of our Pd(3 nm)/Nb(40 nm)/Au(5 nm) stacks on graphene is poor. By observing the sample right after the deposition of Pd/Nb/Au multilayers under scanning electron micrograph, we can see that these films are delaminated and do not stick to the graphene film. Fig. 3.6 a) is the top-view SEM image and b) is an AFM image of 3.5*3.5 µm 2 . The spheres seen in the SEM image are silica spheres, playing the role of shadow masks during the deposition of metals. The silica spheres were not removed yet from this sample to avoid any additional damage from the used sonication. As shown, instead of staying flat and sticking to the graphene film, the deposited film is curved up in many places. The delaminated film can danger the tip during the scanning process, as the tip can crash into the film if the loop gain is not fast enough to respond to the spatial variation of the morphology. Additionally, the height difference measured by AFM is about 0.6µm, which is close to the whole deformation range of the piezoelectric tube in z-direction of our STM at low temperature.

Characterization of graphene disk

As mentioned above, the goal of using the silica spheres, rather than resist layers is to avoid the resist residues which strongly degrade our graphene films. Besides, the use of silica spheres and its etching process are expected to be clean and harmless to graphene as well as to V/Au bilayers. The characterization by AFM shows that the final sample has the expected pattern with graphene disks surrounded by superconducting (S) bilayers. The cleanliness of the sample is confirmed later by the observation of atomic features of twisted graphene layers. Fig. 3.7 shows AFM images of pristine sample a) and of the final sample b) with profiles displayed in the insets. The flat graphene surfaces observed in these two images are very alike and show the existence of pleats. In Fig. 3.7 a), the two arrows are added to mark the position of the two pleats, which appear as bumps of about 10 nm in the measured profile. Furthermore, a height difference of about 3 nm between two parts indicates that these parts reside on different substrate terraces. All these features can be observed in the graphene disk, as shown in Fig. 3.7 b). Here the blue arrow indicates the position of the boundary between the graphene disk and the superconducting multilayer, while the red one shows the position of one pleat, which crosses the dashed line. In the height profile, the pleat appears as a small bump. The flatness and the pleats observed in graphene disk are typical for graphene grown on C-face [START_REF] De Heer | Large area and structured epitaxial graphene produced by confinement controlled sublimation of silicon carbide[END_REF]. Therefore, we concluded that the fabrication process does not damage our films.

Observation of clean graphene disks

In addition, by scanning along the dashed line, we move from the V/Au films to the graphene disk. The height difference is about 24 nm, very close to the total thickness of the deposited films. Besides, the fact that some pleats can be found in the V/Au part indicates that these films stick well to graphene and follow the morphology of the underneath layer without any significant deformation. The formation of a good contact between V and graphene disks allows us to conduct STM studies of the graphene disks. All the discussed features can be seen in Fig. 3.7 c), which is a room-temperature STM image taken at the boundary of graphene and V. In this image, the transition from graphene disk to the V surface is not as sharp as the one observed in the AFM image. The possible explanation is that the diameter of the STM tip is bigger than the one of the AFM tip. In addition, in the STM image, the observation of a duplicate of the circular edge indicates that we have a double tip, which records the morphology twice during the scanning.

Despite the bad blunt tip, we can obtain STM images with atomic resolution. Fig. 3.8 is a current-constant STM image taken inside the disk at 4.2 K. As seen, there are two periodic patterns with different sizes and hexagonal shapes, as shown by the Fast Fourier Transform (FFT) in Fig. 3.8 b). The small periodic pattern corresponds to graphene lattice, while the larger lattice is a Moiré pattern due to the rotation between two layers. The analysis of the STM image and its FFT provides the size of this Moiré pattern and the rotation angle to be 1.4 nm and 9.9°respectively. A more detailed discussion about Moiré pattern and how we analysed the FFT image can be found later in chapter 5 and 6. At this point, with the observation of graphitic lattice and Moiré superlattice, we are confident that our approach with silica spheres fulfils our requirement to obtain an atomically clean graphene surface, which is surrounded by V/Au bilayers. Therefore, we can now investigate the superconducting proximity effect induced in graphene by measuring characterizing electronic properties of this sample at low temperatures. The current-imaging-tunneling spectroscopy (CITS) is a very powerful tool to investigate the variation of LDOS at the surface. As explained in chapter 1, the CITS is a set of scanning tunneling spectra taken at user-defined points in a x-y plane with the same tunneling conditions. Thanks to this, it is possible to compare the LDOS at a certain energy from place to place. However, a CITS map is a rather long measurement since at each pixel of the map, an entire tunneling spectrum is recorded. As a consequence, if one wants to conserve a good spatial resolution in a reasonable measurement time, the size of the map is usually limited. Therefore, we chose a scanning window of 20 nanometers. Fig. 3.9 a) shows the STM image taken at the boundary between graphene and V/Au regions during the CITS. The scanning area of 20*20 nm 2 encloses a small part of a graphene disk and a part of V/Au films. The profile is shown in the inset, with arrows to mark the edge of V/Au bilayers. The CITS contains 26*26 Scanning Tunneling Spectroscopy (STS) measurements taken at equally spaced points in the scanning area. During each STS measurement, the applied voltage is swept from -2 mV to 2 mV and vice versa. A 40 µV modulation is added to the bias to allow lock in measurement of the local DOS. A lock-in amplifier records the corresponding modulated current at the same frequency, leading to a direct measurement of the tunneling conductance dI/dV. Fig. 3.9 b) is a colour map of the LDOS measured at a zero voltage, which corresponds to the Fermi level. By comparing Fig. 3.9 a) and b), at the Fermi level, the LDOS of graphene is large, but there is a strong suppression of LDOS in the V/Au films. The boundary between the deep blue region and the yellow/green one is relatively sharp and corresponds to the edge of the superconducting bilayers. The suppression of the LDOS in the V/Au film corresponds to the superconducting electronic gap. We expect to observe a similar feature in graphene if the superconductivity is induced by the proximity effect. However, the measured dI/dV curve (red triangles) does not show such feature in graphene (see Fig. 3.9 c). In order to be confident about the origin of this gap in vanadium, we compared the measured data to Bardeen-Cooper-Schrieffer (BCS) theory (solid and dashed blue curves). Before doing so, it is also important to note that we also characterize this sample in our dilution fridge at 50 mK, but we again failed to find the superconducting proximity effect.

Investigation of superconducting proximity effect in graphene disks

BCS fitting

The tunneling conductance between the normal STM tip and a superconducting film is described by the following equation [START_REF] Michael | Introduction to superconductivity-2nd[END_REF]:

G ns = dI dV ∼ ∞ -∞ N s (E) N n (0) [- δf (E + eV ) δ(eV ) ]dE (3.1)
where G ns is the tunneling conductance measured by the STM, f (E) is the Fermi function.

N s (E) and N n (0) are the density of states of the film at the energy E in the superconducting phase, and at E = 0 in the normal phase respectively. The ratio N s (E)/N n (0) again depends on the superconducting gap ∆, which depends on temperature. And if taking into account inelastic scattering, this ratio has the following form [START_REF] Dynes R | Direct Measurement of Quasiparticle-Lifetime Broadening in a Strong-Coupled Superconductor[END_REF]:

N s (E) N n (0) = Re E -iΓ (E -iΓ) 2 -∆ 2 (3.2)
Here, Γ is an indicator of the strength of inelastic scattering events. Therefore, there are three parameters (T, Γ and ∆) to tune in order to obtain a good fit. Among three, T is known from the experiments (T =1.6 K). Then, by tuning the other two parameters, we find two sets of Γ and ∆), which describe well our experimental curve. Using ∆ = 520 µeV and Γ = 0.2 * ∆ (the blue solid curve), the BCS theory describes well the two experimental coherence peaks at ±1 meV, but the predicted electronic suppression of the DOS at the Fermi level is stronger than the measured one. On the other hand, the dashed blue curve ( ∆ = 480 µeV and Γ = 0.37 * ∆) provides a better estimation the LDOS in the superconducting gap, although it does not reproduce well the coherence peaks. Therefore, we suggest that the correct value of the superconducting gap at 1.6 K lies in the range of 480-520 µeV and it is important to include in the model a Dynes parameter with the value varying in the range of 100-180 µeV. In order to understand our STM results, a transport measurement is a complementary technique, which can provide useful information about the electrical contact between V and graphene. We fabricated and measured devices in transfer length method to estimate the contact resistance between V and graphene. The core of this method is to measure the electrical resistance in the two-probe configuration as a function of the length of the graphene ribbon, L, at low temperature. A four-probe configuration from the sample holder allows us to nullify the contribution of external wires from external sources. For instance, in order to measure the electrical resistance of the 300 nm long junction (between electrode 1 and electrode 2), we connected two wires (red lines in Fig. 3.10 a)) to each of the two corresponding contacting pads (pad 1 and pad 2). Then the measured resistance, R meas , is calculated as:

R meas = R graphene (L) + 2 * R c + 2 * R electrode
where L is the distance between two electrodes, R c is the contact resistance and R electrode is the resistance of a contact electrode. Since there are two electrodes at two ends of the device, R c and R electrode need to be taken into account twice if we use two-probe configuration. Here, we assumed that these two electrodes and two contacts are identical to simplify our problem. Below the superconducting critical temperature, the electrodes lose their electrical resistance and leave the measured values to contain only two parameters:

R meas = R graphene (L) + 2 * R c
The electrical resistance of graphene has the following length dependence:

R graphene (L) = R square * L/W
where W is the width of the junction, which is supposed to be constant and where R square is the resistance of a square sheet of graphene. In the end, R meas depends on L as follows:

R meas = R square * L/W + 2 * R c (3.3)
Therefore, by fitting the experimental data with a linear function, the contact resistance and the square resistance of graphene can be estimated as an intersection of the line with y axis and the slope of the line correspondingly. Moreover, the intersection of the fitting line with x-axis provides the value -2*L T , called transfer length. Measuring this length, experimentalists can obtain the specific contact resistance of our device, ρ c :

ρ c = R square * L T 2
The slope of the line is R square /W. Therefore, the square resistance, R square , of the graphite film can be calculated via R c , W and L T :

R square = R c W L T
Then, a specific contact resistance is

ρ c = R c * L T * W (3.4) 
The value of ρ c and the unit width contact resistance R c W (W = 4 µ m for our devices) allows one to estimate the performance of graphene-based electronics devices [START_REF] Robinson | Contacting graphene[END_REF][START_REF] Guo | Record Maximum Oscillation Frequency in C-Face Epitaxial Graphene Transistors[END_REF].

Graphene bars are patterned to be connected to superconducting electrodes by using several lithography steps. As shown in Fig. 3.10 a), in one substrate 5*5 mm 2 we fabricated 6 devices. Each of them contains 6 electrodes and one graphene bar, as shown in Fig. 3.10 b). The size of a graphene bar is 20*4 µm 2 . On the other hand, our six electrodes are connected to graphene via six arms, which are separated from each other. The distance L between two closest arms are varied to allow us to measure the function R meas (L). V and Au (20 nm/5 nm) bilayers are evaporated to create superconducting arms. No heating is used before the evaporation of metals. In the fabrication process of junctions used in transport measurement, we patterned different parts (contact pads, graphene bars, and superconducting electrodes) by lithographies and masks. Therefore, we covered the sample surface with quite various materials (aluminum, resist layers). Among these materials, resist layers are the most worrying ones, because PMMA is difficult to remove completely. We double checked the residues of PPMA and aluminum layer by measuring the surface with atomic force microscope (AFM) and by scanning electron microscope (SEM) having the ability to conduct electron dispersive X-ray (EDX) analysis . Fig. 3.11 a) is a topographic image taken on one side of the graphene bar, with three electrodes. The two distances measured are 0.3 µm and 0.6 µm, as designed. Moreover, the electrodes and the graphene bar are covered with dirts, but SiC substrate are not. However, the topographic image cannot distinguish residues of Al or PMMA layers. This important task can be done easily by looking at a chemical analysis of one dirt found by SEM and by characterizing it with the energy-dispersive X-ray spectroscope. As shown in Fig. 3.11 b), there is no peak corresponding to Al material. It means that these residues are due to the imperfect removal of PMMA. These impurities are believed to be able to degrade the electronic properties of graphene. Therefore, although the transport measurement can provide information about the contact resistance, the measured R c is definitely not the same as one of the resist-free interface between graphene and V of samples used for STM measurement. Having our sample ready, we mounted it on a chip carrier and bonded Al wires to connect the fabricated contacting pads with external electrodes of the chip carrier. Each electrode of the sample is connected to two pads on the chip carrier in order to get rid of the wiring resistance of the cryostat by a true four wires measurement from the sample holder.

Characterization of the devices

The R(T ) measurement of a 300 nm long junction in the temperature range 2-4 K is shown in Fig. 3.12 a). Interestingly, there are two transitions. The strongest suppression of the measured resistance takes place at 3.1 K and brings R from about 500 Ω to 150 Ω. Besides this main jump, there is another gradual reduction of R from 150 Ω to 100 Ω happening from 3 K to 2.5 K. By cooling further from 2.5 K, the slope of the R(T ) is decreased. We attributed the first sharp transition as the superconducting transition of our V/Au bilayers. The second transition is less understood, as it can originate from the proximity effect of any non-superconducting parts in our devices. Whatever the origin of this transition, the measured non-zero resistance indicates that our graphene bar remains non-superconducting at 2 K.

Despite the non-zero resistance of our junction at 2 K, the zero resistance of the V film allows us to estimate the contact resistance by checking the length dependence of R meas , as described in Eq. 3.3. We found two working devices. In each device, we injected a constant current of 1 µA into graphene via different pairs of electrodes having different separation L. The measured voltage drops between these electrodes allow us to find the corresponding resistance R meas , which are plotted in Fig. 3.12 d). While the data for sample 1 are quite scattered, the data for sample 2 are more regular. Therefore, we were able to fit the measurement of the device 2 with a linear function, presented as the black solid line, which meets the x and y-axis at around -0.2 µm and 50 Ω. It means that for this device, R c is about 25 Ω and L T is 0.1 µm. Having these numbers, we found R square = 1000 Ω/square, ρ c = 10 -7 Ω * cm 2 and R C W = 100 Ω.µm (W = 4 µm). Comparing these values to the reported one of the contact between Ti and graphene reported by Robinson and Guo for graphene transistors [START_REF] Robinson | Contacting graphene[END_REF][START_REF] Guo | Record Maximum Oscillation Frequency in C-Face Epitaxial Graphene Transistors[END_REF], the contact existing in device 2 is in the state of art.

Discussion

The superconducting property of V film follows the BCS theory. Firstly, by fitting our STS spectrum measured in V/Au films at 1.6 K with BCS formula, we found a superconducting gap to vary in the range of 480-520 µeV. Besides, the transport measurement shows that the phase transition of the bilayers occurs at about 3.1 K. Using these numbers, we got the ratio ∆/(k B * T c ) to vary from 1.8 to 1.95, which is acceptable in BCS theory. But comparing to another report, we noted a suppression of the superconductivity of our V film. Brewster and co-authors measured the thermal dependence of the superconducting gap of V by an ultrasonic measurement [START_REF] Brewster | Ultrasonic determination of the superconducting energy gap in vanadium[END_REF]. The critical temperature and the superconducting gap were varying from one sample to another. At 1.6 K, they found a superconducting gap of 700 and 850 µeV, belonging to samples with T c of 4.76 K and 5.28 K, respectively. Therefore, at the same temperature, the measured ∆ and T c of our film is about 1.3-1.7 times smaller than those measured by Brewster. We recall that Vanadium is covered by 5 nm thick protection layer of gold. One could therefore wonder whether this layer could affect the measurements. Here, two situations could happen. If this interface is a low-transparency tunneling barrier, then the gap, ∆, measured in the top gold layer could be strongly reduced compared to the superconducting gap in vanadium. However, transport measurements would remain dominated by the vanadium alone. This would lead to a high T c and a ratio ∆/T c much smaller than the BCS value. We can therefore rule out this scenario. The opposite situation, with a highly transparent V/Au interface could lead to an inverse proximity effect and depressed values of both T c and ∆. An estimated value of the T c , according to [START_REF] De | Boundary effects in superconductors[END_REF], can be obtained in the Cooper limit by BCS formula with an effective potential. We find a decrease of only 2% of T c , which is 5.38 K [START_REF] Soulen R | Influence of screening on the superconductive transition temperature[END_REF][START_REF] Charles | Introduction to Solid State Physics[END_REF] (data are extracted from Ref. [START_REF] Soulen R | Influence of screening on the superconductive transition temperature[END_REF] for vanadium and from Ref. [START_REF] Charles | Introduction to Solid State Physics[END_REF] for gold ). In conclusion, the gold overlayer cannot be taken for responsible for the depressed superconducting properties of vanadium but must be due to the quality of our vanadium itself.

It is also interesting to estimate the characteristic length of the proximity effect given the properties of graphene. While travelling in normal metals, the coherence of electronhole Andreev pairs can be lost once the travelling distance is longer than the coherence length ξ, which is calculated as following:

ξ ballistic = v F / (3.5)
for ballistic normal metals, with v F is the Fermi velocity (about 10 6 m/s for graphene) or:

ξ dif f usive = D / (3.6)
for diffusive systems. In the latter, D is a diffusion constant of electrons in graphene, which can be found via the electronic mobility by using the Einstein equation [START_REF]Diffusion coefficient, correlation function, and power spectral density of velocity fluctuations in monolayer graphene[END_REF]:

D = µE F /(2 * e) with E F = v F √ πn s (3.7)
It is believed that the typical value of µ for graphene grown on C-face of SiC is about 18000 cm 2 /(Vs) [START_REF] Hu | Structured epitaxial graphene growth and properties[END_REF]. Furthermore, n s stays between 10 10 cm -2 and 10 12 cm -2 , depending on how far the graphene layer stays from the substrate [START_REF] Sun | Spectroscopic Measurement of Interlayer Screening in Multilayer Epitaxial Graphene[END_REF]. Then, we found D to vary from 105 cm 2 /s to 1050 cm 2 /s.

In the denominator of Eq. 3.5 and Eq. 3.6, is either the energy E of Andreev electron and hole, or the thermal energy 2π * k B T (860 µeV at 1.6 K and 27 µeV at 50 mK). Because of the inverse relation between ξ and , the highest value of the energy (electronic or thermal) determines the length scale of the proximity effect. Since ∆ is about 500 µeV, the thermal excitation is the limiting factor at 1.6 K, but not at 50 mK. According to Eq. 3.5 and Eq. 3.6, we get the scale lengths of 1 µm (580 nm) and at least 100 nm (76 nm) in ballistic and diffusive regimes at 50 mK (at 1.6 K) correspondingly. As a consequence, even in the most unfavourable situation with disordered graphene, the spatial and energy resolution of our STM set-up should allow us to detect a significant proximity effect in graphene, which is unfortunately not the experimental situation.

However, all these arguments do not take into account the quality of the interface, the size of the tip as well as the inhomogeneity of our graphene film. In reality, a low transparency interface between vanadium and graphene may suppress significantly the proximity effect. The finite size and the form of the tip limits the ability of the STM tip to approach the boundary. And the graphene layers probed with the STM may not be all connected to the Vanadium.

The imperfection of the interface between graphene and V: In reality, the probability of the Andreev reflection does not equal to unity, depending on the transparency of the interface, which is determined by a parameter Z, a potential barrier [START_REF] Blonder | Transition from metallic to tunneling regimes in superconducting microconstrictions: Excess current, charge imbalance, and supercurrent conversion[END_REF]. For Z = 0, there is no barrier and incoming electrons with energy smaller than the superconducting gap can transmit through via Andreev reflections. On the normal side, electrons and Andreev-reflected holes stay coherent and the proximity effect exists with the length scale ξ as discussed above. Once Z is high enough, the probability of Andreev reflections becomes small [START_REF] Blonder | Transition from metallic to tunneling regimes in superconducting microconstrictions: Excess current, charge imbalance, and supercurrent conversion[END_REF]. At some points, the interface becomes a perfect barrier so that all electrons with energy in the range [-∆ ∆] cannot penetrate the barrier, and the proximity effect is quenched completely. Therefore, it is critical to obtain an interface with Z=0, but unfortunately, this parameter is uncontrollable, and depends strongly on the fabrication process.

Despite our inability to manipulate Z, we are still able to estimate it. The estimation of Z requires the knowledge about the contact resistance per quantum mode between graphene and Vanadium. According to the paragraph 3.4.2, the contact resistance is 25 Ω for an area of the order of W * L T (0.4 µm 2 ). However, this model assumes that the current path is either in vanadium or in graphene, once the interface is crossed. This model is adapted for 3D layers (i.e. much thicker than the Fermi wavelength) but may not be suited for our samples where the conductance is dominated by the upper graphene layer which is only one atom thick. In this situation, a linear contact resistance is more appropriate and one finds R c to be 10 -2 Ω.cm. If one assumes a Fermi wavelength in vanadium of 10 -10 m, this leads to a resistance per channel of 2 MΩ, much higher than the quantum resistance (25 kΩ). Such a high contact resistance per channel forbids any proximity effect. However, the fabrication technique for the TLM device relies on lithography technique and resist residues may degrade the contact resistance. This issue is not expected in the samples probed by STM which are realized with the silica spheres as shadow masks for which we were not able to determine the contact resistance.

The finite size of the STM tip: Experimentally, the STM tip may not have either a conical form nor a size of a few nanometres. In most situations, the apex of the tip has a spherical form with a radius in the order of 100 nm. Then, we have a shadow region with the same size, as sketched in Fig. 3.13. The actual interface between graphene and vanadium may be 100 nm away from the imaged one, a distance which could be too large if the superconducting proximity effect is weak.

The indirect connection between probed layers and the V film: Another issue could come from the variation of the number of graphene layers as illustrated in Fig. 3.13. Possible mechanical stress due to the metal contact may break the uppermost graphene layer, which might be hidden in the shadowed region. In such a situation the proximity effect in the probed area would only be induced by the tunneling coupling from the graphene layers underneath. Then, the chance to probe the superconducting gap would be even lower, as the out-of-plane coupling in multilayer is rather weak. Figure 3.13: Some possible technical problems: a finite size and a spherical form of the STM tip result in shadowed area, that the STM tip cannot reach. Moreover, the layer probed may not have a direct connection to the superconducting layer. The x,y axis is not in the same scale, and we also exaggerated the size of the tip.

Although it is impossible to control well the interface between V and graphene, we may naively think that the interface depends on the nature of the two materials, which stay in contact. Therefore, by changing to another superconductor, we may have a better interface. Among our other options, Nb is another superconductor with high T c , whose contacts with graphene is demonstrated to be able to induce proximity effect [START_REF] Komatsu | Superconducting proximity effect in long superconductor/graphene/superconductor junctions: From specular Andreev reflection at zero field to the quantum Hall regime[END_REF]. First attempts to deposit Nb on graphene failed, because of a poor adhesion between evaporated Nb film and graphene. Therefore, we have developed a new approach to overcome this issue. This will be described in the next chapter.

Conclusion

In order to study the superconducting proximity effect in ballistic regime, we used sphere lithography to fabricate graphene disks surrounded by a superconductor. The goal to obtain very clean and STM-suitable sample surface is fulfilled, as shown by STM images in graphene regions. However, we could not find any evidence of induced proximity in graphene in our tunneling spectra despite that the superconductor seems to behave well. We strongly believed that the quality of the V/graphene interface as well as the size and the form of our STM tip are the main obstacles. Moreover, we also fabricated samples for transport measurement in order to characterize the interface between superconducting stacks and graphene. The measured results show a relatively good contact between our vanadium and graphene. However, the removal of resists is incomplete and left many residues on graphene surface. Therefore, unfortunately, the found results could not answer the question about the quality of graphene/superconductor interface. Besides, Nb is another possible option to replace V. However, despite the failure to deposit Nb directly on graphene, we found a new interesting approach, which will be discussed in the next chapter.

Chapter 4

Simultaneous growth of NbC and graphene multilayers 4.1 Introduction

NbC material and its applications in bolometer devices

Niobium is a transition metal, with a melting point of about 2500°C. Nb has a bodycentered cubic structure with a lattice constant of 0.33 nm. NbC is an alloy of Nb and C. It has a rock-salt structure with a lattice constant of about 0.447 nm, depending on the amount of C atoms [START_REF] Storms | The variation of lattice parameter with carbon content of niobium carbide[END_REF]. Moreover, the mass densities of the two materials are 8.57 g/cm 3 for Nb and 7.82 g/cm 3 for NbC. Thus, a conversion of a Nb film into a NbC one having the same surface area leads to an increase of the thickness of the film by 1.2 times [START_REF] Detavernier | Thin film solid-state reactions forming carbides as contact materials for carboncontaining semiconductors[END_REF].

Concerning the electrical properties, both materials are metallic, and have superconducting phases at low temperature. Therefore, they can be used in astronomical devices to detect high-frequency radiations (above 1 GHz) [START_REF] Karasik | Diffusion cooling mechanism in a hotelectron NbC microbolometer mixer[END_REF]. These devices are called hot-electron bolometer, because the electromagnetic energy is converted into thermal energies of electrons. The measurement of the electronic temperature can reveal the absorbed radiation. Then, electrons need to relax back to their initial states, in other words, they need to cool down to the temperature of the environment. The cooling mechanism can be either phonon assisted or can be due to the diffusion of electrons, depending on the size of the devices. For micronsize devices, the electron-diffusion cooling dominates the cooling. In the electron-diffusion regime, the cooling time, or the relaxation time depends on the properties of the used material, as described via the following formula:

τ dif = L 2 /(π 2 D).
Here, L and D stay for the length , and the electron diffusion constant of the film. D can be calculated via the electrical resistivity: D -1 = e 2 ρν , with e -the electronic charge, ρ -the electrical resistivity and ν -the density of electronic states. Besides, D can also be calculated via the slope of the thermal dependence of the upper critical magnetic field

H c2 : D = (4k B /πe)(dH c2 /dT ) -1 |T =Tc (4.1)
The response of the detector will therefore be faster if a material of a high diffusivity is used. A trade off must however be found because a material of a too high diffusivity would lead to problems in matching the RF impedance of the bolometer to that of the planar antenna. This is why rather than decreasing the resistivity to improve the cooling speed, it would be better to use a material having a small value of ν . For this reason, NbC films are more favourable than Nb ones, as discussed by Karasik and his collaborators [START_REF] Karasik | Diffusion cooling mechanism in a hotelectron NbC microbolometer mixer[END_REF]. In their experiments, the best sample was made by using a laser beam to evaporate Nb atoms in a hydrocarbon environment onto polished sapphire substrates. By characterizing the relaxation time in devices with different lengths, and the noise temperature limit, these authors demonstrated that a high-quality NbC film can be used as a mixer with bandwith above 2 GHz.

Besides the application as bolometers, NbC can be used in other devices, like parts of industrial devices in power engineering or superconducting RF cavities [START_REF] Dubitsky | Superhard superconductor composites obtained by sintering of diamond, c-BN and C60 powders with superconductors[END_REF]. Depending on the applications, certain physical properties of a NbC film need to be enhanced, like its hardness, its critical magnetic field, or its electrical resistivity. One of the possibilities to modify this material is to embed other materials, like carbon materials, into the film. Dubitsky obtained a NbC film containing diamond crystallites by sintering diamond micropowders with Nb powders and annealing them at 1973 K under a pressure of 7.7 GPa [START_REF] Dubitsky | Superhard superconductor composites obtained by sintering of diamond, c-BN and C60 powders with superconductors[END_REF]. The XRD patterns of the final product show the existence of both diamond and NbC, which are bonded together in the final product. The mixing of diamond and NbC leads to a significant enhancement of the hardness of the film (from two to four times higher than the value of the pure film). The enhancement of the fracture toughness of the NbC film embedded with carbon nanotubes (CNTs) is reported by Zhang and collaborators [START_REF] Zhang | Aligned carbon nanotubes sandwiched in epitaxial NbC film for enhanced superconductivity[END_REF]. CNTs bridges the propagating crack created by indenting diamond indenter into the film. In addition, these tubes play a role of impurities to pin vortices generated by an external magnetic field at low temperature. In their reports, these pinned vortices enhance the critical field H c2 of the film (from 3 T to 5 T at 4.2 K). The conversion of Nb to NbC film is achieved by an annealing process in an ethylene environment.

Possibility to grow graphene and NbC in one single step

Besides possibilities to obtain NbC by using pure carbon sources, like diamond powders or ethylene gas, this material can be formed by annealing a Nb film deposited on SiC substrate. At high temperature, a SiC substrate and a deposited Nb film exchange their atoms via an inter-diffusion process and a solid state reaction occurs. In the past, this solid reaction attracted a lot of interest, and the composition of the final product annealed at different temperatures have been studied by different research groups. For example, by investigating the composition of the films annealed at high temperatures (1000°C-1200°C by Chou et al. and 1200°C-2000°C by Burykina et al.), both two groups found that at these conditions, both the carburization and silicidation of Nb occur and result in many compounds: NbC, Nb 2 C, Nb 5 Si 3 , Nb 5 Si 4 C, NbSi 2 [START_REF] Burykina | Investigation of the interaction of silicon carbide with refractory metals and oxides[END_REF][START_REF] Chou | High temperature interfacial reactions of SiC with metals[END_REF]. Therefore, instead of containing only one compound, the final product is quite dirty with various materials. Probably, this is the reason why there is a lack of studies on the superconducting properties of films produced in this way. It needs to be mentioned that Chou used a rather thick film (1 µm thick), and probably the film studied by Burykina has the same thickness. Therefore, the purity of the annealed film might be different in a thinner film (about 20-40 nm thick).

On the other hand, experts in the field of graphene can recognize that the annealing conditions studied by Chou and Burykina allows the growth of high-quality graphene films on SiC substrates. However, the problem with the poor adhesion of Nb and graphene, as mentioned in chapter 3, can be overcome by depositing Nb on SiC and annealing samples at high temperature. Then, probably at the same time we can obtain both superconducting NbC and graphene. Despite the interest of this approach, we cannot find any publication on the quality of a NbC film and a graphene film produced in this way. Therefore, we found a great interest to try this approach. In order to characterize the properties of NbC films, we employed electrical measurements, X-ray diffraction (XRD) and Raman spectroscopy. Moreover, transmission electron microscopy (TEM), scanning electron microscopy (SEM) and atomic force microscopy (AFM) provided helpful information about the morphology of the annealed samples. Alexandre Artaud, a PhD student working in CNRS, conducted and analysed the Raman experiments. TEM characterizations were done by Hanako Okuno and Nicolas Mollard, from CEA/INAC/SP2M. Last but not least, Stephanie Pouget helped us to perform and analyse XRD studies. The whole fabrication process is summarized in Fig. 4.1. As shown, we again used silica spheres as masks during the deposition of Nb layer. The deposition of silica spheres was done on bare SiC substrates by dipping the substrates into a sphere-containing solution. The preparation of this solution was discussed in detail in chapter 3. Then, a Nb layer was evaporated onto the SiC substrates with a high evaporation rate (about 0.75 nm/s). After that, we removed silica spheres by shaking our samples in an ultrasonic bath for a short duration to get SiC disks surrounded by a Nb layer. Then, the samples were annealed in our RF-furnace. As discussed before, we annealed our samples either in vacuum, or in argon atmosphere. The details of these annealing processes are shown in Fig. 4.2

Fabrication process

The annealing process in vacuum consists of many steps, as shown in Fig. 4.2 a). Firstly, the whole furnace is annealed up to about 1140°C and is held at this temperature for 30 minutes in vacuum to clean the sample surface. Then the temperature is ramped up to the growth temperature in three hours. Once the temperature of the furnace reaches its set point, it is kept constant for about 18 minutes before the cooling process.

Like the annealing process, the cooling process consists of different cooling sub steps: a slow cooling to 1140°C, then hold for 30 minutes, and a final cooling step to room temperature. The goal of having a slow ramp up step to the set point and slow cooling step from this point is to obtain a high quality and relaxed annealed film. However, the long duration at high temperature can result in a thick graphite film in the patterned disks [START_REF] Van Bommel | LEED and Auger electron observations of the SiC (0001) surface[END_REF]. Nevertheless, since the graphitic films grown on the C-face contain rotated layers, which are uncoupled to each other and behave as monolayer, the thickness of the grown graphitic films should not raise a big problem for us, once they maintain a good electrical contact to the superconductor. We also have tried to grow graphene in gaseous environment, as shown in Fig. 4.2 b). All parameters, like ramping and waiting time are kept the same, as discussed previously. Again, there are different steps in order to degas the sample surface (1), to clean the SiC surface by etching in gas mixture (2), and to grow graphene [START_REF] Ferrari | Science and technology roadmap for graphene, related two-dimensional crystals, and hybrid systems[END_REF]. The details can be found in chapter 2. It is worth noticing that samples annealed in vacuum were not etched in gas mixture, but those annealed in gases were. As discussed later about the morphology of the two samples, we will show you that this etching step is important.

Scanning electron microscopic (SEM) images were taken quickly on samples before and after the annealing, as shown in Fig. 4.3. In pristine samples, there are circular black regions surrounded by gray ones. Because we used silica spheres as masks during the evaporation of Nb on SiC substrates, once removed by ultrasonic shakings, the black regions are SiC disks surrounded by a flat and continuous Nb film. We noted that SiC disks are featureless because of their flatness. There are white clusters staying dispersed with different sizes in different part of the sample. They are probably dirt or impurities deposited during previous steps, like the deposition and the removal of spheres.

The morphology of the sample is changed significantly after the thermal treatment. Whereas the Nb film becomes granular, thin lines appear in our disks. Since the chosen recipes are those for graphene growth, we attributed these lines to pleats of graphene films. However, it requires more characterizations to understand what happens during the annealing process and whether our samples suit well to the studies of the superconducting proximity effect by STM.

Characterizations

Methods

Our samples were characterized with different methods: transport measurements in four probe configurations with Physical Properties Measurement System (PPMS), X-ray diffraction (XRD), scanning electron microscopy (SEM), scanning transmission electron microscpy (TEM/STEM), Raman spectroscopy, scanning tunneling spectroscopy, and atomic force spectroscopy (AFM).

Electrical characterization: In order to characterize the superconductivity of our annealed films, we measured the thermal dependence of the electrical resistance, R(T ) curves, by using PPMS in the temperature range from 300 K to 1.6 K. Samples were glued on the sample holder by GE varnish to have a good thermal contact with the thermometer of the chip carrier. Then, four wires were connected to four different corners of the samples. For the measurements, we injected a DC current of 100 µA along one side of the sample and measured the voltage drop along the opposite side. In order to estimate correctly the electrical resistivity, the measurements were repeated in a reciprocal configuration by permuting the voltage and current source leads, and also in a configuration with the reversed polarity, as recommended by Van der Pauw [START_REF] Van Der Pauw L | A method of measuring specific resistivity and Hall effect of discs of aribtrary shape[END_REF]. Magnetic fields were applied perpendicularly to our samples to obtain the field-dependence R(T ) curves, from which we were able to estimate the Ginzburg-Landau coherence length of our superconducting films.

Raman spectroscopy: For the Raman measurements, a circularly polarized Arlaser (λ = 514.5 nm) at 1 mW of power was used as a probe and the scattered light was dispersed by a Jobin-Yvon T64000 spectrometer and collected by a CCD detector. The spatial resolution was better than 1 µm, and the spectral resolution was about 1 cm -1 .

XRD spectroscopy: For XRD characterizations, we used a PANalytical Empyrean diffractometer equipped with a cobalt anode (λ K α1 = 1.7890 Å, λ K α2 = 1.7929 Å) with an iron filter to reduce the K β contamination, a Göbel mirror and a 2D-Pixcel detector. The TEM/STEM characterizations were performed with Titan Themis and Titan Ultimate microscopes. Whereas TEM images can give very high-resolution images of graphitic layers, STEM mode is found to better resolve atomic structure of NbC films. The whole preparation process is explained in Fig. 4.4. For TEM/STEM studies, specimens need to be extracted from our sample by etching with a focused ion beam (FIB). Before this etching step, a protection layer is required to protect the sample surface against possible damages happening during the preparation. We tried two methods, to protect the surface of our samples: either by using only SiO 2 and W bilayer or by using the stack of Ni/SiO 2 /W. In both methods, SiO 2 and W are locally deposited in situ prior to the etching process with FIB. For the second method, the Ni layer is evaporated ex situ on the whole sample prior the deposition of the last two layers. We found that the addition of 20 nm thick Ni layer protects the sample surface better, because this layer protects the graphitic layers on different places. After the deposition of the protection layers, we extracted an interesting piece of the sample by focusing the ion beam under an angle to etch the substrate from two sides. Once, the etching is done, the specimen is free and ready to be transferred to a sample holder. Once, the specimen is glued on the sample holder, it will be thinned out until its thickness is small enough (10-100 nm), so that electrons can penetrate it [START_REF] Oura | Surface Science-1st ed[END_REF].

By travelling through the specimen, electrons with high energies (about 80-100 keV) are scattered by ions. An imaging device, like a fluorescent screen or a CDD camera is put behind to collect transmitted electrons. The contrast of TEM images comes from the different thickness of different regions, and from the nature of ions. The heavier the ions are, the more electrons are scattered and the darker the image becomes. Therefore, in a TEM image of specimens with a homogeneous thickness, atoms having small atomic numbers, like Si, C, scatter less electrons than heavier ones, like Nb, Ni do. Furthermore, TEM allows users to observe atoms and crystallographic planes. By obtaining the high resolution images of crystallographic planes, one can visualize the interface between two materials, like the epitaxy of one with respect to the other. Therefore, we conducted TEM experiments for two important goals. Firstly, we wanted to obtain cross-section images of our films to verify whether graphene films in the disks are well connected to the superconducting NbC film. Secondly, a careful analysis of NbC crystals informed us about the epitaxy of this layer with respect to the underneath substrate. The thermal dependence of the electrical resistance (R(T ) curves) of two samples: one annealed in vacuum at 1360°C (S1) and the other annealed in Ar atmosphere (S2) are presented in Fig. 4.5 a). It is important to note that the deposited Nb films on these two samples are 40 nm thick. As shown, both two films have superconducting phases at low temperature but at slightly different critical temperatures. In zero-field, while S1 becomes superconducting at 12 K, the transition of S2 takes place at 11 K. The phase transition happens abruptly in S1, but more gradually and lasts for about 500 mK in S2.

In applied external magnetic fields, the phase transitions of two samples become broader, and are shifted towards lower temperatures. For both samples, the H c2 (T ) curves show a linear dependence, which can be fitted by H c2 (T ) = -0.15 * T (K) + 1.8 and H c2 (T ) = -0.26 * T (K) + 2.9 for S1 and S2 respectively. The intersections of these two lines with the y-axis give 1.8 T and 2.9 T for H c2 at 0 K for S1 and S2 respectively. This is however a slight overestimation since H c2 is expected to saturate at very low temperature [START_REF] Michael | Introduction to superconductivity-2nd[END_REF]. Furthermore, inserting the slopes of the H c2 (T ) curves in the formula

ξ GL = ( Φ 0 2πT c ∂H c2 /∂T ) 1/2 [40]
, with Φ 0 , the fluxoid quantum, we found the values of their Ginzburg-Landau coherence lengths to be 13.5 nm and 10.6 nm, respectively. The solid state reactions at high temperature produce NbC, NbSi 2 [START_REF] Burykina | Investigation of the interaction of silicon carbide with refractory metals and oxides[END_REF] and probably leave some Nb material untouched, if the diffusion is too slow. In fact, more complicated compounds can exist with the combination of all three elements, for example NbSi y C z . However the T c is close to that of NbC. As demonstrated below the other characterization techniques indicate that indeed NbC is the only product of the reaction containing niobium.

Observation of phonon modes of NbC material

Fig. 4.6 shows a Raman spectrum taken on a Nb-covered part of S1. It is expected to find sharp and strong peaks belonging to different vibration modes (planar acoustic (PA), planar optical (PO) and transverse optical (TO)) of the SiC substrate. Besides the contribution of molecules existing in the air, which results in the appearance of peaks at low frequency shifts (marked with asterisks), there are some other features at about 200 cm -1 , 400 cm -1 , 600 cm -1 and 800 cm -1 to be identified. Interestingly, we found that all these features come from the high quality NbC material, but not from any silicide compounds of niobium.

The NbC compound has been studied by Raman spectroscopy to investigate its peculiar phonon properties [START_REF] Spengler | First and second order Raman scattering in transition metal compounds[END_REF][START_REF] Wipf | Vacancy-Induced and Two-Phonon Raman Scattering in ZrCx, NbCx, HfCx, and TaCx[END_REF]. Due to quasi-momentum conservation in crystals, Raman spectroscopy is usually used as a probe for optical phonons with zero-momentum. However, since NbC crystals are prone to contain C vacancies, quasi-momentum conservation is broken. Both acoustic (A) and optical (O) phonons over the whole Brillouin zone are therefore activated in a Raman process, as revealed in early Raman studies [START_REF] Spengler | First and second order Raman scattering in transition metal compounds[END_REF]. This results in doublets centred respectively on 170 and 230 cm -1 , and 570 and 620 cm -1 . These values are slightly lower than those reported earlier, indicating a global softening of NbC phonons, which can be interpreted as a lower C vacancy concentration [START_REF] Wipf | Vacancy-Induced and Two-Phonon Raman Scattering in ZrCx, NbCx, HfCx, and TaCx[END_REF]. Moreover, the low vacancy concentration also leads to the appearance of additional broad peaks around 370 and 790 cm -1 [START_REF] Wipf | Vacancy-Induced and Two-Phonon Raman Scattering in ZrCx, NbCx, HfCx, and TaCx[END_REF], which correspond to the combination of multiple phonon (acoustic and optical) Raman processes, and are thus labelled as 2A, O-A and 2O. The same results about peaks of NbC were also obtained for the sample annealed in gases.

High quality and epitaxial NbC film

Besides Raman spectroscopy, XRD spectroscopy is another powerful technique in material science, as it is sensitive to the existence of other crystalline structures and materials.

In addition, TEM and STEM micrographs can visualize the arrangement of atoms and crystallographic planes of different materials.

Observation of stoichiometric NbC films Fig. 4.7 a) shows θ -2θ curves of S1 and S2 measured in a symmetric configuration. With this measurement, we obtained information about compounds existing in our film, as well as the preferential orientation of their grains by analysing the measured peaks of θ -2θ curves. As we annealed our deposited Nb film at the conditions which is suitable for graphene growth, we expect to be able to observe diffraction peaks of Nb compounds, of SiC substrates as well as of graphitic materials. For Nb compounds, NbSi 2 and NbC can exist and provide peaks staying at 29.48°, 46.75°and 54.9°(for NbSi 2 ), 40.7°, 47.36°and 83.52°(for NbC) by probing with a Co radiation. However, in addition to SiC peaks and peaks belonging to graphitic material, we only found peaks of NbC material. All the peaks observed in Fig. 4.7 a) and theirs origins are summarized in table 4.1. Because there is no peak of NbSi 2 , our XRD measurement corroborates well the conclusion drawn from Raman spectra except if the silicide compound is very disordered.

Besides the information about the existence of NbC, we can extract the lattice con- Moreover, n is an integer, which is equal to 1 for XRD experiments. Then, having the spacing between two neighbour planes (hkl), we were able to find the lattice constant of the crystal. For a cubic system, the relationship between the spacing d of two planes (hkl) and the lattice constant a is

d hkl = a (h 2 + k 2 + l 2 )
A more detailed analysis of the peak NbC [START_REF] Natterer | Scanning tunneling spectroscopy of proximity superconductivity in epitaxial multilayer graphene[END_REF] gives the spacing d of the planes (111) to be 2.5767 Å. Then, the corresponding lattice constant of our NbC is 4.463 Å, which corresponds to a stoichiometric NbC film. If the ratio C:Nb is less than one, we should have a reduction of the lattice constant, as reported by Storms and co-authors [START_REF] Storms | The variation of lattice parameter with carbon content of niobium carbide[END_REF]. The same value of the lattice constant is also found by analysing STEM images of NbC film, as discussed later.

The epitaxy of NbC films with respect to SiC substrate As shown in Fig. 4.7 a), by measuring in a symmetric configuration, we obtained many diffracted peaks of NbC materials. Among these peaks, one belonging to the planes [START_REF] Natterer | Scanning tunneling spectroscopy of proximity superconductivity in epitaxial multilayer graphene[END_REF] is the strongest. In the axis perpendicular to the interface, the orientation [START_REF] Natterer | Scanning tunneling spectroscopy of proximity superconductivity in epitaxial multilayer graphene[END_REF] is preferential, but there are also other allowed orientations, like [200] and [311]. Moreover, this result is supported further by the measurement of the [START_REF] Natterer | Scanning tunneling spectroscopy of proximity superconductivity in epitaxial multilayer graphene[END_REF] rocking curve (see Fig. 4.7 b)). The peak of this curve is sharp with a full width at half maximum of 0.16-0.17°. From these measurements, we concluded that the main growth direction of NbC grains is along the [START_REF] Natterer | Scanning tunneling spectroscopy of proximity superconductivity in epitaxial multilayer graphene[END_REF] orientation.

In addition to the characterization of the out-of plane orientation, the investigation of the in-plane arrangement of NbC film with respect to the underneath substrate can be performed with XRD method. For this, we measured the φ scan of the reflection [311] and [1019] of NbC and SiC, because these vectors can be written as following: This conclusion is supported by analysing the high-resolution STEM image, as shown in Fig. 4.8 a). The bright upper part belongs to NbC material, and the dark one is SiC. In both parts, the crystallographic planes are visible as parallel planes with different spacings. The identification of the indexes of these planes is done by estimating these spacings from FFT signals (see image b) and c)). For the horizontal crystal planes of NbC and SiC, their estimated spacings are 2.58 Å, and 2.52 Å correspondingly. Therefore, we attributed these horizontal planes to [START_REF] Natterer | Scanning tunneling spectroscopy of proximity superconductivity in epitaxial multilayer graphene[END_REF] for NbC and (0006) for SiC. And as shown, these two planes are parallel, as expected. Furthermore, from the FFT images, we are also able to identify another pair of planes, which correspond to d=0.158 nm for NbC(011) and 0.154 nm for SiC(2110). So, again the epitaxy between these two materials is observed, but in a configuration different from one found by XRD characterization. This is understandable, because of the broad distribution found in the φ scan of NbC [311] Other materials in our samples Besides diffraction peaks of NbC material, we also found peaks of SiC and graphitic layers, as listed in Tab. 4.1. The existence of hexagonal SiC crystals and graphitic layers are well understood, because we chose the annealing conditions suitable for graphene growth on SiC from the beginning. However, in S2, besides these materials, we found cubic phase of SiC with a grain size of 30 nm. In this phase, the lattice constant of the crystal is 4.08 Å. The fact that this material does exist in S2 but not in S1 may originate from the differences of the annealing conditions. While the highest temperature of the annealing process of S1 is 1340°C and it happens in vacuum, S2 is annealed at maximum about 1500-1600°C, and in atmospheric pressure. As reported by Yoshida and Onodera [START_REF] Yoshida | Pressure-induced phase transition in SiC[END_REF], the phase transition from 3C and 6H SiC to rocksalt type occurs at very high pressure (above 90 GPa). We found graphitic materials covering the SiC and NbC surfaces for both S1 and S2, but only show the results obtained for S1 here. In Fig. 4.9 a), the most intense one-phonon peaks of SiC are compared for the same sample, on an area that is either covered or uncovered with a 50 nm thick layer of NbC. In both cases, the three most intense Raman peaks of 4H-SiC [START_REF] Feldman | Phonon dispersion curves by Raman scattering in SiC, polytypes 3C, 4H, 6H, 15R, and 21[END_REF][START_REF] Burton | Spatial characterization of Doped SiC Wafers[END_REF] are measured: planar optical (PO) phonon E 2 peak at 776 cm -1 , transverse optical (TO) phonon E 1 peak at 797 cm -1 and longitudinal optical (LO) A 1 peak at 967 cm -1 . The E 1 (TO) peak is found 92 % weaker for SiC covered with NbC. Since NbC has a penetration depth of 23.1 nm for λ = 514.5 nm [START_REF] Wipf | Vacancy-Induced and Two-Phonon Raman Scattering in ZrCx, NbCx, HfCx, and TaCx[END_REF], attenuation due to a 50 nm slab of NbC should result in a 97 % reduction of the scattered light. This is in a good agreement with the experimental value, and the small difference can be attributed to the slight dewetting of NbC, leaving some tiny holes in the NbC slab, as shown in Fig. 4.3 b). Fig. 4.9 b) shows a comparison for the measurements taken on NbC-free and NbCcovered regions. Interestingly, we observed peaks typical of graphitic materials, namely the G and 2D peaks, in both spectra. For NbC-free regions, the typical overtones and combinations of SiC on the 1400-2000 cm -1 range are observed, which result in a complex background signal. The high intensity of the G peak with respect to this background is typical of C-face SiC covered by a few tens of graphene layers, as measured in Ref. [START_REF] Faugeras | Few-layer graphene on SiC, pyrolitic graphite, and graphene: A Raman scattering study[END_REF]. There, the 2D peak had 40 cm -1 full width at half maximum (FWHM), in very good agreement with our measurement (FWHM=41 cm -1 ). On the other hand, the 2D peak position differs due to different incident light energies. The G peak position is 1584 cm -1 , similar to an undoped graphene monolayer according to [START_REF] Hass | Why Multilayer Graphene on 4H-SiC(0001) Behaves Like a Single Sheet of Graphene[END_REF].

Concerning the graphitic signals seen in the Raman spectra measured on the NbC film, it can come from uncovered SiC regions due to the dewetting of NbC as shown in Fig. 4.3 b). However, despite comparable graphitic signals, the SiC Raman peaks are much weaker in NbC-covered regions than those in bare SiC regions. This suggests the existence of graphitic films on top of the NbC film.

Comparing to peaks found in SiC-supported graphene, these peaks are both upshifted by 5 cm -1 . The shift of these peaks indicates either hole doping from NbC by a few 10 12 cm -2 [START_REF] Lee Ji Eun | Optical separation of mechanical strain from charge doping in graphene[END_REF] or strain. The 2D peak enlargement from 41 to 57 cm -1 can also be explained with the same argument. As for the crystalline quality of the graphene, the area ratio between the D and G peaks is found to be close to I(D)/I(G)= 0.13 for both NbC and SiC, indicating a typical crystallite size of L a ∼ 70 nm [START_REF] ¸ado | General equation for the determination of the crystallite size L[sub a] of nanographite by Raman spectroscopy[END_REF], close to that found for the NbC crystallites.

The assumption of the coverage of NbC film by graphitic layers is verified by crosssection TEM images, shown in Fig. 4.9 c) and d). These images were taken for sample S1, but those of S2 are also quite similar. By measuring, we found the thickness of graphitic layers on NbC surface in Fig. 4.9 c) to be about 5 nm. This number corresponds to about 15 graphitic layers. However, the quality as well as the quantity of graphitic layers on NbC surface is not homogeneous. By analysing TEM images taken at various places, we found that high quality and ordered layers only exist on flat NbC [START_REF] Natterer | Scanning tunneling spectroscopy of proximity superconductivity in epitaxial multilayer graphene[END_REF] planes. On other places, graphitic layers also exist but are more disordered. For example, in Fig. 4.9 d), there are also graphitic layers on the inclined and rough surface of the NbC grain in the right side. More intriguingly, some of these layers seem to connect to those existing on the SiC surface. Therefore, graphitic layers covering NbC surfaces can connect those existing on NbC-free regions and the superconducting NbC film. Last but not least, at the NbC/SiC interface, we found no graphitic layer, which is consistent with Yaney's report [START_REF]Reaction between niobium and silicon carbide at 1373 K[END_REF].

At this point, all the results are very promising to check the superconducting proximity effect in graphitic layers. We also have a stoichiometric NbC film with a critical temperature of 12 K for S1 and 11 K for S2, we have graphitic layers existing on the SiC surface, as well as on the NbC surface. Moreover, it seems that layers on these two regions are connected to each other. Therefore, if the superconductivity can be induced vertically as it is with Re film [START_REF] Tonnoir | Spectroscopie tunnel de graphène épitaxié sur du rhenium supraconducteur[END_REF][START_REF] Tonnoir | Induced superconductivity in graphene grown on rhenium[END_REF], then we should be able to measure the superconducting gap with STM in both regions with and without NbC at low temperature. However, before conducting STM experiments, a sample morphology analysis is required, because samples with a flat morphology are more suitable for STM studies. The morphology of the samples grown in vacuum (S1) and in gaseous conditions (S2) were checked by atomic force microscopy (see Fig. 4.10). NbC films are identified as granular parts, which surround the circular shaped regions. The diameter of 2 µm of these regions are obtained by measuring the distance between drawn red and blue markers. Inside the circular shaped regions, there are different lines, which are also observed in AFM images of pristine graphene or samples with a deposited vanadium layer (see Fig. 3.7 a) and b)). Again these lines can be attributed to pleats, which are originated from different thermal expansion constants of the SiC substrate and the graphene films. However, whereas in Fig. 4.10 b) pleats end at the boundaries, in Fig. 4.10 a) on the contrary, they are terminated at a distance away from the NbC film. Therefore, we are confident about the existence of graphene films, which extend up to the NbC boundaries in S2, but probably are disrupted in dark regions close to NbC boundaries in S1.

Profiles taken along the lines drawn in the two AFM images are shown in Fig. 4.10 c) and d) for S1 and S2 respectively. By starting from the left to the right, the AFM tip moves from the NbC film to the graphene disks and back to NbC films for S1. The two markers (red and blue) show the termination of the NbC regions, where the NbC/graphene boundaries are expected. For S2, the line passes through four boundaries, instead of two, only two of them are marked. From these profiles, we found a corrugation of about 10 nm for the NbC films. On the contrary, regions with pleats are mostly flat, as expected for epitaxial graphene on SiC. Dark regions in image a) are also visible as deep trenches in image c). In these trenches, the AFM tip needs to be extended and be retracted while moving from the NbC film to flat regions of graphene. The extensions and the retractions of the tip are represented as abrupt changes of y value from 10 nm to -70 nm and back to 20 nm for the left trench on the left side and from 10 nm to -50 nm and back to 10 nm for the trench on the right side of the flat region. Contrarily, the flat region in image d) is continuous up to the NbC film. The height difference of about 40 nm between these two regions is found. Nevertheless, in some places, like the left part of the profile shown in image d), one can find a smaller height difference. The reason for this various height differences probably comes from the surface steps, which are formed during the etching step in H 2 /Ar mixture done for S2. These steps will result in terraces with different elevations.

TEM cross-section image of the trench Fig. 4.11 a) and b) are zooms of TEM images of the NbC-graphene interface taken in a region close to a disk edge for samples S1 and S2 respectively. We were able to identify NbC, as dark grains, in the left side on SiC substrates. Flat regions with pleats of graphene films in AFM images are also identified in TEM images. Interestingly, TEM images of both samples show trenches with different sizes, about 280 nm for S1 (image a)) and about 30 nm for S2 (image b)). The trench observed in b) surprises us, as there is no trench found in AFM images. However, we need more statistics to conclude the existence of trenches in samples annealed in gases. Nevertheless, we cannot exclude that a shadow region of the AFM tip, similar to what happens with STM tip (see Fig. 3.13), hides this trench in AFM images. In these TEM images, there is no graphitic layer found in these trenches. However, the absence of graphitic materials in these trenches comes from the poor protection from the protection layer (without Ni layer), because graphitic layers are found in these places in TEM images of specimens having Ni layer ( see in Fig. 4.9 d)). Then, an electrical connection is probably established between NbC and graphene inside the flat regions.

Concerning the formation of these observed trenches, we believe that Nb and NbC films play a major role. The explanation is illustrated in Fig. Assuming that the diffusion process and the sublimation process take place independently, we can understand that the trench is formed because of the faster removal of materials in proximity to Nb/NbC films. Furthermore, we believe that the etching step at high temperature used in the growth process for S2 may be the key to reduce or even remove the trench, because the role of this step is to aggressively remove SiC materials and allows the surface to be relaxed and flattened. Therefore, by etching the substrate before the graphene growth, the existence of the trench is inhibited. To check this hypothesis, we grew another sample in vacuum, with a pre-etching at high temperature in H 2 /Ar mixture. We stress that STM experiments in both two types of samples were difficult. Frequently, we got the double tip issue, especially experiments done on samples annealed in vacuum, as shown in Fig. 4.12 a). We could not see the trench, as shown previously in Fig. 4.10 a). Moreover, the tip contains a double tip and duplicates NbC grains. But the tip issue didn't prevent us from studying the electronic properties of NbC film.

The STS spectra taken on the NbC surface at 1.6 K are presented in Fig. 4.12 b). The curve has a V-shaped of the superconducting gap with two peaks staying at its edges. By fitting the measured curves with BCS formula, we obtained the superconducting gap ∆ = 1.9 meV with the use of the pair-breaking Γ = 0.1 * ∆ to describe better the existence of states inside the superconducting gap. Having ∆ and T c of NbC annealed in vacuum, we found the ratio ∆/(k B T c ) to be of 1.84. Despite the presence of graphitic layer on NbC, this value is very close to Pechen's measurement on bare NbC films [START_REF] Pechen | Tunneling and critical-magnetic-field study of superconducting NbC thin films[END_REF]. This means that the interface between graphite and NbC is highly transparent, with an Andreev reflection coefficient close to one.

On the other hand, the non-zero DOS at the Fermi energy could come from the electronic trajectories parallel to the interface inside the graphite uncoupled to the superconductor [START_REF] Vinet | Spatially resolved spectroscopy on superconducting proximity nanostructures[END_REF][START_REF] Gupta | Anomalous density of states in a metallic film in proximity with a superconductor[END_REF]. A more trivial explanation may be that we did not use RF filters in this experiment and absorbed photons may have been responsible for the observed pair-breaking.

STM experiments of the sample annealed in gaseous condition (S2)

In contrast to experiments done with S1, the STM image of S2 is more similar to their AFM image, as shown in Fig. 4.13 a). The size of the flat region is larger than one found in S1, and we did not observe the trench with our STM tips. Features observed inside the disk are pleats of graphene and their duplications, which originate from the double tip of the STM apex. Fig. 4.13 b) is an atomic resolution STM image taken with another tip on another sample annealed in the same condition. Therefore, by annealing in argon gas, we can obtain a high quality graphene multilayer in NbC-free regions.

STM study on NbC surface The existence of high-quality graphitic layers covering flat NbC surfaces encouraged us to make the high-resolution STM images of these layers, but we didn't succeed to get atomic resolution despite many efforts. Moreover, we did not observe a superconducting gap in most of the sample surface, which seems to contradict the structural characterizations and transport measurements (see above) which led to the conclusion that our films were made of stoichiometric NbC with a high superconducting temperature. This means that the annealing with Ar is detrimental to the superconducting properties at the surface of the NbC layer but not to its bulk. We nevertheless measured a superconducting gap in a few areas, squeezed between NbC grains. For instance, in Fig. 4.13 c), we found the superconducting gap only in the region of about 250 * 250 nm 2 , which is framed by white dashed lines. It means that only 6% of the area of 1 * 1 µm 2 , has a surface, which becomes superconducting at 100 mK. Fig. 4.13 d) shows a typical measured LDOS in this region. Strikingly, there are many pairs of peaks in the LDOS. The BCS fit of the peaks staying at the highest energy gives ∆ = 1.4 meV. The peaks at lower energy are probably Andreev peaks due to their electronhole symmetry. It means that the framed hole in Fig. 4.13 is probably in normal state and in good contact with buried superconducting NbC grains. However, the geometry of this system is unknown and we cannot go further in the interpretation of these data.

Superconducting proximity in graphene disks: By taking CITS maps in different places of NbC-free regions in proximity to the NbC film grown in argon gas, we did not observe a superconducting gap in graphene. ing point of a NbC grain, where we succeeded to measure a superconducting gap (red curve in Fig. 4.14 b)). Despite the existence of the observed superconducting grain, the measured LDOS of graphitic region does not have any superconducting gap, as shown by the black solid line spectrum in the same image. It means that there is no proximity effect induced into the studied graphitic region. The same reasons discussed in chapter 3 (shadow areas of the STM tip and a poor electrical contact between NbC and graphene) can be applied to explain our failure here.

Discussion

The formation of a high quality stoichiometric NbC film Despite a risk of having complicated mixture of different compounds, our fabrication technique provides an amazingly pure and relaxed NbC film with an exact stoichiometry. The formation of a high quality stoichiometric NbC film explains the measured high critical temperature of 12 K, since a slight deviation in the ratio C:Nb can degrade T c tremendously, as reported by Giorgi et al. [START_REF] Szklarz | Effect of Composition on the Superconducting Transition Temperature of Tantalum Carbide and Niobium Carbide[END_REF]. In their study, these authors found that by decreasing the ratio C:Nb from 0.98 to 0.82, T c drops from 11.1 K to 1.05 K. Schwarz and Rösch attribute this effect to the existence of carbon vacancies in non-stoichiometric NbC [START_REF] Schwarz | Effects of carbon vacancies in NbC on superconductivity[END_REF]. It is worth noticing that a continuous path made of stoichiometric NbC could provide the same results, because its zero resistance would shunt the injected current. However, the XRD characterization, which probes the whole sample, confirms that the stoichiometric NbC is the majority part of our film. The measured lattice parameter of 4.463(1) Å is consistent with stoichiometric NbC, according to the lattice parameters found in the ICDD database (04-015-8575) for bulk NbC. Moreover, the carbide film presents a granular structure and it is dewetted from the SiC surface after annealing, indicating that the NbC grains are relaxed and most likely do not possess carbon vacancies, which would be detected by a change in lattice parameters and by a lower T c . Those facts together are strong indications that our NbC film is of a very high quality and stoichiometric. All these conclusions are confirmed by the TEM observations.

The high purity of our NbC film and the absence of NbSi 2 is puzzling because previous studies have shown that up to about 2000°C the silicides also form [START_REF] Chou | High temperature interfacial reactions of SiC with metals[END_REF][START_REF] Burykina | Investigation of the interaction of silicon carbide with refractory metals and oxides[END_REF][START_REF]Reaction between niobium and silicon carbide at 1373 K[END_REF]. However, these previous experiments were performed on thick films, and the silicides were only observed far away from the Nb/SiC interface. This indicates that the kinetics of NbC formation is faster than that of silicides. In our thin film, the formation of NbC is the only allowed process. In principle, one could check this hypothesis by using much thicker Nb films, or by measuring the increase of Si atoms trapped in graphitic crucible. In our case, the second approach is inappropriate, because the sublimation of the Si atoms from NbC-free region contributes to the increase of trapped Si atoms.

Having a state of art and pure NbC films, it is interesting to compare them to others, which can be used in bolometers. As discussed previously, the high electron diffusion constant, D, and the electrical resistivity ρ define the performance of hot-electron bolometers. We estimated the electrical resistivity of our film by using Van der Pauw formula: R s = πR/ln(2) and ρ = R s * t [START_REF] Van Der Pauw L | A method of measuring specific resistivity and Hall effect of discs of aribtrary shape[END_REF]. In these formula, R s , ρ and t are the sheet resistance, the electrical resistivity and the thickness of the film correspondingly. Knowing that there is no loss of Nb at this temperature and using the densities and the mass per mole

The annealing process in gaseous environments reduces the size of the trench tremendously, but produces a superconductor with a slightly lower quality, with a lower T c and with a smaller gap measured in STM. Because the STM probes mostly the top surface, so the degradation probably takes place only on the NbC surface, but not in the bulk. Concerning the surface of NbC film, there are two possible reasons: the existence of graphitic layers and the impact of the annealing in argon environment. However, because graphitic layers exist on NbC films grown in vacuum and in gases, they should influence similarly in both two cases. Therefore, it is the Ar gas used in the annealing process of S2, which has a detrimental effect on the superconductivity. However, if the damage is limited to very few layers on top of the NbC film, TEM cross-section images can hardly recognize any modification of NbC structure. Nevertheless, we are still able to check this hypothesis by replacing the growth of graphitic materials in argon gas by the annealing in vacuum, leaving only the degassing and cleaning/etching steps with a mixture of Ar and H 2 . This approach reduces quite significant the exposure of Nb/NbC surface to argon gas. At the same time, by conducting this experiment, we can also check the effect of etching step on the size of the trench observed in TEM and AFM images.

Primary results of AFM characterization and transport measurements of a sample annealed by using in such a mixed process is shown in Fig. 4.16. Compared to S1, the trench was not observed at least in AFM image. Concerning the superconducting property, while T c of this sample (about 11.8 K) is enhanced compared to S2 (at 11 K), it is still lower than S1 (12 K). The study of the field dependence shows that this sample seems to contain even more defects than S2, because the slope of -0.4 T /K is higher than for the two previous samples. However, we have not performed STM experiments on this sample to search for the superconducting proximity effect, as well as to evaluate the superconducting gap of the NbC surface in order to compare with previously done experiments.

Other perspective works Besides an interesting work with a combined growth method, by growing graphene and NbC as the last fabrication step, the surface should remain clean, even if some resist layers are used before. Therefore, it is possible to fabricate junctions, in which the NbC/graphene interface is similar to one existing in samples used in STM experiments. Then, by measuring these junctions, we can obtain a contact resistance of NbC/graphene interface, so that we could identify better the reason of our failure to measure the superconducting gap in graphene.

Conclusion

We invented a new approach to fabricate graphene disks and a superconductor in SiC substrates by annealing Nb deposited film at high temperature. This results in a simultaneous growth of NbC and graphitic layers. The annealing processes in vacuum and in a gaseous condition provide superconducting NbC materials with high critical temperatures. Among the two methods, the vacuum growth one produces better NbC film, which has state of art quality for hot-electron bolometers. Moreover, graphitic materials were found to exist almost everywhere, in both regions covered and uncovered by NbC. We proposed that the small thickness of the deposited film and the sublimation of Si atoms from NbC film are key points for the formation of niobium carbide exclusively. Nevertheless, the deep and large trench existing in samples annealed in vacuum prevented us to study the superconducting proximity effect with STM. Contrarily, samples annealed in argon atmosphere have a NbC film with a slightly lower quality but a smaller trench, as observed in TEM cross-section images. At low temperature, we were able to measure superconducting gap in LDOS of some parts of NbC film, but no gap was observed in SiC-supported graphene. We might face the same problems discussed in chapter 3, i.e. the poor electrical contact between two materials and the finite size of the tip. Some future works have been suggested to gain more knowledge about our novel approach, like the characterization of the electrical contact of NbC/graphitic material interface and the modification of the annealing process. Indeed, the combination of two growth methods at least improves the T c of the grown NbC film, compared to one annealed in gaseous environment, but further characterizations need to be performed.

Chapter 5

Review of Moiré and Van Hove singularities

Introduction

Van Hove singularities (VHSs), named after its discoverer, Léon van Hove, are intrinsic properties of 2D materials [START_REF] Van Hove Léon | The occurrence of singularities in the elastic frequency distribution of a crystal[END_REF]. Physicists believe that interesting phenomena, like superconductivity, charge density wave or magnetism may occur when Fermi level is located right at the energy of these singularities. Graphene is a 2D material, but the position of its VHSs is too high to be reached by doping with the help of back gates. But rotated graphene bilayers are other options for studies of VHS. The short review presented in this chapter will only focus on VHS-related studies. The discussion will cover the origin of VHSs in twisted layers, the angle-dependence of the electronic properties of rotated layers. Then, we will end with the discussion of rotated layers with very small angles, where there is a lack of understanding.

Van Hove singularities

Critical points in LDOS

In solid-state physics, it is usual to treat the crystalline structures as an array of cells spaced periodically. This strategy leads to a periodicity of different properties, like the wave function, the band structure and the density of state G(E). The latter, G(E)dE, is the number of states per volume Ω of the crystal in the energy range from E to E+dE [START_REF] Callaway | Energy band theory[END_REF].

Mathematically, G(E) is G(E) = Ω (2π) 3 d dE d 3 k (5.1)
with the integral taken over the volume of the reciprocal space limited by the surface with constant energy E. This integral, then, equals to:

d 3 k = dS dE | k E| (5.2)
in this formula, is the gradient operator. Therefore, one can calculate the DOS or G(E)dE with a knowledge of the band structure:

G(E) = Ω (2π) 3 dS | k E| (5.3)
At this point, we would like to draw an attention to the equation 5.3, because once the denominator vanishes, G(E) may have a singularity, or a critical point. There are three types of critical points: maximum, minimum and saddle points. The dimensionality of a system determines the minimum number of critical points of the band structure. The two dimensional geometry leads to the existence of at least one maximum, one minimum and two saddle points. An illustration for the 2D square lattice is explained by Callaway in his book [START_REF] Callaway | Energy band theory[END_REF].

Furthermore, Léon van Hove investigated the frequency distribution function, g(ν), or the phonon density of states at these critical points. The results can be applied to the electronic density of states. By solving the problem analytically, he found that at critical points, the behaviour of the function g(ν) depends on the topological property of the material. In the two dimensional geometry, the g(ν) develops logarithmic peaks at saddle points. For minima and maxima, only discontinuities in DOS are predicted and no divergence. In 3D, the g(ν) is continuous with a discontinuous derivative whatever the topology of the critical points . In other words, g(ν) of a 3D system possesses kinks at saddle points.

Graphene, Van der Waals materials, and layered superconductors are 2D materials. Therefore, as a consequence their density of states should have van Hove singularities. To illustrate this point, we will discuss about VHS in graphene and rotated graphene layers later on in this chapter. A very detailed and pedagogic explanation about the calculation of the band structure of graphene can be found in [START_REF] Torres | Introduction to Graphenebased Nanomaterials: From Electronic Structure to Quantum Transport[END_REF]. The Brillouin zone of graphene is shown in Fig. 5.1 a).

Because the six atoms are arranged into a hexagon in the real space, the first Brillouin zone of graphene has a hexagonal form in the reciprocal space. The basis vectors of reciprocal space b 1 and b 2 have the coordinates:

b 1 = b( √ 3 2 , - 1 2 
) and b 2 = b(0, 1) (5.4) and b is calculated as following:

b = 4π a √ 3 (5.5)
Here, a is the lattice constant of graphene (a=2.46 Å).

As shown in Fig. 5.1 a), the first Brillouin zone contains high-symmetry points staying at the center of the hexagon (Γ ), at the corners (K + and K -) and at the midpoints of six sides of the hexagon (M). In the reciprocal space, these points stay at the positions:

ΓK + = 4π 3a ( 1 2 , √ 3 2 ), ΓK -= 4π 3a (1, 0)and ΓM = 4π a √ 3 ( √ 3 2 , 1 2 ) (5.6)
Band structure of single-layer graphene:

The first approximation of a tight-binding model of single layer graphene takes into account the nearest neighbour couplings. The details about how to construct and solve the Hamiltonian can be found in [START_REF] Torres | Introduction to Graphenebased Nanomaterials: From Electronic Structure to Quantum Transport[END_REF]. Here, we limit ourselves to the final form of the dispersion relation for single layer graphene, which can be described as following:

E ± (k x , k y ) = ±γ 0 1 + 4cos √ 3k x a 2 cos k y a 2 + 4cos 2 k y a 2 (5.7)
As a result, the band structure of single layer graphene contains six cones at the six corners K ± points. At these points, the band structure can be treated as linear functions:

E ± (δk) = ± v F |δk| (5.8) with v F = √ 3γ 0 a 2 (5.9)
Concerning maximums, minimums and saddle points, from Fig. 5.1 b) and c), K ± (Γ) points are global minimums (maximums), because the band structure of graphene obtains the lowest (highest) values at these points by travelling along any direction. But it is not the case for M points, which is the mid-point of K + K -lines. The band structure in the conductance band gets a maximum at the M point by travelling along K + K - vector, but a minimum along the ΓM vector, and it happens oppositely in the valence band. Therefore, M points are saddle points of graphene and have VHS peaks in DOS curve. In the energy scale, these peaks are located in the energy range from 2 eV to 3 eV, depending on the theoretical model.

Since graphene has VHS, it is natural to wonder whether new physics could be observed by placing the Fermi energy at the energy of these singularities. Recently, Nandkishore discussed the possibility of chiral superconductivity, or d-wave superconductivity by doping the material up to the VHS energy [START_REF] Nandkishore R | Chiral superconductivity from repulsive interactions in doped graphene[END_REF]. However, because of the high value of VHS energies (above 2 eV), it is impossible to dope graphene electrostatically up to these energies. The other possibility is to dope via charge transfer processes with the help of alkali atoms [START_REF] Ludbrook | Evidence for superconductivity in Li-decorated monolayer graphene[END_REF][START_REF] Mcchesney | Extended van Hove Singularity and Superconducting Instability in Doped Graphene[END_REF]. As demonstrated, the doping can be controlled partly by changing the deposition time [START_REF] Ludbrook | Evidence for superconductivity in Li-decorated monolayer graphene[END_REF], or by increasing the amount of adatoms [START_REF] Mcchesney | Extended van Hove Singularity and Superconducting Instability in Doped Graphene[END_REF]. While the superconducting state of single layer graphene is reported by Ludbrook [START_REF] Ludbrook | Evidence for superconductivity in Li-decorated monolayer graphene[END_REF], the author cannot verify the nature of his observed superconducting state. Therefore, it would be very interesting to be able to have single-layer graphene like VHS singularities staying at more approachable range.

In order to overcome the difficulty of the high energy VHS of single layer graphene, rotated graphene bilayers were recently suggested to provide a new opportunity to probe VHS. The reason is that VHS of rotated layers is controllable and these bilayers behave similarly to single layer graphene at least for large rotation angles. To explain this point, we will discuss about the band structure of rotated graphene layers, and compare it to those of other cases (single layer and double layers with AA and AB structures). We will then review the existing experimental STM results obtained on rotated graphene layers. A strong difference between systems with large and small angles has been observed. The rotation between two neighbouring layers results in new periodic features, called Moiré patterns, as shown in Fig. 5.2. These patterns contain regions with different stackings arranged periodically. One Moiré unit cell has a rhombic shape with four corners, where atoms of the top layer sit directly on top of atoms of the bottom layer (AA stacking). Then, along the longest diagonal of this rhombus, there are two places where there is a shift of a half benzene ring between the two layers (AB stacking), like frequently seen in graphite.

Different atomic arrangements of these two stackings allow experimentalists to distinguish them by making atomic-resolution scanning tunneling micrograph images. While AA has six identical atoms in one benzene ring, Bernal stackings in AB regions sort these six atoms into two groups. Three of them have atoms of the second layer underneath, and the other three do not. Consequently, the most obvious difference between AA and AB stackings is the hexagonal feature of the former and triangular pattern of the latter in atomic resolution STM images. But in reality, it is possible to have another layer, which contribute to the measurement, and the STM tip can also influence on the observation of different atomic arrangements [START_REF] Latil | Massless fermions in multilayer graphitic systems with misoriented layers: Ab initio calculations and experimental fingerprints[END_REF][START_REF] Varchon | Rotational disorder in few-layer graphene films on 6H-SiC(000-1): A scanning tunneling microscopy study[END_REF].

Besides the different atomic arrangements, the difference in DOS of AA and AB regions is often believed to lead to the various corrugation in STM images. Because at the Fermi level, AA regions have the most populated states, it appears as a protrusion in STM images and the AB regions are considered as valleys [START_REF] Varchon | Rotational disorder in few-layer graphene films on 6H-SiC(000-1): A scanning tunneling microscopy study[END_REF][START_REF] Rong | Electronic effects in scanning tunneling microscopy: Moiré pattern on a graphite surface[END_REF][START_REF] Campanera | Density functional calculations on the intricacies of Moiré patterns on graphite[END_REF][START_REF] Miller | Structural analysis of multilayer graphene via atomic Moiré interferometry[END_REF]. Then, the measured distance D between two closest hills relates to the rotation angle, θ as following:

D = a 2sin(θ/2) (5.10)
When the angle becomes small enough, this formula can be rewritten as following:

D = a θ (5.11)
with θ in radian.

The range of θ is from 0 to π/3, where the bilayers are fully AA and AB stacked respectively. Concerning the geometry of MPs, there are two important consequences coming from the reduction of θ. Firstly, Eq. 5.10 and Fig. 5.2 c) reveal the inverse relationship of D and θ. Therefore, when θ becomes sufficiently small, one unit cell of Moiré pattern can be extremely large. For example, with θ = 0.1°, Eq. 5.11 gives D = 141 nm. The large size of a Moiré pattern may limit experimentalists to investigate the interesting properties, induced by the new superlattice of rotated layers, as discussed by Kim [START_REF] Kim Keun | Coexisting massive and massless Dirac fermions in symmetry-broken bilayer graphene[END_REF]. In his experiments, despite the observation of a rotation between two layers, they did not observe Moiré band. The authors believe that a domain with the size of few hundred nanometres is not large enough to have Moiré bands, because it contains too few cells (less than 6 per side).

Secondly, comparing Fig. 5.2 a) and b), one can observe the enlargement of the AA stacked regions by decreasing θ. For instance, as shown, for θ=6°, each AA region contains only about 7 benzene rings. Then, by reducing the rotation angle three times, the number of rings contained in one AA regions is almost tripled. The enlargement with the reduction of θ also happens to AB regions as well. These expansions result in a significant modification of electronic properties of rotated graphene layers, which will be discussed later. with θ=7.34°. For the band structures presented, solid (dotted) curves are calculated with tight-binding (ab initio) method. Images adapted from Ref. [START_REF] De | Localization of dirac electrons in rotated graphene bilayers[END_REF][START_REF] Brihuega | Unraveling the Intrinsic and Robust Nature of van Hove Singularities in Twisted Bilayer Graphene by Scanning Tunneling Microscopy and Theoretical Analysis[END_REF].

Before discussing the electronic properties of rotated bilayers, let us start with the two other well-known cases with AA and AB stackings (see Fig. 5.3 a) and b)). As shown, these two stackings have completely different band structures, especially in proximity to the K points of their Brillouin zones, which is as large as for the monolayer. In the AA stacking, the interaction between two layers simply shifts the two band structures of the bilayers in two opposite ways without changing their linear form. Then, at the zero energy, their intersection has a circular form. Oppositely, in the AB stacking, the existence of the other layer completely modify the band structure and results in parabolic bands. At the zero energy, two bands meet each other at one single point right at the K point in the reciprocal space. Therefore, at low-energy (from -400 meV to 400 meV), the band structures of these two stackings differ from each other. Their similarity is only partly recovered outside this energetic window. Concerning the singularities, both stackings have saddle points at high energies (± 2 eV) like monolayer graphene does. The correct positions of these singularities again depend on the treated models, but all theoretical models agree with each other on the discussed general picture.

Knowing the band structures of AA and AB stackings, we move our discussion to new properties induced by the rotation of layers. Fig. 5.3 d) presents the data calculated by tight-binding calculations (red solid curve) and ab initio (red dotted curves) for θ=7.34°. In the same image, only a part of the band structure of monolayer is presented for comparison. While there is a disagreement about some details, the two methods describe the same general picture of the band structure of rotated bilayers. It is important to note that the calculation is plotted in a Brillouin zone of rotated bilayers, rather than for monolayer. Therefore, the van Hove singularities belonging to each monolayer are absent in the plot.

As pointed, in the energy range from -0.45 eV to 0.45 eV, the dispersion curves of rotated layers are linear and overlap that of a single layer. It means that the rotation decouples the two layers at least with θ=7.34°, so that any of them does feel the existence of its partner, unlike AA and AB cases. Furthermore, because the two band structures overlap each other, one could expect to measure the same Fermi velocity in the rotated bilayers as in the single layer, despite the different thickness. The single-like character has been observed experimentally by characterizing the dispersion curves with an angleresolution photoemission spectroscopy [START_REF] Sprinkle | First direct observation of a nearly ideal graphene band structure[END_REF][START_REF] Hicks | Symmetry breaking in commensurate graphene rotational stacking: Comparison of theory and experiment[END_REF][START_REF] Ohta | Evidence for Interlayer Coupling and Moiré Periodic Potentials in Twisted Bilayer Graphene[END_REF]. The same can be done with STM by using Landau level spectroscopy to probe the Fermi velocity, but we will not discuss it for the moment. Contrarily, for small θ, the renormalization of the Fermi velocity for rotated bilayers are predicted to occur, as discussed later.

Besides the similarity in the energy range from -0.45 eV to 0.45 eV, the two dispersion curves deviate from each other outside the discussed window. The most drastic deviation is at the M point of the Brillouin zone of the Moiré band. While the E(k) curve of the single layer is linear and continuous at this point, a discontinuity can be found in the curve of rotated bilayers. The reason is that this point is the intersection of the band structure of the two layers. And here, there is an anti-crossing coupling between the two bands, which opens a gap of about 2t θ , the mean interaction between states of the two layers. This gap exists in both the valence and the conduction bands of undoped samples. However, by measuring the LDOS by STM, one do not find hard gaps, because there are states existing at the same energies in other branches of the dispersion curves, like along the ΓK vector. This anti-crossing coupling also leads to two flat bands but only one logarithmic peak in the DOS, corresponding to the van Hove singularity. Therefore, in the DOS of an undoped rotated system, by moving away from the Fermi energy (zero energy), we should observe a peak followed by a dip, due to the partial electronic gap. Here, we would like to draw the reader's attention to the position of this peak. Compared to VHSs of monolayer or other stackings, the new peaks of rotated bilayers stay at much lower energies because of the existence of a superlattice. As shown in the plot, for θ=7.34°, this energy is 0.45 eV but can be tuned with θ, as discussed in the next part. This is a tremendous advantage of rotated bilayer. Last but yet importantly, in the calculated LDOS of rotated layers with angle of 7.34° [START_REF] De | Numerical studies of confined states in rotated bilayers of graphene[END_REF], besides peaks at ±0.45 eV, there are other smaller peaks at ±0.9 eV, which are followed again by other dips. Recently, Wong and co-authors demonstrated that the positions of these two dips follow the angle-dependence rule, like VHS peaks does [START_REF] Wong | Local spectroscopy of Moiréinduced electronic structure in gate-tunable twisted bilayer graphene[END_REF]. The origin of the dip staying at higher energies comes from higher-order Moiré bands (see below). As discussed before, saddle points of rotated layers exist at the intersections of the two band structures of two layers, rotated by an angle θ. Therefore, by reducing θ from 30°to 0°, we reduce the separation ∆K of the two band structures. Once the angle is small enough, the dependence of ∆K versus θ becomes linear. Assuming that the band structure of each layer stay unchanged, then the emerging trend of the two band structures should lead to the lowering down of the position of VHS peaks, or E V HS in energy. Then, the separation of the two VHS peaks follows the same rule:

Angle-dependence of VHS peaks

∆E V HS = 2 v F Ksin(θ/2) -2t θ (5.19) 
Experimentally, this linear dependence was reported in several experiments performed on rotated layers on different substrates [START_REF] Li | Observation of Van Hove singularities in twisted graphene layers[END_REF][START_REF] Brihuega | Unraveling the Intrinsic and Robust Nature of van Hove Singularities in Twisted Bilayer Graphene by Scanning Tunneling Microscopy and Theoretical Analysis[END_REF][START_REF] Yan Wei | Angle-dependent van Hove singularities in a slightly twisted graphene bilayer[END_REF][START_REF] Wong | Local spectroscopy of Moiréinduced electronic structure in gate-tunable twisted bilayer graphene[END_REF]. Fig. 5.4 a) shows the local density of states (LDOS) measured on four different Moiré patterns of epitaxial graphene grown on SiC. In this figure, arrows mark the positions of VHSs. The decrease of θ reduces their energetic separation by bringing the two observed peaks close to the zero energy or the Fermi energy, which is also Dirac energy for these undoped samples, as expected from Eq. 5.19 and displayed in Fig. 5.4 b). This dependence can be well fitted to Eq. 5.19 with v F = 1.1 * 10 6 m/s, the Fermi velocity for a single layer, and t θ = 108 meV. The same linear dependences were found in experiments performed by other groups [START_REF] Li | Observation of Van Hove singularities in twisted graphene layers[END_REF][START_REF] Yan Wei | Angle-dependent van Hove singularities in a slightly twisted graphene bilayer[END_REF]. More recently, Cherkez and co-authors published a study of the influence of doping level on the electronic properties of rotated bilayers [START_REF] Cherkez | Hove singularities in doped twisted graphene bilayers studied by scanning tunneling spectroscopy[END_REF]. In this article, these authors find that the doping by charge transfer processes only modifies the position of the Dirac energy with respect to the Fermi energy. The same linear fit used for undoped rotated bilayers can be reused for doped samples. However, because this experiment was conducted at ambient conditions, the existence of superconductivity and other VHS-related physics could not be verified. are adapted from [START_REF] Luican | Single-layer behavior and its breakdown in twisted graphene layers[END_REF].

Concerning the single-layer like properties, Luican et al. characterized a transferred few-layer graphene grown by CVD with STM at low temperature. These authors were able to find rotated bilayers with various rotation angles (24.8°, 3.5°and 1.16°). For the first two Moiré patterns, the authors were able to observe Landau levels by measuring the LDOS in strong fields. As shown in Fig. 5.5 b), LDOS curves measured in regions B (layers rotated with 3.5°) and C (monolayer) are similar with many peaks, identified as Landau levels. Among these peaks, a 0th Laudau level (N=0) at the Dirac energy, which was found in the region B, indicates a behaviour similar to a single layer (region C).

Furthermore, in zero field, Luican and co-workers were able to observe the V-shape of the LDOS curve of a monolayer by measuring in region C, and the VHSs in the other region (see Fig. 2 b) and d) in [START_REF] Luican | Single-layer behavior and its breakdown in twisted graphene layers[END_REF]). So, this indicates strongly that these two bilayers (24.8°and 3.5°) behave like a single layer. By analysing the positions of these Landau peaks, the authors were able to estimate the Fermi velocities of these bilayers, which are very close to the value for a monolayer (1.1*10 6 m/s for θ=21.8°and 0.87*10 6 m/s for θ=3.5°). Here, one can recognize the reduction of the Fermi velocity of latter compared to one of the former. This may be the renormalization of the Fermi velocity, which will be discussed next.

Doing similarly for the last case with θ=1.16°(Fig. 5.5 c) and d), the authors cannot find a similar quantization of the energy spectrum. It means that this bilayer behaves differently compared to the other two bilayers, and to monolayer graphene. Comparing the band structures of Moiré patterns with θ = 7.34°, shown in Fig. 5.3 d), and with smaller angles (θ = 1.67°, 1.08°and 1.67°, shown in Fig. 5.6 a,b and c), besides the decreasing of the separation of VHS peaks, as expected, we observe the modification of the slope of the dispersion curve with the decrease of θ. The change of the slope can explain the breakdown of the monolayer properties. Firstly, with θ = 7.34°, the dispersion curve of bilayer overlaps with the one of monolayer. Then, at θ = 1.67°, the slope becomes 10 times less than for a monolayer. By decreasing further the rotation angle, it almost reaches a zero value at θ = 1.08°. Interestingly, the change is not a monotonic function, as it raises up again. Because this slope of the dispersion curve is proportional to the Fermi velocity, we have the same conclusion about the angle-dependence of Fermi velocity, which is summarized in Fig. 5.6 d) [START_REF] De | Localization of dirac electrons in rotated graphene bilayers[END_REF]. As shown, the Fermi velocity of twisted layer, v bi , is comparable to the one of a monolayer, v mono , down to 15 °, then it starts to decrease and reaches very small values below 1.5 ° [START_REF] De | Localization of dirac electrons in rotated graphene bilayers[END_REF][START_REF] Lopes Dos | Graphene Bilayer with a Twist: Electronic Structure[END_REF]. This process is called the renormalization of Fermi velocity, which may be experimentally observed by Luican and co-workers for θ=3.5° [START_REF] Luican | Single-layer behavior and its breakdown in twisted graphene layers[END_REF]. The decrease and eventually cancellation of the Fermi velocity indicates that lowering the angle can lead to the localization of electronic states [START_REF] De | Localization of dirac electrons in rotated graphene bilayers[END_REF][START_REF] De | Numerical studies of confined states in rotated bilayers of graphene[END_REF][START_REF] Lopes Dos | Graphene Bilayer with a Twist: Electronic Structure[END_REF][START_REF] Lopes Dos | Continuum model of the twisted graphene bilayer[END_REF]. This phenomenon could explain the absence of Landau quantization in low angle rotated layers. We will discuss more in detail about this localization in the next paragraph. So far, the smallest value of θ measured by STM is 0.88 °, whose v bi /v mono is smaller than 5% [START_REF] Yin Long-Jing | Experimental evidence for non-Abelian gauge potentials in twisted graphene bilayers[END_REF]. Therefore, it would be interesting to check even smaller angles. In addition to the recovery of Fermi velocity, theoreticians also predict magic values of θ, where v F reaches a zero value. Bistritzer and MacDonald found these angles to be 1.05°, 0.5°, 0.35°, 0.24°, and 0.2° [START_REF] De | Numerical studies of confined states in rotated bilayers of graphene[END_REF][START_REF] Bistritzer | Moiré bands in twisted double-layer graphene[END_REF]. At these angles, new physics, like the counterflow conductivity, where the directions of the electrical current flowing in the two layers are antiparallel to each other, are expected [START_REF] Bistritzer | Moiré bands in twisted double-layer graphene[END_REF]. As written in previous paragraphs, the decrease of the rotation angle of the rotated bilayers leads to the reduction of the Fermi velocity and this should eventually results in a localization of states once the Fermi velocity vanishes. This localization can be tracked in the real space through the spatial evolution of the local density of states. Fig. 5.7 shows the local density of states obtained by the tight-binding method for three different angles [START_REF] De | Numerical studies of confined states in rotated bilayers of graphene[END_REF]. As can be seen low-energy peaks which are reminiscent of the merged van Hove singularities are much more pronounced in the AA regions than in the surrounding regions. Despite the effect is very pronounced for angles below 2°such a localization starts for larger angles (angles where the Fermi velocity starts to be renormalized see Fig. 5a) in [START_REF] De | Localization of dirac electrons in rotated graphene bilayers[END_REF]. For θ = 1.67°, there are two strong separated peaks in AA regions, and probably two similar peaks but with a lessened magnitude in other places. These peaks are reminiscent of merging VHS peaks with an enhancement coming from the localization effect. At smaller angles (θ = 0, 73 [START_REF] De | Numerical studies of confined states in rotated bilayers of graphene[END_REF] and θ = 0.82° [START_REF] Lopes Dos | Continuum model of the twisted graphene bilayer[END_REF]), the change in the form and the number of peaks at low energy becomes more significant. As shown in Fig. [START_REF] Li | Observation of Van Hove singularities in twisted graphene layers[END_REF] and θ = 0.73°c) [START_REF] Yin Long-Jing | Experimental evidence for non-Abelian gauge potentials in twisted graphene bilayers[END_REF]. In figure a), the STS curves were measured on hills (red curve) and valleys (blue curve). In figure c), STS spectra were measured in different points connecting a valley and a hill, as shown in the inset. All the curves are moved upward for clarity with the lowest (highest) curve taken on the valley (hill). The arrow is added to focus on the localized peak, whose magnitude is varied by moving STM tip from AB to AA zones.

Localization of electronic states at small angles

A hand-waving explanation of the localization is proposed by two different theoretical groups [START_REF] De | Numerical studies of confined states in rotated bilayers of graphene[END_REF][START_REF] Lopes Dos | Continuum model of the twisted graphene bilayer[END_REF]. As illustrated and discussed previously in Fig. 5.2, the size of AA and AB zones are expanded with the reduction of the rotation angle. Additionally, these zones become better and better defined and there is a mismatch of the Fermi surface of these zones. In undoped samples, the Fermi surface of AA region is a circle of a radius of k F = γ t /( v F ), but it is a dot in AB region with zero k F , as discussed previously in the band structure of AA and AB stackings. Therefore, because of the conservation of total momentum, zero-energy electrons cannot travel from one AA region to a neighbouring AB region [START_REF] Lopes Dos | Continuum model of the twisted graphene bilayer[END_REF]. In other words, these electrons are localized in AA regions because of the different shapes of the Fermi surfaces for AA and AB regions. This problem also partly limits the transmission of electrons having an energy lying in the range [-γ t , γ t ]. Only electrons having energy outside the range [-γ t , γ t ] can freely move from AA to AB and to another AA freely [START_REF] De | Numerical studies of confined states in rotated bilayers of graphene[END_REF]. Because of the spatial confinement of AA region, we can consider them as a nanodisk, which has a discrete spectrum. Therefore, by measuring the LDOS of AA and AB, one should observe strong localized peaks in AA region, but not in AB region. However, both theoretical groups did not comment on the form of the peaks, as well as the number of peaks in the low-energy regions. It is also not clear about the nature of new peaks appeared in the low-energy region, whether all of them are localized states without having the property of VHS singularities.

Moreover, it should be kept in mind that we also have peaks due to flat bands of higher-order Moiré bands, whose position is also scaled down with the same rule as the first VHS peaks. Probably at low angles, they also go to zero. Besides the interpretation of the localization with the use of the mismatched Fermi surface, there is a recently proposed explanation in terms of non-Abelian gauge potential [START_REF]Non-Abelian gauge potentials in graphene bilayers[END_REF]. However, in this report, authors did not show the LDOS calculated on the AA region of the Moiré.

Experimentally, the localization at low angles was observed in several experiments [START_REF] Li | Observation of Van Hove singularities in twisted graphene layers[END_REF][START_REF] Yin Long-Jing | Experimental evidence for non-Abelian gauge potentials in twisted graphene bilayers[END_REF]. As shown in Fig. .5.8 a) and b), at large angles (3.5 °), STS spectra measured on hills and valleys of the superlattice are similar with the two VHS peaks separated by 600 meV. Then, the effect becomes stronger with θ = 1.79°, with two peaks separated by 100 meV. At even smaller angles (θ = 0.73°), Yin shows only one peak at 50 meV, which is found to be stronger in AA than in AB. Probably, this peak is the merged localized peaks, and the sample has a small doping, which shifts the Dirac cone to a nonzero value. However, it differs from calculations performed by Trambly de Laissardière and co-workers, as well as by Lopes dos Santos et. al., since only one peak is observed, whereas theories predicted numerous peaks. Moreover, Yin claimed that this is a proof of the effect of non-Abelian gauge of the rotated layers. Thus, this recent experiment again confirms about the localization states in Moiré at low angle, but leaves many questions open.

Conclusion and motivation

The rotation of graphitic layers grants multilayers new interesting properties. On one hand, rotated bilayers offer experimentalists a new platform to investigate the physics of van Hove singularities. On the other hand, at very small angles (less then 3 °), the properties of monolayer is lost, but new regime is born with localized states, low-energy singularities, and magic angles with the zero Fermi velocity. Many efforts have been spent to check theories, but can only provide evidences for the localization and the suppression of v F . Questions about magic angles, as well as the understanding of the nature of low-energy peaks are left opened and require evidences.

Besides of this main stream, we are also aware that Moiré pattern can also come from the lattice mismatch between graphene and the supporting materials, like BN and leads to interesting physics, like Hofstader patterns, the formation of new Dirac cone etc [START_REF] Yankowitz | Emergence of superlattice Dirac points in graphene on hexagonal boron nitride[END_REF][START_REF] Hunt | Massive Dirac Fermions and Hofstadter Butterfly in a van der Waals Heterostructure[END_REF]. However, because they stay out of our scope, we do not discuss these interesting phenomena here.

Chapter 6

Experimental study of van Hove singularities in rotated layers with small rotation angles.

Introduction

In Chapter 5, we have seen that divergences of the density of states in rotated graphene layers are very well understood for angles larger than 2°. The situation becomes more complex for angles below 2°. In this case, the density of states becomes spatially dependent reflecting electron localization. While the subject has been treated in detail theoretically, very few reports have addressed this problem experimentally. The purpose of the present chapter is to report on the experimental results that we have obtained for rotation angles between 1°and 2°. All scanning tunneling microscopies and spectroscopies presented in this chapter were performed on samples, produced with the recipes described in Fig. 2.9 and Fig. 4.2 b). These samples frequently contains many rotated graphene layers, since they are grown on C-face of SiC substrates. Moreover, we were able to compare our experiments with the calculations done with tight-binding (TB) approach. The calculations are similar to those used in Brihuega's report [START_REF] Brihuega | Unraveling the Intrinsic and Robust Nature of van Hove Singularities in Twisted Bilayer Graphene by Scanning Tunneling Microscopy and Theoretical Analysis[END_REF]. We will first discuss the case of a rotation angle of 2.2°which will serve as a verification experiment to check that previous results are recovered. We will then show the results obtained for 1.1°. A very close angle has already been studied in the literature. On one hand, our results reproduce the main features but on the other hand they provide a more detailed study of the spatial dependence of the DOS. We will then describe the measurements obtained for 1.5°of rotation where a new phenomenon emerges. This chapter will be ended by the description of a possible origin of the observation of this new phenomenology. l (nm -1 ) 2.05, 1.8, 1.99, 1.99, 1.82, 2.01 1.9±0.1 Table 6.1: Measured lengths of L and l from a Moiré pattern for layers rotated by an angle of 9.9°F rom the previous chapter, we have already learnt that the determination of the rotation angle requires the knowledge of the graphene lattice parameter a and the Moiré lattice parameter D to implement the formulae θ = 2 * Arcsin(a/2D).

In principle both a and D can be determined from the Fast Fourier Transform of the topographic image. One has to measure the distance of next nearest neighbour vertices of hexagons corresponding to the graphene and the Moiré lattices. D is given by 2/L and a by 2/l (See fig. 6.1 for an illustration where L and l appear in the FFT). Since the determination of the rotation angle involves the ratio a/D an isotropic miscalibration of the piezoelectric scanning tube displacement is automatically compensated. The situation is more complex if the calibration error is different in the slow and fast scanning directions. This will result in an anisotropic deformation of the Fourrier transform which can be mixed up with a possible presence of uniaxial strain. We have neglected this effect in our analysis.

Let's now present how we have determined the rotation angle in practice using the data presented in Fig. 6.1. We have determined the value of L using the 6 possible pairs of next nearest neighbour (Tab. 6.1). The largest values are about 10% larger than the smallest ones which would correspond to unrealistically large stress for relaxed graphene. Therefore, we attribute this distortion to a different miscalibration along slow and fast scanning axis. As a consequence, we used the mean values of L and a to determine the value of theta. In doing so, we acknowledge that an error of the same order of magnitude as the calibration anisotropy is made. Also any contribution from stress is washed out. For the present example we obtain θ=9.9°±0.9°. We note that a more rigorous way to determine the rotation angle was recently demonstrated by our group [START_REF] Artaud | Universal classification of twisted, strained and sheared graphene moiré superlattices[END_REF] but we haven't implemented it here, because for small rotation angles, it requires large STM images, which we miss. Fig. 6.2 shows the STM image of graphene multilayer on SiC together with its FFT.

We measured l=310±30 nm -1 and L=7.9±0.9 µm -1 , which corresponds to a rotation angle of 2.2°±0.4°. So, this angle lies between 3.5 °and 1.4°, the two angles of the Moiré patterns studied in Ref. [START_REF] Brihuega | Unraveling the Intrinsic and Robust Nature of van Hove Singularities in Twisted Bilayer Graphene by Scanning Tunneling Microscopy and Theoretical Analysis[END_REF], where Brihuega and co-workers reported some electronic localization in the latter but not in the former. We also noticed that the triangular lattice is observed everywhere in this STM image, including hills (elevated regions in STM images), which are expected to have AA stackings and show a hexagonal lattice. However, in the STM image scanning in the backward direction, the hexagonal structure is recovered. Therefore, probably, the scanning conditions determine whether the hexagonal structure is visible. For this, we do not have much knowledge to develop further the topic, and we further study and analyse our data with the assumption of hills corresponding to AA regions. We studied the electronic properties of our MP by performing a CITS in a region of 15*15 nm 2 , which contains 32*32 individual spectra. For each measurement, the tip is settled with V b =-400 mV and I t =500 pA. The AC modulated signal is 1 mV with a frequency of 370 Hz. 

Electronic properties

Fig. 6.3 b) shows the averages of experimental dI/dV or LDOS curves of points (11 points for each curve) lying in AA (red line) and AB (blue line) regions. Both averaged curves have the V-shape of a linear dispersion predicted for rotated layers. By drawing two lines to emphasize the V-shape of the linear dispersion for the blue curve, we found that the two wings are not symmetrical. Probably, this attributed to the absence of electron-hole symmetry, which is seen in the tight-binding results when the next-nearest neighbour interaction of C-atoms is taken account [START_REF] De | Numerical studies of confined states in rotated bilayers of graphene[END_REF]. There are three peaks (E V HS1 , E V HS1 and E unknown ) and one bump (E V HS2 ). Peaks E V HS1 , E V HS1 and the bump E V HS2 are pointed with black arrows, and their values are listed in Tab. 6.2. The peaks at E V HS1 and E V HS1 are also visible in all individual dI/dV spectra taken along the line connecting AA regions (see Fig. 6.3 a) and c)). Furthermore, since they exists everywhere in this Moiré pattern, they cannot be noise, but should have a more interesting physical origin. The bump at E V HS2 is not seen in individual spectra, but exist in averaged spectra. Therefore, we believe that the experimental noise of individual spectra hides this bump and it is impossible to trace the spatial dependence of the intensity of this bump. Last but yet importantly, it is worth noticing that positions of the discussed peaks and the bump remain almost unchanged along the line. This is a significant difference of these results, compared to others for smaller angles, which will be studied later.

A tight-binding calculation, which is done for undoped layers rotated by 2.2°(see Fig. 6.3 b) and d)), was analysed for comparison. Unlike our experimental curves, the minimum of the theoretical curves, i.e. the Dirac energy, stays at zero energy. The two main van Hove peaks are asymmetrical and stay at -85 meV and 100 meV. This probably comes from the use of the next-nearest neighbour coupling in the model [START_REF] De | Numerical studies of confined states in rotated bilayers of graphene[END_REF], the same reason was put forward for the asymmetry of the two wings of our V-shape spectra. Besides these two main peaks, the theoretical curves also have peaks at higher energy, which we attributed to singularities of the second-order Moiré band, whose energies, like those of the first-order band, are inversely proportional to the period D of the Moiré pattern (see Fig. 4 a) in Ref. [START_REF] Wong | Local spectroscopy of Moiréinduced electronic structure in gate-tunable twisted bilayer graphene[END_REF]), and proportional to sin(θ/2). We need to mention that the Fig. 4 a) in this article is plotted for dips, but it should also remain valid for peaks, because peaks and dips in each side (positive or negative) coexist as pairs, which stay close to each other. With all these peaks, theoretical curves seem to reproduce qualitatively features observed experimentally, except the E unknown peak (at about 20 meV), which we have no explanation. But still, it seems that all our experimental dI/dV curves are shifted to negative energies. Therefore, it would be better to estimate the Dirac energy in order to find the relative positions of peaks with respect to the Dirac point.

Discussion

Determination of Dirac energy and relative positions of peaks to E D In the theoretical curves, the Dirac energy, the minimum of the LDOS curves, stays at zero energy. However, the minimum point of our measured dI/dV curves was found at about E D1 =-20 meV. Moreover, if the rotated layers have a linear dispersion of a graphene monolayer, the Dirac energy of our layers should stay at the intersection, E D2 =-50 meV, of our dashed line. Besides these two well-known methods to determine the Dirac energy, one can find in Ref. [START_REF] Cherkez | Hove singularities in doped twisted graphene bilayers studied by scanning tunneling spectroscopy[END_REF], where authors determined the Dirac energy as a middle point between two van Hove peaks, which is located here at E D3 =-35 meV. In the end, our Dirac energy should lie from -20 meV to -50 meV (see Fig. 6.4) and this indicates an electron-doping in our layers. All in all, this discussion shows that it is difficult to establish precisely the position of the Dirac energy in our system. For consistency in discussions of our results, we will use E D2 as the Dirac energy, since this method is applicable to all of our results. But, we still need to keep in mind that depending on the definition, the Dirac energy may be several tens of meV away. The relative positions of van Hove features with respect to E D2 were calculated and listed in Tab. 6.2. In this sample, we found that the number of layers varies from place to place, so we cannot tell the number of layers of the area probed by the STM. For example, in the cross-section image (see Fig. 6.5), the thicknesses of graphitic films in the left and the right sides are 8 nm and 4 nm correspondingly. Knowing that the interlayer distance of graphite, c, equals 0.335 nm, we estimated the number of layers to be 24 and 12 layers on this image. Our STM measurements are consistent with the variation of the thickness, since we observed various doping levels from 0 to about -50 meV. Then, from the thickness dependence of the Fermi energy reported in Ref. [START_REF] Sun | Spectroscopic Measurement of Interlayer Screening in Multilayer Epitaxial Graphene[END_REF], we found that at least this region has 5 layers. Furthermore, it is possible to converting this doping into the density of electrons by using the following equation:

n mono = E 2 D π( v F ) 2
In literature of epitaxial graphene on C-face, it is usual to use the Fermi velocity, v F , of graphene monolayer (v mono = 1.1 * 10 -6 m/s), since each layer is believed to behave as one isolated single graphene layer [START_REF] Sun | Spectroscopic Measurement of Interlayer Screening in Multilayer Epitaxial Graphene[END_REF]. Then, one should get the value of 1.8*10 11 cm -2 . Nevertheless, if the Fermi velocity is renormalized as predicted for small rotation angles, the density of charge carriers should be increased. Despite our inability to observe experimentally the renormalization of v F , the observed localization of states found in our experiments suggests that the renormalization of v F also occurs [START_REF] Luican | Single-layer behavior and its breakdown in twisted graphene layers[END_REF]. Using the curve of Ref. [START_REF] De | Localization of dirac electrons in rotated graphene bilayers[END_REF], and the uncertainty in the determination of the rotation angle, we estimate v F to stay between 20% and 40% of v mono . This corresponds to the electron doping between 9.5*10 11 cm -2 and 3.8*10 12 cm -2 . As a result, the estimated carrier density is much higher than it could be in the monolayer up to an order of magnitude. Besides the Landau level spectroscopy, Hall measurements would be a very direct proof of the renormalization of the v F , but to our knowledge such measurements have never been performed.

Estimation of the uncertainty of the positions of observed peaks

As discussed before, the difficulty to identify precisely the rotation angle leads to a relative large error bar for θ (2.2°±0.4°). It would be interesting to check how the poor determination of rotation angle influences on the comparison with theoretical calculations. To do this, we use the energetic separation ∆E V HS1 = E V HS1 -E V HS1 between two main van Hove singularities. This difference is given by Eq. 5.19 in chapter 5. Then, its differential of this function in θ can be written as follows:

d∆E V HS (θ) = v mono ΓK * dθ (6.1)
where v mono is the Fermi velocity for monolayer, ΓK is the wave vector of the Dirac point in monolayer graphene and dθ is in radian. Thus, the uncertainty of 0.4°, or 0.007 rad, leads to the uncertainty of 86 meV in the determined ∆E V HS1 . So, the theoretical energetic separation, ∆E V HS1 , is found to be 185±86 meV and this describes well the experiments.

Concerning the second-order van Hove singularities, E V HS2 only appears when we averaged of all measured data in the scanning region (see Fig. 6.6). We obtained an experimental energetic separation of ∆E V HS2 =640 meV. The theoretical value equals to 710±140 meV. This uncertainty is estimated from Fig. 6 

Localization of states

In order to estimate the effect of localization, we propose to use the ratio R θ of the LDOS at the van Hove singularity in AA and AB regions. So, we found from our experiments R exp 2.2°= 1.2, which is lower than the theoretical value, R theo 2.2°= 2.5. But STM experts may criticize this conclusion, because different tunneling barriers can result in the same result even with homogeneous electronic properties for rotated layers. As discussed in chapter 1 , the measured dI/dV is proportional to the LDOS ρ s (eV ), the tunneling transparency M (see chapter 1). Therefore, if M is greater for AA regions than for AB regions, then the dI/dV curves can give an impression that there are more states in AA regions than in AB regions, even for a homogeneous sample. However, if we assume that at high energy, far from the van Hove singularities, the LDOS is equal in AA and AB zones as theoretically expected (see Fig. 5.7) then the dI/dV curves can be normalized as we did in Fig. 6.3 b) and the van Hove peaks can be readily compared.

Other possible origins of peaks

In the above discussion, we relied on the tight-binding predictions of van Hove peaks for rotated layers. However, there are many other possible explanations from the literature about the observation of peaks in dI/dV curves of graphene. We will discuss below two other origins for the observed features, which are interesting.

Whispering-gallery modes in tip-induced p-n junctions: By investigating the electronic properties of single layer graphene on BN-film with a cryogenic STM, Zhao and co-workers found many peaks and explained them by the formation of tip-induced p-n junctions [START_REF] Zhao | Creating and probing electron whispering-gallery modes in graphene[END_REF]. Then, by tuning the back-gate of their sample, the p-n junction becomes n-n type and looses its confined peaks. Because these peaks come from the electrostatic interaction between the STM tip and a graphene monolayer and exist in local regions underneath the STM tip, there should be peaks in all measured dI/dV curves for different places. So, similar phenomenon can be expected for rotated layers. But it seems that Wong and co-workers, by repeating similar experiments for rotated layers, did not observe the generation/disappearance of peaks (see Fig. S5 of the supplementary of Ref. [START_REF] Wong | Local spectroscopy of Moiréinduced electronic structure in gate-tunable twisted bilayer graphene[END_REF]). Since we measured in similar experimental conditions (with similar doping), we also do not expect to see this new physics.

States of STM tip: Last but yet importantly, peaks can belong to the STM tip but not the graphene sample. Generally, to check the STM tip, it often demands a reference sample, which measured LDOS is well-known. Then, the dI/dV measurement on this reference can be used to compare with the measurement on the test sample, rotated graphene layers in our case. From the comparison between two samples, experimentalists can draw a firm conclusion about the origin of observed features. In our case, we don't have such a reference sample. Still, is is very unlikely that the tip DOS would display features at energies close to the predicted ones for van Hove singularities. In addition, the fact that their strength varies spatially between the AA and AB zones definitively rules out this scenario.

All in all, among many possible interpretations for observed peaks and bumps, we find the explanation given by the tight-binding model of rotated layers the most plausible, because it reproduces our results quite well. Both experiments and theory agree well on the existence of van Hove features of the first and second-order Moiré bands. Then, by moving along a line connecting two AA regions, the only change is the reduction of the main van Hove peak peaks in AB areas. This phenomenon seems to agree well with the predicted localization of states for layers rotated by a small angle. However, it is interesting to check further what happens to layers rotated by even smaller angles. Fig. 6.7 shows the STM topographic image of another Moiré pattern taken at 4.2 K and its FFT. This pattern was found on another graphene sample, which is undoped as discussed later. Using the technique described previously we find a rotation angle of 1.1°±0.1°. This value is very similar to that already studied in [START_REF] Li | Observation of Van Hove singularities in twisted graphene layers[END_REF], where strongly localized LDOS had been reported. However, by studying the electronic properties of these bilayers, we found some details which were not discussed by Li and co-workers [START_REF] Li | Observation of Van Hove singularities in twisted graphene layers[END_REF]. The study of the electronic properties of these rotated layers was conducted at 1.6 K by making a CITS map of 12*12 pixels over a 26*26 nm 2 region. For each STS curve, the voltage is ramped up and down in the range from -250 mV to 250 mV. The differential dI/dV is recorded by applying a modulated signal of 1 mV with the frequency of 290.6 Hz. During the CITS measurement, a STM image is recorded (see Fig. Because the localization takes place in proximity to the Fermi level (zero sample bias), it seems that these rotated layers are undoped. However, because of the large noise in individual dI/dV curves, we extracted E D2 =0 meV from the averaged curve (red curve in Fig. 6.9 a)) By analysing carefully, we observed an unexpected spatial dependence of ∆E V HS2 for AA stackings. The dI/dV curves labelled 1,2,3 in Fig. 6.9 c) differ from each other by having various forms in proximity to the Dirac energy.

While the curve number 3 has only one single peak ( ∆E V HS =0 meV), the others have two peaks with different energetic separations (∆E V HS =20-30 meV). The same spatial dependence is also found for the other AA region on the left of the scanned region. Contrarily, the curves measured in AB regions does not exhibit this unexpected behavior, because all of the three curves in Fig. 6.8 d) resemble to each other by showing one peak at about 10 meV and a shoulder in the opposite side. These two features are marked by arrows (red for the shoulder and black for the peak). Because of this spatial dependence, we were unable to locate accurately the van Hove peaks of the first-order Moiré band. It is worth noticing that the spatial evolution of the van Hove singularities between AA and AB zones has never been reported in the literature.

Last but yet importantly, far away from the Dirac energy, all the curves have bumps at -70 meV and -120 meV. These bumps become more evidenced by averaging dI/dV curves, as can be seen in Fig. 6.9 a). Again, we used the red and blue colours to distinguish the curves belonging to different regions in the Moiré. On one hand, the averaging improves the quality of these bumps, and also reveal bumps at higher energies (-200 meV) as well as in the counterpart at positive energy. On the other hand, this treatment washed out the fine structure in proximity to Dirac energy. As a result, instead of having two separated peaks, the red curve has only a single strong peak and a shoulder, like the blue curve does. Comparing this strong peak of these two curves, we found the ratio R exp 1.1°= 2.6. Now, we need to compare with theoretical data for the same angle to explain our experimental observations of bumps and the unexpected spatial dependence. The result of tight binding calculations for undoped layers rotated by θ=1.05°is displayed in fig. 6.9 b) and c). As expected from the studies of rotated layers with small rotation angles, the predicted van Hove singularities stay in proximity to the Dirac energy and have more intense signal in AA zones than in AB regions with the ratio of the calculated intensities, R theo 1.05°= 10. The predicted ∆E V HS , is found to be 10 meV, which is in the experimental range of 0-30 meV.

Discussion

Concerning the bumps, some peaks are present in the theoretical curves at positions about ±100 meV and about ±200 meV. These features originate from second and third Moiré bands. Therefore, we will reuse the notations of E V HS2 , E V HS3 (E V HS2 and E V HS3 ) to distinguish second and third-order van Hove peaks in positive (negative) energies. Then, we will try to estimate the uncertainty of positions of these peaks from the uncertainty of the rotation angle determined experimentally. Similar to what we did for the previous case, from Fig. 6.6, the uncertainty of ±0.1°leads to the uncertainty of ±23 meV and ±20 meV for the second-order van Hove peaks E V HS2 and E V HS2 , respectively. However, we have not any ready angle-dependence of the third-order van Hove peaks, so we cannot repeat the same estimation for these peaks. We listed all the calculated values as well as the predicted values in Tab. 6.3. In addition to these values, we also add in this table values found on similar rotated layers (θ=1.1°) by Yin and coworkers [START_REF] Yin Long-Jing | Experimental evidence for non-Abelian gauge potentials in twisted graphene bilayers[END_REF] for comparison. In their report, they interpreted these peaks as a result of non-Abelian gauge potential, which comes from the spatial dependence of the interlayer coupling. This potential leads to some confinement of carriers and to Fabri-Pérot like resonances in the DOS. The level spacings obey the same angle dependence as van Hove singularities, so it is difficult to discriminate these two effects. van 

E V HS2 N/A 120±20 50 
E V HS2 -70 -100±23 - 30 
E V HS3 N/A 220 120 E V HS3 -120 -200 - 100 
Table 6.3: Possible second and third-order van Hove peaks found for layers rotated by θ=1.1°±0.1°T

o wrap up the tight binding model describes well the experiments to theta=2.2°. On the contrary, the tight binding model does not describe the peaks observed at high energy which are seen to occur at lower energy than predicted for theta=1.1°. Also, the spatial dependence of the LDOS observed in AA regions for this angle is not reproduced by the model.

Layers with a rotation angle of 1.5°6 .5.1 Experimental results

Observation of Moiré pattern

I will now describe the measurements performed on a graphene layers rotated by 1.5°±0.5°as determined by our method. The raw STM image and its Fourier transform are presented in Fig. 6.10. We stress that this MP and the MP with θ=2.2°discussed previously were observed on the same sample, and were studied with the same STM tip. Therefore, they probably share certain properties, like the electron doping as found previously. By analysing the STM image and its FFT, shown in Fig. 6.10, we found θ to be 1.5°±0.5°. Therefore, this Moiré has an angle which is intermediate with the two previous ones. . 

Determination of Dirac energy and main Van Hove peaks

A study of the electronic properties of the observed MP was conducted at 1 K by making a CITS map of 43*43 pixels over a region of 17*17 nm 2 , which grants us a good resolution to study the spatial dependence of the peaks in an area containing few AA regions. Each pixel of this map has a size of 0.4*0.4 nm 2 . The STM image recorded during the CITS measurement, in fig. 6.11, shows an important drift in its upper part due to an unwanted warming of the dilution refrigerator during the measurement. Therefore, we will limit our discussion to the bottom half of our CITS. Concerning the dI/dV measurement, we used a lock-in system with a modulated signal of 2 mV at a frequency of 370 Hz. For each STS measurement, the tip was settled at V bias =-400 mV and I t =500 pA. Besides, during the CITS measurement, at each pixel, where dI/dV curves were recorded, the tip extension or the sample morphology is also measured. Therefore, besides the high-resolution image, we were able to construct another STM topographic image with the same resolution as the CITS map (see fig. Fig. 6.12 a) presents the typical experimental LDOS measured in AA (red curve) and AB (blue curve) regions. These curves are the averaged signals measured during the two sweepings (from -0.4 V to 0.4 V and vice versa). The Dirac energy, E D2 =-50 meV. This value is reasonable, since it corresponds to the same doping like one of the MP with the angle of 2.2°, which was measured on the same sample. We found that close to E D2 the red curve (AA) has about four peaks (E peak1 =-115 meV, E peak2 =-80 meV, E peak3 =-60 meV and E peak4 =-40 meV), but the blue curve has only two (E peak2 and E peak4 ) with reduced intensities. The peaks are nevertheless reproducible and visible in both voltage swings. They are therefore not due to a random noise.

This concentration of peaks close to the Dirac energy in the AA regions is in agreement with the prediction of states localizations in these areas , although the number of peaks remain unexplained at this stage. Moreover, the comparison between the intensity of the strongest peaks in the range from 0-200 meV for the red and the blue curves provides a ratio, R exp In order to investigate in more details the nature of the two other peaks (pointed out by black arrows in Fig. 6.12 a), we plot three lines of spectra in Fig. 6.13. The spatial dependence of the LDOS is fairly complex with regions where only two main peaks are observed and other regions where up to 6 peaks are observed. Thanks to the high resolution of our CITS, we have been able to observe the continuous shift in space of the energy of the peaks, contrarily to the CITS discussed in paragraph 6.3 where these peaks seemed to be randomly distributed due to a lack of spatial resolution. The spatial correlation along the slow scan axis strongly indicates that these peaks cannot be attributed to a random noise. As expected, the peaks around E D2 are localized in AA regions and the peak pattern repeats in each hill of the Moiré. Fig. 6.13 also allows to track the position of the peaks (highlighted by red arrows in Fig. 6.12 a) and Fig. 6.13 d)). Interestingly, contrary to the peaks discussed previously those peaks seem to be localized outside of AA regions. However, one has to be careful in comparing their intensities, because they depend also on the tunneling matrix M .

At V bias =-400 mV, the feedback loop of the STM adjusts M by changing the tipsample distance, so that the tunneling current is equal to the set-point. Since AA regions have more states in proximity to E D2 =-50 meV than AB regions do, the STM reduces automatically M above AA regions compared to AB regions. This modification could artificially enhance spectroscopic features in AB regions. This effect could have been minimized by polarizing at positive bias. Although we did not perform this experiment, this can be done mathematically by normalizing all the spectra so that I t at V bias =400 mV is equal for each of them. After this normalization step, it seems that at positive energies, features found in AA regions are as strong as those observed in AB regions. a) b) Figure 6.14: Verification of the spatial dependence of features in positive energies: a) normalized dI/dV curves measured at AA (red curves ) and AB regions (blue curves). b) normalized dI/dV curves taken along the red line in Fig. 6.13 a). The normalization was done in such a way that with an assumption that I(t) at 400 meV is identical for each spectrum.

Discussion

A comparison between tight-binding model and experiments

Here again, we have tried to model the experiments with tight binding calculations. Fig. 6.15 is very similar to other two theoretical results discussed previously by predicting peaks (E V HS1 =20 meV, E V HS1 =-20 meV, E V HS2 =180 meV, E V HS2 =-180 meV, E V HS3 =400 meV and E V HS3 =-400 meV) of different Moiré bands. The localization is identified to be in an intermediate level by having the ratio of the intensities of the peaks at E V HS1 , R theo 1.35 =6. Moreover, one can easily recognize that while E V HS1 and E V HS1 are stronger in AA regions than in AB regions, E V HS2 and E V HS2 are more enhanced in AB regions. Like for θ=1.1°, no spatial dependence of the energy of LDOS features is predicted.

Possible origins of new peaks STM tip as a possible source for peaks: From the experimental point of view, it is reasonable to suspect the tip, as a possible source for these new peaks at -115 meV and -60 meV. However, if they belonged to the tip, we should find them everywhere in our sample, which is not the case. Also, since the rotated bilayers with θ=2.2°and θ=1.5°were found in two places of one sample during the same run, and were characterized with the same tip. Therefore, the absence of these peaks in the dI/dV curves measured on the MP with θ=2.2°confirms that these peaks belong to electronic states of the bilayer with the smaller rotation angle.

Existing interlayer electric field: The existence of the electric field between two layers of a bilayer is the other concern. The fact that our sample is doped indicates that there may be an electric field between two layers, as discussed by Cherkez and coworkers [START_REF] Cherkez | Hove singularities in doped twisted graphene bilayers studied by scanning tunneling spectroscopy[END_REF]. The simple model to estimate the vertical electric field developed in this publication is supposed to be valid for large rotation angles (above 10°). It can therefore not be applied directly here. However in this same publication, the authors have studied rotated systems of angles down to 2°with a similar doping as ours and have not found any influence of the potential electric field. On the theoretical side, the tight binding calculations made in the same publication for angles down to 1.3°also don't show any special feature related to electric field. Therefore, we exclude this possibility as the origin of our observations.

Existence of multi Moiré pattern: Knowing that the graphene growth by thermal decomposition of SiC on C-face cannot be fully controlled and may result in more than two layers, it is natural to consider the contribution of many Moiré patterns of more than two layers. The three layers would form two sets of rotated bilayers and would therefore lead to fours van Hove peaks around the Dirac energy. However, we found this scenario is unlikely, because of two reasons.

We tried a method done by Miller and co-workers [START_REF] Miller | Structural analysis of multilayer graphene via atomic Moiré interferometry[END_REF], where these authors recognized the existence of two Moiré patterns by scanning with different applied biases. Then, at a sufficiently low bias, the tip may be in contact with the top layer and can observe better the MP between the second and the third layer. In their study, they recognized the second Moiré by using V bias =-50 meV. However, we could not find any other MP in the scanned region by using this method, as shown in fig. 6.16. As a result, whereas it is still possible, there is no strong evidence about the existence of multi Moiré patterns in our case. Moreover, Brihuega and co-workers also found the same type of modulation of the intensities of the MP by the presence of a third rotated layer. However, they didn't find any evidence of it in the spectroscopy [START_REF] Brihuega | Unraveling the Intrinsic and Robust Nature of van Hove Singularities in Twisted Bilayer Graphene by Scanning Tunneling Microscopy and Theoretical Analysis[END_REF]. The system behaves like two isolated rotated layers. Therefore, we exclude this possibility.

Whispering-gallery modes in tip-induced p-n junctions: The found value E D2 =-50 meV indicates an electron doping in this bilayer. Furthermore, as we have even smaller rotation angle than previous result (2.2°), the renormalization should be even stronger and leads to even higher values for the density of charge carriers per layer. As a result, the tip could not reverse the background doping of the point underneath, and it is impossible to form p-n junctions in this bilayer. Therefore, we also rule out this possibility.

Possible strain: From these STM images shown in Fig. 6.16, there is an increase of the distance between two sequential AA regions (or hills), which stay on one line from left to right. This unexpected deformation can come from strain in the bilayer. Therefore, although our studied region is more regular than the one shown in Fig. 6.16, it would be interesting to include this mechanical effect into the calculations. Experimentally, our groups are in progress to investigate the influence of strain by implementing the method suggested by Artaud et al. [START_REF] Artaud | Universal classification of twisted, strained and sheared graphene moiré superlattices[END_REF] to estimate the deformation of graphene lattice in measured rotated bilayers. Figure 6.17: Experimental dI/dV curve(red solid curve) and calculated LDOS with models including Anderson disorders (green curve) and vacancies (blue curve). The two theoretical curves are magnified and shifted upward for clarity. The Dirac energy of the experimental dI/dV is also corrected by taking into account the doping of -50 meV

Existing defects and disorders: It is quite natural to take into account the existence of adatoms, defects and disorder. Therefore, it is reasonable for us to consider how defects and disorder modify the electronic properties of our MPs. By analysing the TB calculations done with models including either Anderson disorder or vacancies, we found that in general, disorder generates new peaks in the vicinity of VHSs, as shown in Fig. 6.17. Furthermore, the most visible difference between the two models is the broken electron-hole symmetry of the model containing vacancies. The details will be discussed in the next section.

Among those effects, disorder and strain are the most plausible. We have started to investigate the effect of disorder and we will discuss it now, but we acknowledge that strain could important influence. This needs to be investigated in future works.

6.6 Tight-binding models with disorder 6.6.1 Influence of disorder on electronic properties of graphene Disorder, like structural defects, can deteriorate the performance of the graphene devices as well as modify the properties of graphene film [START_REF] Banhart | Structural defects in graphene[END_REF]. For example, a single vacancy is well-known to induce localized states [START_REF] Pereira | Disorder Induced Localized States in Graphene[END_REF][START_REF] Pereira | Modeling disorder in graphene[END_REF][START_REF] Ugeda | Missing atom as a source of carbon magnetism[END_REF], as shown in Fig. 6.18. By using STM, Ugeda and co-authors were able to find vacancies, which were introduced intentionally by bombarding graphite with low-energy argon ions. Then, the STS measurements at the vacancies show a strong localized peak at zero energy. By studying the spatial dependence of this peak, they found that it decays as a function of r -2 , as predicted by TB calculations. Moreover, new magnetic properties are expected to exist. On the other hand, there is neither experimental nor theoretical report about how disorder, like vacancies, influences the electronic properties of rotated graphene bilayers. This is why we want to discuss this point here. In this study, we analysed the tight-binding model of MP with two types of disorder: Anderson types (non-resonant scatterers) and vacancies (resonant scatterers). The calculations were performed by Guy Trambly de Laissardière (University of Cergy-Pontoise).

For both disorders, a super-cell of MPs containing about 20*10 6 atoms is constructed by repeating a Moiré unit cell (shown in Fig. 6.19 a)) in two dimensions. Then, disorder is introduced randomly in this super-cell as well as in the two layers. Anderson disorder is introduced by allowing one-site energies to vary in a window of [-675 meV 675 meV] instead of having a fix value of -780 meV for a disorder-free model [START_REF] De | Numerical studies of confined states in rotated bilayers of graphene[END_REF].

In the case of vacancies, a low concentration of vacancies (0.05%) was randomly distributed in the supercell and in the two layers. Two vacancies were not allowed to stay inside one single benzene cycle. Furthermore, it is important to note that the relaxation of the graphene lattice due to the vacancies is not taken into account. For both cases, the disorder does not have the periodicity of the MP. Then, the calculations are performed for the whole super-cell and we analysed the results in one Moiré cell, by studying the LDOS curves of atoms along two diagonals. Fig. 6.19 illustrates our tight-binding model with vacancies and the two diagonals, along which we analysed the theoretical data. However, since the influence of each type of disorder on the electronic properties of rotated layers are similar on these two lines, we will only present results obtained along the blue line connecting the two AA regions for each type of disorder. 

Analysis of the tight-binding results calculated for models with disorder

Peaks induced by disorder Fig. 6.20 allows us to compare the results obtained for three models (disorder-free, with Anderson disorder and with vacancies). In general, LDOS curves of the three models exhibit strong signals in AA regions, but reduced signals in AB regions, and this is the only similarity between the three models. The first and the most visible effect of having disorder is the appearance of new peaks in the energetic range from -100 meV to 100 meV. In order to visualize the appearance of new peaks, we plotted LDOS curves of single atoms located in AA regions for each of the three models. While LDOS curve of the pristine bilayer has two separated peaks symmetrical around the Dirac energy (or zero-energy), Van Hove singularities appear to be split into many peaks whenever disorder is introduced, disregarding the type of disorder (See images in the right column of Fig. 6.20). The left images in Fig. 6.20 show a spatial dependence of the LDOS along the line connecting AA regions. Whereas LDOS curves taken on equivalent sites in two different AA regions are identical for the disorder-free model, they become different from each other when disorder is present. For instance, in the left image of Fig. 6.20 b) the LDOS curves in the left-hand side have three main peaks, but only two peaks in the right-hand side.

Besides, whereas in the disorder-free model the van Hove peaks evolve smoothly along a diagonal, disorder introduces discontinuities in their spatial evolution. In both images b) and c), the spectrum calculated on each atom is very dissimilar to the ones of the neighbour atoms. Surprisingly, this also happens in AA regions, where six atoms of one benzene ring are nominally identical because of the AA stacking, according to a disorderfree model. We understand this as resulting from the long range electron mediated interaction between impurities, which has been shown to lift A-B sublattice symmetry in graphene [START_REF] Shytov | Long-range interaction between adatoms in graphene[END_REF]. All six atoms within a benzene ring become different and a longer periodicity is formed (see Fig. 6.21 a)). To illustrate the observed DOS fluctuations for atoms in one ring, we plot their calculated spectrum (see Fig. 6.21 b)) with the same colour code as in Fig. 6.21 a)). As shown, among six atoms, we cannot find any pair, which shares similar LDOS curves. The only similarity of these curves is that all of them have many peaks, which are generated by disorder (vacancies in this case). By plotting the spatial evolution of the LDOS for atoms of only one of the six sublattices along the short diagonal, we recover the expected smooth behaviour in real space of the low-energy peaks. Again, one can recognize the localization of states in AA spots. It is important to note that the LDOS exhibits a spatial dependence as observed in our experiments, where spectra measured in two AA regions differ from each other. This comes from the fact that all sites become inequivalent due to the spatial disorder.

Discussion

Comparison between measurements and models with disorder Experimentally, we do not observe the new periodicity predicted by tight binding in our experiments. One can therefore wonder why this is so. Two approaches can be considered. First of all, the experimental spatial resolution presented in Fig. 6.13 is too low to access this new effect. However, we have performed higher resolution measurements where the periodicity is also not observed. One might argue that the measurement resolution is not limited by the actual spacing between the point where the spectroscopy is performed but by another effect related to the technique itself. However, it is difficult to be convinced by such an argument since atomic resolution images are obtained easily with STM. Therefore, atomically resolved spectroscopy should also be possible since features at the atomic scale in STM images are mainly due to the spatial variation of the LDOS. Another possibility could be that we don't observe the new periodicity because disorder is not the source of van Hove singularity splitting. One could think for instance to stress which is a possibility which we have not explored yet.

Still, in order to compare the theory to our result at least qualitatively, we have treated the data in two different ways, as illustrated in Fig. 6.21. First, we have analysed the data from atoms belonging to the same sublattice to avoid the six-fold symmetry, which we could not find from our STM images. For instance, we can pick up atoms circled in red and construct LDOS lines, as shown in Fig. 6.21 c) and d). Secondly, the spectra of six atoms of one ring can be averaged out to simulate a possible lack of resolution in the STM which could average the signal from several atoms. On the left side of Fig. 6.22, we present the averaged LDOS of all benzene rings along a line connecting two AA regions. Single spectra taken in AA (red curves) and AB (blue curves) regions are displayed on the right-hand side of the same figure. The spatial evolution of the LDOS becomes smooth as expected. Despite the averaging, the existence of many peaks, the localization of states in AA regions and the smooth shift in the position of peaks by moving between two AA regions are preserved. All of these phenomena have been observed in our study for rotated layers with θ=1.5°(see Fig. 6.23 a)) and probably also in the measurement done for the layers with θ=1.1°. In spectra calculated for the model with vacancies, there is strong signal at negative energy in the red curve (left image of Fig. 6.22, which are states induced by a vacancy in proximity.

Although the model with Anderson disorder and the one with vacancies are very alike, and both models can reproduce the smooth shift of peaks and the existence of many peaks in proximity to the Dirac point, they exhibit a visible difference at high energies. As discussed before for θ=2.2°and 1.1°, higher-order Moiré bands also result in peaks at higher energies. For θ =1.35°, as shown in Fig. 6.15 a), peaks originating from the second Moiré band are located at ±200 meV. Both of them exist in the LDOS curves calculated for the model with Anderson disorder, as shown in Fig. 6.22 a). But in the model with vacancies, this symmetry is broken: there is only one second-order peak at 200 meV (see Fig. There is no such effect on the positive energy side, which makes the LDOS curves asymmetrical. Far away from the vacancy, this effect should be washed out. However, in the configuration that we analysed, the maximum distance to any vacancy is less than 5 nm, and Ugeda and co-worders were still able to recognize the induced peak at a distance of about 3.5 nm away from the defects [START_REF] Ugeda | Missing atom as a source of carbon magnetism[END_REF]. Therefore, probably, it requires to be much further from the defects to recover the symmetry of the LDOS curves. The same conclusion about the generation of new peaks, and the absence of secondorder Van Hove peaks in negative energy can be withdrawn from LDOS curves calculated for these two configurations. So, we are confident about the impact of disorder in rotated layers. More strikingly, by putting vacancies into rotated layers, it is possible to reproduce a picture of a single broad peak instead of two separated peaks, like the experimental observation of 1.1°(see right image of Fig. 6.24 b) and Fig. 6.8 c)). So, probably, the existence of vacancies is an answer to the spatial dependence of the energetic separation found in layers rotated by 1.1°.

The absence of vacancies in STM image and some proposals

Despite that the model with vacancies predicts qualitatively well many features observed experimentally for layers rotated by 1.35°, if they were to exist, we should be able to find some of them in the STM image. However, we failed to find vacancies in our STM image. Before ending this discussion, it needs to mention that the same effect can happen by having adatoms, whose effect is to break sp 2 bonds into sp 3 bonds like vacancies. We did not see any adatoms in our STM images, but we cannot rule out the possibility that they have been moved around by the STM tip.

Conclusion

As discussed in this chapter, we have studied electronic properties of graphene layers rotated by different angles (2.2°, 1.5°and 1.1°). For θ=2.2°, we observed two well resolved first-order van Hove singularities as expected. We also found on averaged spectra the second-order singularities. However, a straightforward analysis of the positions in energy of these singularities is hindered because of the lack of accuracy in the determination of the rotation angle for this Moiré. Nevertheless, the measured energetic separations ∆E V HS1 and ∆E V HS2 are consistent with the prediction given by the tight-binding model.

For decreasing angles, we observed a localization of electronic states in the AA regions as expected. However, for θ=1.1°we found a spatial dependence of these localized states, which has never been reported nor predicted before. The analysis of the data is even more complicated by the proliferation of many peaks close to the Dirac energy for the intermediate case (θ=1.5°). Both phenomena can be reproduced by introducing disorder, such as vacancies, in the model. However, we hardly found any of them in our images, and some other explanations must be found. The strain, which exists in rotated bilayers as shown in STM images, is probably a good candidate.

Conclusions

We have introduced in this dissertation our experiments with epitaxial graphene films grown on C-face of SiC substrates, which are interesting and accessible to STM experimentalists. As presented in chapter 2, the thermal decomposition of SiC materials at elevated temperatures results in wafer-scale graphitic films. Because of the insulating properties of the supporting substrates, unlike films grown with the chemical vapour method, those grown on SiC are ready for STM studies without the need to transfer them with the use of resist layers. In our lab, we grow films in the atmospheric pressure in a home-built RF furnace, which is similar to de Heer's system.

As presented in chapter 5, epitaxial films on C-face possess single-layer like properties because of the rotation of their layers. Then, in principle, this type of material allows us to access the ballistic transport of graphene monolayer. This motivated us to investigate the superconducting proximity effect in the ballistic regime, which is one main challenge in the field of superconductors. For this project, we have tried two main methods to induce the superconducting properties into graphene: either with superconducting vanadium films (in chapter 3) or with niobium carbide ones (in chapter 4). Both methods employ the sphere lithography, whose details can be found in chapter 3. By characterizing samples at low temperatures, we were able to obtain atomic-resolution STM images and succeeded to measure a superconducting gap in vanadium films, but failed to find the induced gap in graphene regions. A poor graphene/vanadium interface, the existence of shadowed area, and the indirect connection between the probed layers and the superconducting film were suggested as our possible problems. Graphene-based junctions were fabricated and measured to evaluate the electrical contact between V and graphene. However, because samples for STM studies and one for transport measurements are fabricated in different ways (without and with resist layers), the state-of art value found in transport may be different from the actual one of samples measured with STM.

We have tried two annealing processes (in vacuum and in gases) to produce NbC films, which have a critical temperature above 12 K. We found that the NbC film grown in vacuum has better quality than one grown in gases and can be used for bolometers. Besides having good superconducting properties, our grown NbC films are covered by graphitic materials as confirmed by different characterization techniques. However, we could not find any proximity effect in graphene for both kinds of samples. Trenches, which exist in samples annealed in vacuum, may be detrimental to the proximity effect. For samples grown in gases, the surface of the film is not superconducting because of the use of Ar gas. We cannot exclude that this weakening of the superconducting properties of the NbC has not affected the contact between NbC and graphene.

As reviewed in chapter 5, the rotation of graphitic layers grown on C-face of SiC grants these layers many interesting properties, as single-layer like properties, the localization of states and Van Hove singularities at low energies. Therefore, we devoted chapter 6 to present and to discuss about our results done for layers rotated by small angles (θ=2.2°, 1.5°and 1.1°). Our observation of van Hove peaks agrees well with the prediction given the tight-binding model for the angles of 2.2°and 1.1°, except the unexpected spatial dependence of LDOS in AA regions. For the intermediate angle, the appearance of new peaks and the spatial dependence could be interpreted by the introduction of disorder, like vacancies. Nevertheless, we could not find any of them in our STM images. Therefore, we need to consider also other situations, like strain in rotated bilayer. method suggested by Artaud and co-workers [START_REF] Artaud | Universal classification of twisted, strained and sheared graphene moiré superlattices[END_REF] to analyse the STM images. The core of this method consists in using their FFT to establish the commensurate relation between graphene and the Moiré pattern. It reveals there are more than one AA zone within a primitive cell of the Moiré, and that graphene usually undergoes small but nonzero shearing. Then, we can introduce the found strain into the tight-binding model for calculations.
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Figure 1 . 1 :

 11 Figure 1.1: STM working mechanism: a) Tunneling process between a STM tip and a sample, which are separated by a distance d. b) Schematic view of the scanning tunneling microscope. Reproduced from Ref. [20].

Figure 1 . 2 :

 12 Figure 1.2: Two different scanning modes of STM: a) constant current and b) constant tip extension, taken from Ref. [20].

Figure 1 . 3 :

 13 Figure 1.3: A photo of our STM device.

Fig. 1 .

 1 Fig. 1.3 is a photo of the head of our STM, which is suspended by a system of springs to isolate the STM from the mechanical noise. Main elements are the coarse motor, the sample holder, the STM tip, the scanning tube, the microscope body and the xy table.

Figure 1 . 4 :

 14 Figure 1.4: Different forms of a real STM tip: Scanning electron microscopic images of apexes of a) a home-made STM tip (the scale bar of 4 µm and b) of a commercial one, sold by Bruker. Both tips are made of platinum/iridium. with a tip radius less than 50 nm. The commercial tip has a diameter of 0.25 mm and a tip radius less than 50 nm.

Figure 1 . 6 :

 16 Figure 1.6: Different parts of the x-y table of a STM: a) A zoom in of the head of our STM and b) a scheme of the the inside part of image a), where inner elements are visible.

Figure 1 . 7 :

 17 Figure 1.7: Designs of our home-built cryostats: a) our cryostat 1.5 K and b) our dilution fridge, Sionlundi (50 mK).
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Figure 2 . 1 :

 21 Figure 2.1: Different growth methods of graphene. Figure adapted from Ref. [3].

Figure 2 . 2 :

 22 Figure 2.2: Different mechanisms of the graphene formation on transitional metals: a) the segregation and the precipitation of carbon atoms on Ni foils b) the surface adsorption of carbon atoms taking place on a Cu surface [28].

HFigure 2

 2 Figure 2.3: A crystal structure of 4H and 6H-SiC material, taken from Ref. [32].

Figure 2 . 6 :

 26 Figure 2.6: High quality epitaxial graphene film grown on Si-face by atmospheric pressure graphitization of SiC: Atomic force microscopic images of a) a SiC substrate etched in H 2 and Ar mixture and of b) epitaxial graphene film grown on Si-face. Parallel lines observed in both two images are the substrate steps. Imaged are reproduced from Ref. [37].

Figure 2 . 7 :

 27 Figure 2.7: High quality epitaxial graphene film produced on SiC substrates with the confinement controlled sublimation method: Atomic force microscopic images of epitaxial graphene films grown on Si-face in vacuum a) and by the confinement controlled sublimation method b) and of films grown on C-face with the same method c). Imaged are taken from Ref. [32].
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 28 Figure 2.8: Photo of our home-built RF furnace, while heating. The two framed box are added to show the high-voltage source, and the copper coil. Moreover, the graphite enclosure is bright because of the extremely high temperature of the on-going growth process.

Figure 2 . 9 :

 29 Figure 2.9: A sketch of our annealing recipe to grow epitaxial graphene on C-face of SiC substrates. Durations of different ramps of temperature are indicated with T1=60 min, T2= 90 min, T3= 30 min, T4= 200 min. Different gaseous conditions are used: (1) in vacuum to degas our samples, (2) in flowing H 2 and Ar mixture to etch and remove possible oxide compound existing on SiC substrates, (3) in continuous flow of Ar and (4) in a static Ar environment to grow graphene.

Figure 3 . 1 :

 31 Figure 3.1: CNT-based Josephson junctions: a) Schematic for Andreev reflections and Andreev bound states in carbon nanotubes confined by Al electrodes at both two ends. The Andreev reflection, in which electrons (e) are reflected as holes (h), occurs at the interface of Al and CNT. At the same time, Cooper pairs are formed on superconducting sides. For example, at the interface on the right-hand side, electrons are reflected as holes, which are again converted into electrons at the opposite interface.The multi reflection process can form a standing wave, which results in bound states. In the DOS of CNT, these states are manifest as peaks existing in the induced superconducting gap in CNT b). The positions of these peaks can be varied by changing the back gate voltage, or by applying external magnetic fields. c) Colour-enhanced scanning electron micrograph of the device, with a CNT (grey line) connecting the two branches of a superconducting fork (green). In order to probe the DOS of CNT, another superconducting electrode (red) is weakly connected to the tube.Figures adapted from Ref.[START_REF] Pillet J-D | Andreev bound states in supercurrent-carrying carbon nanotubes revealed[END_REF].

Figure 3 . 2 :

 32 Figure 3.2: Ballistic behaviour of a diffusive Au film: scanning electron micrograph a) and scanning tunneling micrograph b) show the morphology of the sample, which has different Au patterns (darker regions in the image b)) surrounded by Nb film (brighter regions). c) and d) show scanning tunneling spectra measured on Nb film and Au parts respectively. The two arrows show the position of sub-gap peaks, which are attributed to Andreev Bound States (ABS). [4, 23].
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 233 Figure 3.3: Steps of a sphere lithography: (1) The growth of epitaxial graphene films on SiC, (2) the deposition of silica spheres, (3) the evaporation of V/Au bilayers, (4) the removal of silica spheres from our samples.
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 334 Figure 3.4: Residues of removed resist layers on graphene: a) a small scale STM image of 4.6*4.6 nm 2 and b) a large scale STM image of 4*4 µm 2 done on transferred graphene on SiO 2 substrates. The left image stays in the black hole of the image b), which appears after many efforts to observe atomic features on transferred graphene at room temperature.

Figure 3 . 5 :

 35 Figure 3.5: Mechanical damages induced by the sonication: Optical micrograph image of an ultrasonically shaked Ti/Au bilayers deposited on graphene grown on SiC.Whereas the deposited Ti/Au film was fully covering the whole sample surface, the mechanical impact is so strong that some parts of the bilayers has been removed, and the leftover is fragmented.

Figure 3 . 6 :

 36 Figure 3.6: Poor adhesion between evaporated Pd/Nb/Au multilayers and graphene: a) the SEM image of the sample surface (scale bar of 2 µm), b) the AFM image in a place similar to the dashed area in image a) to study the height profile of the sample. The inset is the height profile along the dashed line in image b). The curved film creates a height difference up to 600 nm, as shown in the inset.

Figure 3 . 7 :

 37 Figure 3.7: Morphologies of samples before and after the evaporation of V/Au bilayers: AFM topographic images of the pristine graphene sample a) and of a graphene disk surrounded by superconducting multilayer b) (with the same scale bar of 1 µm). c) Room-temperature STM image of a part of the graphene disk and the evaporated films. The sizes of the two AFM images are 5*5 µm 2 and 4*4 µm 2 respectively. In the image a), arrows point at pleats of the graphene film. In b) and c), blue arrows point at the edges of the evaporated V/Au bilayers. Insets show the height profile along added lines (dashed lines in image a) and b), and a solid line in image c)).

Figure 3 . 8 :

 38 Figure 3.8: Observation of clean graphene surfaces: a) Atomic-resolution STM image of graphene and b) its fast Fourier transform (FFT) image. The scale bars of the two images are 2 nm and 5 nm -1 . In image b), yellow (white) arrows and lines are added to indicate the points belonging to graphitic lattice (Moiré superlattice).

Figure 3 . 9 :

 39 Figure 3.9: Electronic properties of V and graphene: The morphology (the scale bar is 5 nm) a) and the LDOS map b) of the V/graphene edge at the Fermi energy. Experiments were performed at 1.6 K and the image a) was taken during the CITS measurement with V b =2 mV, I t =1 nA. In the image a), the graphite stays in the darker region on the left side and the inset is the height profile taken along the white line in the main panel. Measured dI/dV curves (triangles: blue for V/Au and red for graphene) and two BCS-calculated curves. The fitting is done by tuning the superconducting gap, ∆ and the Dynes parameter for a pair-breaking strength, Γ : ∆ = 520 µeV with Γ = 0.2 * ∆ (solid blue curve) and ∆ = 480 µeV with Γ = 0.37 * ∆ (dashed blue curve).
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 4310 Figure 3.10: Graphene-based junctions for transport measurements: a) A large-scale sketch of 6 devices on one chip for transport measurements. Four red lines are added to illustrate the used four-probe configuration. b) A zoom in of the framed part in image a). In image b), the graphene bar, a rectangle in the center, is connected with contact pads in image a) via superconducting arms. The distances between two neighbouring electrodes are 0.3 µm, 0.6 µm, 1.0 µm, 2.0 µm and 5.0 µm from the left to the right.

Figure 3 . 11 :

 311 Figure 3.11: Resist residues in graphene-based junctions: a) The 9*9 µm 2 AFM image of our sample and b) the energy-dispersive X-ray spectrum to identify the origin of the residues observed in AFM image. In image a), the graphene bar is highlighted by a dashed frame. In image b), the measured peaks are identified to belong to C, O and Si atoms. The black dashed line is added to point the position of a peak belonging to Al material, which does not exist in our sample.

Figure 3 . 12 :

 312 Figure 3.12: Electrical measurements of fabricated junctions: a) R(T) curve measured on one of our flakes b) The measured resistance at 1.6 K of junctions with different lengths in two different flakes (red rectangular for device 1 and black circle for device 2).
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 41 Figure 4.1: The schematic image of the preparation process with sphere lithography on SiC substrate.

Figure 4 . 2 :

 42 Figure 4.2: Different annealing processes to grow NbC and graphene multilayers: Schemes of the annealing process in vacuum a) and in Ar atmosphere b). In image b), steps of annealing in different conditions are numbered: (1) is in vacuum, (2) is in flowing flux of H 2 +Ar, (3) is in flowing flux of Ar gas, and (4) is in the static argon environment.

Figure 4 . 3 :

 43 Figure 4.3: SEM images taken on samples before a) and after b) annealing.

Figure 4 . 4 :

 44 Figure 4.4: SEM images of the TEM specimen taken during the preparation process: a) SEM image of the sample and a designed pattern of TEM specimen, which is marked as a yellow bar going through the graphene disks and the NbC film. b) SEM image taken under angle of the extracted TEM specimen and the sample surface by etching away the material from two sides. c) A side-view SEM image of the specimen glued to the sample holder. d) A side-view SEM image of the final specimen with thick films (dark regions) in the two wings, and a thin one (bright region) in the middle.

4. 3 . 2 Figure 4 . 5 :

 3245 Figure 4.5: Electrical measurements of annealed films: a) Thermal dependences of the electrical resistance of the sample annealed in vacuum (S1) (lines with open circles) and of the sample annealed in gaseous conditions (S2) (solid line), b) H c2 (T ) points extracted from two R(T ) curves and the fitting functions for S1 (blue curve and blue scatters), and for S2 (red curve and red scatters). The critical fields are defined at the temperatures, where R/R N = 80%. The dependence is well fitted by a linear dependence.

Figure 4 . 6 :

 46 Figure 4.6: Raman spectrum acquired on the sample annealed in vacuum: Sharp peaks marked with asterisks are associated to either rotational or vibrational modes of O 2 and N 2 molecules in air. Peaks belonging to different vibrational modes of SiC and NbC materials are identified.

Figure 4 . 7 :

 47 Figure 4.7: XRD characterizations of the annealed films: a) θ-2θ curves of the sample annealed in vacuum (S1) (black curve) and the sample annealed in gaseous condition (S2) (red curve) (the y-axis is in a log scale). b) The rocking curve scan of the NbC[111] direction. c) φ scans of the NbC[311] (black solid curve) and SiC[1019] (red solid curve). In image a), the star-marked peaks belong to experimental artifacts, like K β of Co and radiation of other elements, like Mn and Fe.

Figure 4 . 8 :

 48 Figure 4.8: Epitaxy of NbC film with respect to SiC substrates: a) a high-resolution STEM image taken in high-angle annular dark-field mode with the use of a beam of 200 kV and of a probe corrector, b) and c) is the FFT images taken from the NbC (a upper half) and SiC (a lower half). From b) and c), the estimated spacings of the corresponding crystal planes are shown.

4. 3 . 3 Figure 4 . 9 :

 3349 Figure 4.9: Existence of graphitic material on SiC substrates and on NbC layer for S1: Raman spectra acquired on the bare (blue) and NbC-covered (red) parts of SiC, displaying a) SiC most intense one-phonon peaks, and (b) sp 2 carbon signature. Sharp peaks marked with asterisks are associated to either rotational or vibrational modes of O 2 and N 2 molecules in air. For clarity, blue spectra have been shifted upwards. c) and d) are TEM cross-section images taken with Titan Ultimate using a 80kV beam and an image corrector to study the existence of high quality graphitic layers on NbC and how they connect to ones existing on SiC. The specimen has a Ni protection layer.

4. 3 . 4 Figure 4 . 10 :

 34410 Figure 4.10: Characterization of the morphology of our samples AFM images and height profiles of the sample annealed in vacuum (S1) (a) and c) and one annealed in gaseous condition (S2) (b) and d). The size is 5*5µm 2 for both two images. The lines in a) and b) are added to show where the profiles are taken. Moreover, markers (red and blue) marks the two NbC/graphene boundaries along the lines.

Figure 4 . 11 :

 411 Figure 4.11: Observation of trenches in TEM images: Side-view TEM images of samples annealed in vacuum a) and in argon atmosphere b). The images are a zoom-in of the regions close to NbC film. Different regions are identified and discussed in the text. c) illustration of solid state reactions of Si and C atoms taking place during the thermal treatment. Solid and dashed arrows are added to represent the diffusion process of Si and C atoms in solid materials (SiC substrate and Nb/NbC film) and the sublimation process of Si atoms into vacuum.
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 35412 Figure 4.12: Low-temperature STM experiments of samples annealed in vacuum: a) 2.7*2.7µm 2 images taken with V B = 1 V and I t = 1nA. The inset is the height profile taken along the white added line. b) is the STS spectrum (black solid circles) taken on the NbC film (T=1.6 K), and its BCS fit (a red curve) with ∆ = 1.9 meV and Γ = 0.1 * ∆.
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 4413 Figure 4.13: Low-temperature STM images samples annealed in argon atmosphere: a) 2*2µm 2 images, V b = 1 V , I t = 1 nA b) 6*6 nm 2 , V b = 0.5 V , I t = 1 nA. Both two images are taken at 4.2 K. c) 1*1 µm 2 , V b = 1 V , I t = 1 nA taken on NbC film. The added white dashed polygon is to mark the region, where the superconducting gap was found. d) STS spectrum taken in the white dashed region (red solid line) and its BCS fitting (black solid line).

Figure 4 . 14 :

 414 Figure 4.14: The absence of induced gap in graphene: a) STM image of the graphitic layer in NbC-free region (V V =2.5 mV, I t =300 pA), which stays very close to NbC superconducting region. b) STS spectra measured on the NbC grain (red solid line) and on the graphene region of image a) (black solid line).

Figure 4 . 16 :

 416 Figure 4.16: Characterizations of a sample annealed by using vacuum with a pre-etching step a) AFM image of the graphene disk and b) is the transport measurement in external magnetic fields. The inset of image a) is the profile taken along the white line in the same image. c) the scheme of our annealing process, which is a combination of the etching in H 2 /Ar mixture at 1500 °C followed by the annealing at 1360 °C in vacuum.
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 2251 Figure 5.1: Electronic properties of single layer graphene: a) Brillouin zone of single layer. b) Band structure of single layer (left) and a corresponding density of states (DOS) (right), calculated by ab initio (a black solid line) and tight binding models with (a dashed line with filled circles) and without the contribution of next nearest neighbouring (a solid line with open circles). c) 3D view of band structure of single layer graphene and the zoom in of the band structure at one K point to show the linear dispersion. Figures are adapted from Ref.[83].
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 352 Figure 5.2: Rotation of layers as a source of Moiré patterns (MPs): a) θ = 2°, b) θ = 6°. In these two images, one unit cell of the superlattice is framed by a dashed rhombus. AA and AB zones are circled with solid and dashed curves respectively. c) the angle-dependence of periodicity of (MPs). d) constant-current STM images of rotated layers with hills (AA zones ) and valleys (AB regions). The colour bar shows the topographic corrugation.
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 53 Figure 5.3: Band structures of bilayers with different stackings: a) and b) band structures of AA and AB stackings [13]. The insets are the zoom in to the part close to K point in the reciprocal space. γ t =0.34 eV is the mean interlayer hopping integral. c) illustration of the rotation of Brillouin zones in twisted layers with θ=9.6°and d) the calculated band structure (left) and calculated density of states (DOS) (right) of single layer (black solid and dotted curves) and of twisted layers (red solid and dotted curves)with θ=7.34°. For the band structures presented, solid (dotted) curves are calculated with tight-binding (ab initio) method. Images adapted from Ref.[START_REF] De | Localization of dirac electrons in rotated graphene bilayers[END_REF][START_REF] Brihuega | Unraveling the Intrinsic and Robust Nature of van Hove Singularities in Twisted Bilayer Graphene by Scanning Tunneling Microscopy and Theoretical Analysis[END_REF].
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 54 Figure 5.4: Angle dependence of position of VHS peaks: a) LDOS measured on the Moiré pattern of rotated layers with different rotation angles, b) the observed angle-dependence of the energetic separation between two VHS peaks. Figure adapted from Ref. [16].
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 55 Figure 5.5: Single-layer properties in rotated bilayers with θ = 3.5°and its breakdown in another pair with θ = 1.16°: in image a), there are two regions, one with monolayer graphene (region C) and the other with rotated bilayers (θ=3.5°) (region B). The measurements of electronic properties performed in these two regions in strong magnetic fields (5 T) are presented in b), where Landau levels are visible as different peaks. c) and d) are STM image of bilayers (θ=1.16°) and their LDOS curve measured at a field of 6 T. There are no peaks related to Landau levels in d). Figures are adapted from [96].
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 56 Figure 5.6: Suppression of single-layer behaviour and the existence of magic angles: calculated band structures of Moiré with various rotation angles: a) θ = 1.67°, b) θ = 1.08°and c) θ = 0.73°. d) The plot of angle-dependence of v bi /v mono , from [13]. Numbers in brackets are the commensurability indices used for the calculations. In figure a), b) and c), the band structure of monolayer is added as dashed black lines for comparison.
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 57 Figure 5.7: Predicted localization of electronic states in AA regions: calculated LDOS on AA zone (red solid curves) and total DOS (black dashed curves) obtained by tight-binding calculations for different values of θ: 1.67°, 1.08°and 0.73°, taken from [13].
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 58 Figure 5.8: Observed localization of electronic states with STM: STM images (left) and STS spectra (right) measured on Moiré with θ = 3.5°a), θ = 1.79°b)[START_REF] Li | Observation of Van Hove singularities in twisted graphene layers[END_REF] and θ = 0.73°c)[START_REF] Yin Long-Jing | Experimental evidence for non-Abelian gauge potentials in twisted graphene bilayers[END_REF]. In figure a), the STS curves were measured on hills (red curve) and valleys (blue curve). In figurec), STS spectra were measured in different points connecting a valley and a hill, as shown in the inset. All the curves are moved upward for clarity with the lowest (highest) curve taken on the valley (hill). The arrow is added to focus on the localized peak, whose magnitude is varied by moving STM tip from AB to AA zones.

6. 2 Figure 6 . 1 :

 261 Figure 6.1: Determination of a rotation angle from STM image: A STM image of a Moiré pattern a) and its corresponding Fast-Fourier Transform image b). The STM image was taken at 4.2 K with V b =0.1 V, I t =10 nA. In image b), the two lines are added to show how we measure L and l in order to estimate the graphitic lattice constant and the Moiré period.
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 362 Figure 6.2: Observation of Moiré pattern (MP) for layers rotated by θ=2.2°± 0.4°: a) STM topographic image of MP taken at 50 mK V b =-400 mV and I t =100 pA. b) Fast-Fourier Transform image of the experimental STM image. The inset is a zoom in of the central spots of the FFT with a scale bar of 400µm -1 .

Figure 6 . 3 :

 63 Figure 6.3: Electronic properties of the rotated layers with θ=2.2°±0.4°: a) STM topographic image (V b =-400 mV and I t =500 pA) taken during the CITS measurement covering a region of 15*15 nm 2 at 50 mK, b) the two lower curves are experimental dI/dV averaged spectra acquired at 11 different positions in AA area (red curve) and in AB area (blue curve). The two curves shifted upward are the calculated LDOS for atoms with AA (red curve with red scatters) and AB (blue curve with blue scatters) stackings. Two dashed lines are a guide to the eye to point out the V-shape of our experimental curves. Black arrows show van Hove features found in experimental and theoretical curves and labels ((1), (1'), (2) and (2')) correspond to energies E V HS1 , E V HS1 . E V HS2 and E V HS2 discussed in the text. Red arrow points at the additional peak, the origin of which is unknown. c) Experimental dI/dV curves taken along the black solid line shown in the STM image from the left to right. d) the theoretical LDOS curves taken along a line between two AA regions. In c) and d), AA regions are labelled, we also added arrows to mark positions of van Hove peaks found in image b).

Figure 6 . 4 :

 64 Figure 6.4: Determination of the Dirac point: A zoom in of Fig. 6.3 b). Arrows indicate E D1 , E D2 and E D3 , discussed in text.
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 65 Figure 6.5: Inhomogeneous thickness of grown graphitic films: a TEM cross-section image of the graphitic layers on a SiC substrate of another sample, which was produced in the same way with the sample discussed in the text .
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 66 Figure 6.6: Determination of ∆E V HS2 : a) averaged dI/dV of all points in the scanning region. Arrows points at peaks E V HS1 , E V HS2 , E V HS1 and E V HS2 . b) A linear dependence of the positions of the second-order van Hove peaks versus θ . These data were calculated by Guy Trambly de Laissardière with tight-binding calculations.
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 467 Figure 6.7: Observation of Moiré pattern (MP) for layers rotated by θ=1.1°± 0.1°:a) STM topographic image of MP taken at 4.2 K V b =1V and I t =1 nA and b) FFT of the STM image. The scale bar of the inset is 200 µm -1 .
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 68 Figure 6.8: Electronic properties of graphene layers rotated by θ=1.1°± 0.1°: a) STM image taken during the measurement of LDOS map (V bias =500 mV, I t =500 pA), b) LDOS map of the corresponding region at Fermi energy (V=0 mV), c) and d) single STS curves taken at places numbered as shown in image b). All these curves are shifted upward for clarity.

  6.8 a)).As shown in Fig.6.8, our experimental data show strong localization in agreement with previously reported results of the Moiré with the same angle. The high conductance signal measured at the Fermi energy (identified as zero bias) is obtained at the position of the hills in the STM image (see Fig.6.8 a) and b)). This localization is illustrated better by comparing dI/dV curves measured in AA and AB regions (Fig.6.8 c) and d)).

Figure 6 . 9 :

 69 Figure 6.9: Comparison between experiments and tight-binding calculations: Experimental a) and calculated b) LDOS curves measured in AA (red curves) and AB (blue curves)regions. In panel a) the red (or blue) curve is the mean of three curves shown in fig. 6.8 c) (or d)). The inset of image b) is the zoom in of the low-energy calculated spectra. In image a) and b) arrows point out positions of second and third-order van Hove peaks. Moreover, the two added line are drawn as a guide to show the V-shape and how we estimate the Dirac point. c) theoretical LDOS taken along a line between two AA regions.
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 610 Figure 6.10: Observation of Moiré pattern in STM image: a) STM image taken at 1 K V b =-200 mV and I t =500 pA. b) FFT of the image a). The inset is the zoom in at the centre with a scale bar of 200 µm -1 .
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 611612 Figure 6.11: A large and high-resolution CITS measurement to investigate the electronic properties: a) A large STM image with an atomic resolution recorded during the CITS measurement and b) the 25*43 pixels topograph of the studied region.In a) the framed region is more reliable and the corresponding part of the CITS is analysed and discussed. In the top part, we observed a drift, which is due to the warming up of our STM. In panel b) two x indicate the places in AA and AB regions, where we extracted the dI/dV curves shown in fig.6.12.
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 1613 Figure 6.13: Spatial dependence of LDOS: a) STM topographic image. b) LDOS measured along the black line in panel a). c) LDOS measured along the blue line in panel a). d) LDOS measured along the red line in panel a). Two yellow arrows are added in image b) and c) to point at the intersection of the black and the blue lines. Red arrows in panel d) points at peaks existing at positive energies, which we will discuss in text.
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 6615 Figure 6.15: Tight-binding calculation for MP with θ=1.35°: a) Single LDOS of individual atom in AA (red) and AB (blue) regions, b) the LDOS curves taken along a line connecting two AA zones. Moreover, the oscillation of the peak amplitude existing in image b) is related to the A-B sublattices. Van Hove peaks (E V HS1 , E V HS1 , E V HS2 , E V HS2 , E V HS3 and E V HS3 ) are pointed and labelled in image a).
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 616 Figure 6.16: Series of STM images recorded with different applied biases, V bias : a) V bias = -20 mV, b) V bias =-70 mV, c) V bias =-120 mV and d) V bias =-170mV. We used the same tunneling current of 500 pA for all these images.
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 618 Figure 6.18: Investigation of vacancies in graphite by STM: a) an STM image of graphite surface bombarded with Ar ions and b) dI/dV measured at 6 K on pristine graphite (black curve) and on top of single vacancy (red curve). Figure adapted from Ref. [109].
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 619 Figure 6.19: Introduction of single vacancies into rotated layers: a) A sketch of rotated layers with an indicated unit cell of the Moiré pattern. AA (AB) regions are circled with solid (dashed) curves. b) A sketch of Moiré pattern with vacancies distributed randomly in plane and in two layers. The two diagonals connecting two AA regions: blue line for the short diagonal and red line for the longer one. Besides, positions of vacancies are circled with red for ones staying on the bottom layer and blue for ones staying on the top layer. The inset of image b) shows the order of individual spectra of the first 10 atoms along the blue line in the main panel.
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 620 Figure 6.20: Disorder-induced peaks in proximity to Dirac energy: LDOS curves (left images) along the short diagonal (the blue line in Fig. 6.19 and single LDOS curves taken at AA regions (right images). a) Disorder-free rotated layers. b) With vacancies (0.05%). c) With Anderson disorder (with on-site energy from -0.675 eV to 0.675 eV).
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 621 Figure 6.21: Fluctuations of the LDOS between atoms of one benzene ring for models with disorder: a) a sketch of the breakdown of A-B sublattice symmetry in one benzene ring. b) calculated LDOS curves for six atoms in one benzene ring located in an AA region for the model with vacancies. The colours of the plotted curves correspond to those of the circles used in a). Moreover, labels of atoms are also added in image a) and b) for distinction. d) Evolution of the calculated LDOS for one set of equivalent atoms along a line connecting two AA regions. For instance here, atoms labeled 4, 4', 4", ... and coloured in red in panel c).

Figure 6 . 22 :

 622 Figure 6.22: Averaged LDOS of atoms in a benzene ring: theoretical LDOS curves along a line connecting two AA regions for a model with Anderson disorder a) and with vacancies b).

  6.22 b)). This broken symmetry makes the model with vacancies more alike to our experimental results (Fig. 6.23 a) and b). It is well-known in the literature that vacancies generate localized states in atoms in proximity to these places [109], as we observed in the LDOS line shown in Fig. 6.22 b). Since these states fall in the energy range of the dip of the second Moiré band, the two signals compensate each other.
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 623624 Figure 6.23: Comparison between experiments and theory with vacancies: a) Experimental dI/dV curves (along the red line in Fig. 6.13 a)) b) and theoretical LDOS curves taken and along a line connecting AA regions.
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Table 4 .

 4 1: Table of XRD peaks and their identifications stant of our NbC film by inserting the measured value of the diffraction angle θ into Braggs' equation: 2d hkl sinθ hkl = nλ with d hkl , θ hkl -the spacing and the position of the XRD peak of the planes (hkl).

	2θ	Crystallographic vector Material
	30.6°[0002]	C
	40.7°[111]	NbC
	41.6°[0006]	SiC
	47.2°[200]	NbC
	76.5°[220]	cubic SiC
	83.2°[311]	NbC
	87.9°[222]	NbC
	90.4°[00012]	SiC
	93.2°[311]	cubic SiC
	98.6°[222]	cubic SiC

Table 6 .

 6 ). Arrows indicate E D1 , E D2 and E D3 , discussed in text. 2: Positions of peaks found for layers rotated by θ=2.2°±0.4°. The range for the theoretical numbers is estimated from the uncertainty of θ, see the text below. E V HS2 is found from Fig.6.6 a).

	van Hove Peaks	Measured values (meV)	Relative positions to E D2 (meV)	Predicted values (meV)
	E V HS1	40	90	100
	E V HS1	-110	-60	-85
	∆E V HS1	150	N/A	185±86
	E V HS2	300	350	370
	E V HS2	-340	-290	-340
	∆E V HS2	640	N/A	710±140

Samples ρ (µΩ.cm) D (cm 2 /s) T c The sample annealed in vacuum (S1)

14.8 7. [START_REF] Ferrari | Science and technology roadmap for graphene, related two-dimensional crystals, and hybrid systems[END_REF] 12 K The sample annealed in gaseous condition (S2) 31.7 3.9 11 K CNTs-embedded NbC [START_REF] Zou | Highly aligned carbon nanotube forests coated by superconducting NbC[END_REF] 145 and 110 1.2 9.5 K NbC fabricated by laser ablation [START_REF] Karasik | Diffusion cooling mechanism in a hotelectron NbC microbolometer mixer[END_REF] 18 [START_REF] Efetov | Specular Interband Andreev Reflections in Graphene[END_REF] 12 K Table 4.2: Diffusion constant and electrical resistivity of our NbC films and ones fabricated by other methods of these two materials (8.57 g/cm 3 , 93 g/mole for Nb and 7.82 g/cm 3 , 104.9 g/mole for NbC), we expect to convert 40 nm thick Nb film into 49 nm thick NbC film (from TEM experiments, we measured t=50-55 nm). Moreover, we found the sheet resistance and the electrical resistivity of S1 to be 3.03 µΩ and 14.8 µΩ.cm respectively. These values of S2 are 6. The lower quality of NbC film of the sample annealed in gaseous condition (S2)

Brillouin zone of rotated layers

The rotation of neighbouring layers with an angle θ leads to the rotation of their Brillouin zone with the same angle, as shown in Fig. 5.3 c). It leads to a small shift of ∆K between these Brillouin zones, which relates to θ as following:

(5.12)

Again with small θ: ∆K = K * θ (5.13) with K equals Γ K i (i=1,2 for the two layers), the wave vector amplitude of the Dirac points in monolayer:

On the other hand, a Brillouin zone of a Moiré pattern has a hexagonal shape, and its wave vector equals to:

By applying Eq. 5.10 into Eq. 5.15, we obtained:

and

Comparing Eq. 5.17 and Eq. 5.12, we recognize the equality between K M oiré and ∆K. This again illustrates the link between the rotation in the real space and the Moiré pattern, whose Brillouin zone is much smaller than one of the graphene monolayer. As discussed later, this reduction in the wave vector relocates the positions of the van Hove singularities.

Band structure of rotated multilayers

In the tight-binding model of rotated bilayers, it is important to take into account the interaction between p z orbitals of atoms belonging to two layers, which stay on top of each other [START_REF] De | Numerical studies of confined states in rotated bilayers of graphene[END_REF]. Therefore, besides the intralayer term ppπ, theoreticians introduce the interlayer one, which is called ppσ. Then, the two interactions can be described mathematically as following:

where r ij is the distance between two interacting atoms, a cc and a 1 are the distances between two intralayer and interlayer neighbouring atoms and F c (r ij ) is a cut-off function. γ 0 and γ 1 are constants representing the atomic couplings. Whereas γ 0 stays for the intralayer interaction of first neighbours in the plane, γ 1 is the interlayer coupling, which is obtained as a good fit between dispersion curves calculated by tight-binding and ab initio methods close to a Dirac cone for AA and AB structures. Usually, the value of γ 1 is about 0.48 eV. In some models, the contribution of second-neighbour atoms in the plane is taken into account with the coefficient γ 0 ', γ 0 = 0.1 * γ 0 .

Perspectives

Superconducting proximity effect in graphene:

The observation of the superconducting proximity effect in epitaxial graphene on Si-face of SiC is the most recent result [START_REF] Natterer | Scanning tunneling spectroscopy of proximity superconductivity in epitaxial multilayer graphene[END_REF]. Aluminum deposited on graphene is dewetting, and leaves aluminum-free graphene surface, where these authors could perform STM experiments on graphene. It is interesting to note that in this study, the used superconducting film is much thicker than ours. It means that the shadowed area, which the STM tip cannot access to, should be much larger than ours. However, the authors were able to observe the induced gap in graphene. One possible explanation could come from the use of the ultrasharp tip, which we do not have. Another possibility might be the use of slow Al deposition (0.04 nm/s) with molecular beam epitaxy to reduce a possible damage to the graphene film. This may result in a better electrical connection between Al and graphene. Therefore, we should try similar strategy with an extremely slow deposition rate of superconductors.

Graphene-based superconducting junctions with NbC:

In chapter 4, we demonstrated a possibility to obtain high-quality superconducting NbC films and graphene in one single annealing step. Moreover, thanks to the graphitic materials existing on the NbC films, there may be an electrical connection between NbC and graphene in NbC-free regions, which still need to be characterized. To do this, one can rely on the transfer length method, as explained in chapter 3. By performing the two probe measurements for various graphene junctions with different separations between two electrodes, the contact resistance can be estimated from the length dependence resistance, as we did for vanadium. With this finding, we could better understand our failure to observe the induced gap in graphene.

Combined annealing recipe:

The chapter 4 also presents the two problems which we faced while working with samples annealed in vacuum and those annealed in gases. While the first method results in the formation of trenches, Ar gas used in the second one deteriorates the surface of the formed NbC films. We also suggested the role of the etching step in H 2 +Ar mixture to flatten the graphene disk, and to remove the trench existing in samples grown in vacuum. Thus, an annealing method, which consists of an etching step and an annealing in vacuum to grow graphene, can produce samples having advantages of those grown by two discussed methods: an undamaged NbC film and no trench. Preliminary characterizations performed on samples grown this way support our hypothesis. However, the STM measurements still need to be done.

Electronic properties of rotated layers:

In order to better understand the spectroscopic data of small rotation angles layers we may need to consider the effect of strain. For this purpose, we can rely on the