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Introduction

In order to store up to Tbytes of data in a single hard disk drive, several decades of technological breakthroughs were needed. It has been possible thanks to the fast development of spintronics with, at the starting point, the discovery of the giant magnetoresistance effect in 1988 by Peter Grünberg and Albert Fert. Fundamental research has quickly brought on the market very sensitive reading heads allowing an increase of the storage density. This strong relationship with industry and the fast transfer of technology between labs and the market are both specific characteristics of this effervescent field of research.

The field of spintronics then rapidly extended to other axes such as the manipulation of spin currents, spin transport in topological insulators, spin control in semiconductors, skyrmions manipulation, molecular spintronics and single-electron spintronics... Exploiting the spin degree of freedom is expected to later impact the field of quantum computing when using spin as the quantum bit of information. But its transport also allows the gain of time and energy since there would be no longer need to transform the stored information in the spin form to an electric form to later transport it. In this context, a lot of effort in research aimed to master the charge-to-spin conversion and vice versa through several techniques. Spin Hall effect (SHE) is a cornerstone technique that allows the spin manipulation without the use of neither magnetic materials, nor magnetic fields, that could deteriorate the stored spin information.

On another hand, two-dimensional (2D) materials became very attractive for spintronics. In fact, the vast family of these atomic materials keeps growing up with the deepening of the understanding of the wide exotic physics that they provide. In addition to the individual properties of each 2D material, the construction of heterostructures of several of those allows the mixing of these properties through proximity effects. Graphene has already proved to be the most promising 2D candidate for long distance spin transport, with its weak spin-orbit coupling (SOC). Transition metal dichalcogenides (TMDs), on the other hand, are attractive for logic transistors with high ON-OFF ratios and interesting mobilities since characterized, for several of them, by a large bandgap. They also present a rich field called valleytronics, that would allow optical injection of spins through circularly polarized light, thanks to the spin-valley locking.

Chapter 1

Spintronics in two dimensional materials 
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Spintronics in two dimensional materials

A brief history of spintronics

Spintronics tends to exploit the quantum spin degree of freedom for information transport and processing for high-speed and low-power computing [START_REF] Avsar | Colloquium: Spintronics in graphene and other twodimensional materials[END_REF]. This burgeoning research area aims to explore the interaction between spins and the environment in order to understand and manipulate the spin dynamics and relaxation in actual devices, for instance for data storage [START_REF] Hirohata | Future perspectives for spintronic devices[END_REF]. Recent developments of spintronics include the manipulations of skyrmions (a magnetic texture) [START_REF] Jiang | Direct observation of the skyrmion Hall effect[END_REF], the use of magnetic tunnel junctions as learning devices for artificial intelligence [START_REF] Torrejon | Neuromorphic computing with nanoscale spintronic oscillators[END_REF], Zheng et al., 2020], and the development of new full spin logic devices [START_REF] Debashis | Experimental Demonstration of a Spin Logic Device with Deterministic and Stochastic Mode of Operation[END_REF]. For this last purpose, fundamental studies investigate different magnetic or non-magnetic materials that would allow a strong and long-life spin signal to propagate or that would allow a charge-to-spin current conversion or vice versa [Žutić et al., 2004]. Figure 1.1 shows the manipulation of the skyrmions through skyrmion hall effect, a physical phenomenon analogical to the spin hall effect (SHE) that is studied in this thesis. In this figure, the movement of a skyrmion is induced by the application of a charge current and influenced by its topological properties. (c) Figures extracted from [START_REF] Jiang | Direct observation of the skyrmion Hall effect[END_REF]: Snapshots of moving skyrmions under the same current depending on their topological charge. The lowest pannel shows a summery of the trajectory of each skyrmion. The negatively charged skyrmion in (b) is characterized by an opposite slope to the positively charged one.

Spin storage: from AMR to MRAM-STT technologies

Spintronics' major achievement was the integration of this technology in industrial applications first by IBM after the discovery of the giant magnetoresistance (GMR) effect in 1988 by Albert Fert [START_REF] Baibich | Giant Magnetoresistance of (001)Fe/(001)Cr Magnetic Superlattices[END_REF] and Peter Grünberg [START_REF] Binasch | Enhanced magnetoresistance in layered magnetic structures with antiferromagnetic interlayer exchange[END_REF] independently. This discovery was awarded by a physics Nobel prize in 2007 [Fert, 2008, Grünberg, 2008]. In their seminal article, they demonstrated that the electrical resistance of two thin films of ferromagnetic metal (F e) separated by thin film of a nonmagnetic metal (Cr) depends on the relative alignment of the magnetizations of the two ferromagnetic layers. The magnetoresistance is defined as M R = R AP -R P R P

, where R AP and R P stand for the junction resistances of the antiparallel and parallel configurations of the ferromagnetic layers, respectively. In some conventions M R could be defined as

R high -R low R low
where R high and R low are the high and the low resistive configurations, respectively. [START_REF] Chappert | The emergence of spin electronics in data storage[END_REF]. (a) Schematic arrangement of the current perpendicular to plane spin-valve sensor in a read head. (b) Schematic representation of the spin-valve effect in a trilayer film of ferromagnetic layers (F1 and F2) sandwiching a non-magnetic metal spacer (M). When the two magnetic layers are magnetized parallel (bottom panel), the spin-up electrons (spin antiparallel to the magnetization) can travel through the sandwich nearly unscattered, providing a conductivity shortcut and a low resistance. In contrast, in the antiparallel case (top panel) both spin-up and spin-down electrons undergo collisions in either F1 or F2, giving rise to a higher overall resistance. (c) Figure extracted from [START_REF] Binasch | Enhanced magnetoresistance in layered magnetic structures with antiferromagnetic interlayer exchange[END_REF]]: Magnetoresistance from a F e double layers junction. 2(a) shows these multilayer devices where F1 and F2 represent the ferromagnetic layers and M the nonmagnetic metal. As shown in figure 1. 2(b), in the lowresistance configuration the electrons with spins antiparallel to the magnetization can go easily through the different layers composing the magnetic heterostructure. Thus, this short circuit of electrons leads to a small electrical resistance of the junction. On the other hand, in the anti-parallel configuration of the ferromagnets, the electrons of both spin directions are scattered within the magnetic layers. This leads to a high electrical resistance. This configuration is shown in figure 1.2(c) that presents the mag-netoresistance measured for the double F e layers of the experiment lead by Grünberg's research team [START_REF] Binasch | Enhanced magnetoresistance in layered magnetic structures with antiferromagnetic interlayer exchange[END_REF]. The effect was dubbed as giant because the relative difference of the resistance attained 80% (in opposition to more standard anisotropic magnetoresistance (AMR) of usually less than 1% [START_REF] Moodera | Large Magnetoresistance at Room Temperature in Ferromagnetic Thin Film Tunnel Junctions[END_REF]). [START_REF] Lee | Effect of electrode composition on the tunnel magnetoresistance of pseudospin-valve magnetic tunnel junction with a MgO tunnel barrier[END_REF]. Record high magnetoresistance at room temperature (black circles) and at 5 K (white circles) obtained on a stack of ferromagnetic materials spaced with a thin M gO layer. T M R = R AP -R P R P where R AP and R P are the resistances of the antiparallel and parallel configurations, respectively.

Later, this discovery was introduced into the industry as an ultra-sensitive magnetic field sensor in the read head for hard disk drives (see figure 1.2(a)). Around 10 years after the discovery of the GMR, this technology was completely replacing its ancestor based on AMR. Since 2004 it is even a new technology using tunneling magnetoresistance (TMR) that is used. An example of TMR effect is shown in figure 1.3 in the case of a (Co 25 F e 75 ) 80 B 20 /M gO/(Co 25 F e 75 ) 80 B 20 junction. This effect was first discovered in 1975 by Michel Jullière [Julliere, 1975] in France and rediscovered 20 years later by a team at MIT led by Jagadeesh Moodera [START_REF] Moodera | Large Magnetoresistance at Room Temperature in Ferromagnetic Thin Film Tunnel Junctions[END_REF]. The timeline of the emergence of spintronics technologies is shown in figure 1.4. Nowadays spintronics elements like magnetic tunnel junctions are also present in random access memory named MRAM (magnetic random access memories) [START_REF] Apalkov | Magnetoresistive Random Access Memory[END_REF]. Fundamental physical effects such as the excitation of magnetizations induced by spin transfer torque (STT) [Slonczewski, 1996, Ralph and[START_REF] Ralph | [END_REF] are also widely implemented leading to the so-called STT-MRAM recently put on the market.

1.1 A brief history of spintronics 7

Spin logic systems

As explained in the previous section, the spin have been widely studied for data storage and successfully integrated to applied technologies. However, the field of all-spin logic systems is still a little behind in terms of applications since most of the experiments and proposals in this domain mix the use of the spin and the charge of the carriers, thus requiring several charge-to-spin conversion steps [START_REF] Behin-Aein | Proposal for an all-spin logic device with built-in memory[END_REF]. One building brick for these logic systems is the spin-field effect transistor (spin-FET).

The first theoretical proposals for a spin transistor device

In 1990, Datta and Das proposed a spin-FET based on a non-magnetic channel in which the spin information is transmitted and manipulated by respectively pure electrical currents and electrical fields [START_REF] Datta | Electronic analog of the electrooptic modulator[END_REF]. They studied in analogy with photon polarization experiments the feasibility of a spin-FET where F e contacts were used as a polarizer and an analyzer of a gate-controlled spin current traveling a narrow-gap non-magnetic semiconductor (see figure 1.5). The concept was based on previous theoretical [START_REF] Lommer | Spin splitting in semiconductor heterostructures for B[END_REF] and experimental [START_REF] Luo | Observation of the zero-field spin splitting of the ground electron subband in gasb-inas-gasb quantum wells[END_REF] studies that showed that a Rashba energy splitting between spin-up and spin-down electrons occurs in 2D electron gas (2DEG) when an external electric field, perpendicular to the junction interfaces, is applied. This effect is related to the spin-orbit coupling (SOC) representing the relativistic interaction between the spin and the orbital momentum of an electron and that will be presented in more details in chapter 4. The work of Datta and Das was then followed by other proposals for spin transport experiments especially in magnetic semiconductors [START_REF] Flatté | Unipolar spin diodes and transistors[END_REF]. Then the experimental domain started to fulfill major advances, where spin injection, transport and detection were soon reported. The first studies were performed in metals [START_REF] Jedema | Electrical spin injection and accumulation at room temperature in an all-metal mesoscopic spin valve[END_REF] where a small magnetoresistance was registered, such in copper for example (see figure 1.6), and then later in semiconductors [START_REF] Lou | Electrical detection of spin transport in lateral ferromagnet-semiconductor devices[END_REF]. However, most of the theoretical proposals were not achieved for several reasons. First because no perfect material allowing a long-distance spin transport at room temperature was discovered yet.

Spintronics in two dimensional materials

Second, because of the resistance mismatch that exists at the interface between metallic ferromagnets and semiconducting spin channels that prevents efficient spin injection [START_REF] Schmidt | Fundamental obstacle for electrical spin injection from a ferromagnetic metal into a diffusive semiconductor[END_REF]. This field is still very active and one strategy to solve this issue is to insert a tunnel barriel to carefully tune the tunneling rates between both materials [Rashba, 2000]. Finally, there is also a contradiction between the advantages and the disadvantages related the existence of a strong spin orbit coupling. Strong SOC materials are good candidates for manipulating the spin but present bad results for transporting the spin information. 

2D materials for spin electronics

The discovery of graphene in 2004 [START_REF] Novoselov | Electric Field Effect in Atomically Thin Carbon Films[END_REF], and later the large field of 2D materials, brought a great improvement to spintronics [START_REF] Avsar | Colloquium: Spintronics in graphene and other twodimensional materials[END_REF]. Graphene, with its low spin-orbit coupling and its high electronic mobility, became an excellent candidate for long-distance spin transport. Due to their large variety of chemical elements, 2D materials offer a wide panel in terms of spin-orbit coupling strength (H SO ∝ Z 4 ). In general, one can divide the materials used for spin transport into two distinct groups depending on their SOC. In fact, materials with weak SOC are expected to allow long spin diffusion length. However, strong SOC would allow a spin manipulation when traveling into the material, although expected to induce spin relaxation. The equations behind the SOC and its effect on the band structure will be detailed in chap 4.

Spin transport in a weak SOC material: Graphene spin transport experiments

Due to the small atomic number of carbon atoms, graphene is characterized by a weak SOC. Also, the charge transport occurs via π-delocalized orbitals which makes it almost 1.2 2D materials for spin electronics insensitive to hyperfine interactions. These two reasons, in addition to the high mobility properties of the carriers in graphene, pushed researchers to massively use it in spintronic devices [Ahn, 2020]. While theoretical studies on clean, intrinsic graphene, first predicted a spin lifetime of up to 100 ns [START_REF] Huertas-Hernando | Spin-Orbit-Mediated Spin Relaxation in Graphene[END_REF], experiments, based on classical four probes non-local measurements then showed results in spin relaxation time of ∼ 150 ps for graphene on SiO 2 [START_REF] Tombros | Electronic spin transport and spin precession in single graphene layers at room temperature[END_REF] and ∼ 3 ns [START_REF] Ingla-Aynés | 24µ m spin relaxation length in boron nitride encapsulated bilayer graphene[END_REF] to ∼ 12 ns [START_REF] Drögeler | Spin Lifetimes Exceeding 12 ns in Graphene Nonlocal Spin Valve Devices[END_REF] for partially encapsulated graphene in hBN , the spin dynamics and its relaxation strongly depending on the substrates and their interaction with the graphene flake [ [START_REF] Van Tuan | Spin dynamics and relaxation in graphene dictated by electronhole puddles[END_REF]. The top panel of figure 1.7(a) shows a typical 4-probes device where a spin-polarized charge current is injected between the ferromagnetic contacts 3 and 4. The spin accumulation (namely, the non-denegerate spin dependent chemical potential) then propagates in graphene and is detected as a voltage drop between contacts 1 and 2. As shown in the middle and the bottom panels of figure 1.7(a), this voltage drop is more or less important depending on the relative orientation of the different magnetization but also on the efficiency of injecting and detecting spins (i.e. the spin polarization). Figure 1.7(b) shows the magnetoresistance signal measured for the 4-probes configuration presented in the inset.

Spintronics in two dimensional materials

The insertion of tunnel contacts for efficient spin injection Until today, these spin lifetimes of the order of a few ns are the highest reported in graphene. The longest spin diffusion length being measured are of the order of 100 µm [START_REF] Dlubak | Highly efficient spin transport in epitaxial graphene on SiC[END_REF] The tunnel barrier, destined to solve the resistance mismatch [Rashba, 2000], was widely studied on graphene in order to determine the most adapted defect-free insulator and its thickness depending on the number of layers of the graphene sheet used to transport the spin current. Han et al. were the first to achieve tunneling spin injection into a single layered graphene sheet using a T iO 2 seeded M gO barriers [START_REF] Han | Tunneling Spin Injection into Single Layer Graphene[END_REF]. They showed that the spin lifetimes vary from ∼ 448 ps for tunnel barriers of ∼ 30 -70 kΩ resistance to 134 ps for pinhole contacts with a resistance of ∼ 6 kΩ and 84 ps for transparent contacts. Dlubak et al. studied the structural impact of sputtered Al 2 O 3 and M gO tunnel barriers on graphene [START_REF] Dlubak | Are Al2O3 and MgO tunnel barriers suitable for spin injection in graphene?[END_REF]. Their study showed that multilayer graphene might offer better spin transport properties given that the robustness of bilayers and multilayers graphene sheets experiences less amorphization under oxide barriers sputtering. More recent studies showed that injecting a spin current through an hBN tunnel barrier could also be very efficient if the right thickness of hBN was judiciously selected [START_REF] Leutenantsmeyer | Efficient spin injection into graphene through trilayer hBN tunnel barriers[END_REF]. 

About the spin relaxation in graphene

Tuan et al. lead a computational study in which they showed that a random SOC in graphene caused by defects of several kinds play an important role in the spin relaxation in this 2D material [START_REF] Tuan | Pseudospin-driven spin relaxation mechanism in graphene[END_REF]. Other groups investigated the contribution of the mobility of the charge carriers and their density on the spin relaxation in single layer graphene. Guimaraes et al. used a partially encapsulated graphene into hBN shown in the top panel of figure 1.9(a) in order to apply simultaneously top and back gate voltage allowing the tuning of the carriers density shown in the top panel of figure 1.9(a) [START_REF] Guimarães | Controlling Spin Relaxation in Hexagonal BN-Encapsulated Graphene with a Transverse Electric Field[END_REF]. They also estimated a rise of the spin relaxation time into the encapsulated part of the device through numerical fit of their experimental data shown in figure 1.9(b), taking into account two different relaxation times for the spin corresponding to the encapsulated and non-encapsulated regions. Han et al. on the other hand tuned the mobility of the charge carriers by using organic nanoparticles as charge reservoirs [START_REF] Han | Spin Relaxation in Single-Layer Graphene with Tunable Mobility[END_REF]. They showed that spin lifetime is not affected by the mobility variation. Zomer et al. obtained the same results by comparing high mobility graphene on hBN to less efficient graphene on SiO 2 [START_REF] Zomer | Long-distance spin transport in high-mobility graphene on hexagonal boron nitride[END_REF].

Optical injection and spin to charge conversion in graphene based heterostructures

2D Van der Waals heterostructures can also be very interesting for spintronics [START_REF] Liu | Spintronics in Two-Dimensional Materials[END_REF]. In fact, the scattering at the interface of the metallic contacts with graphene prevents an efficient spin injection [START_REF] Seneor | Spintronics with graphene[END_REF]. Thus, many research groups worked on injecting spins using other 2D materials in which the spin current is easily created and could be transferred to the graphene channels with little loss. Moreover, some exotic properties of TMDs or topological insulators [START_REF] Vaklinova | Current-Induced Spin Polarization in Topological Insulator-Graphene Heterostructures[END_REF] for example, such as the SOC, can be transmitted to graphene by proximity effect, allowing an easy control of the spin information in the graphene flake while keeping its high-quality charge transport features.

Opto-spintronics in graphene/TMD heterostructures [START_REF] Avsar | Optospintronics in Graphene via Proximity Coupling[END_REF]. They performed optical spin injection into the graphene flake by exciting the electrons in W Se 2 with circularly polarized light (this property will be explained more in details in section 1.2.3.2), as shown in figure 1.10(a). As shown in figure 1.10(b), when the incident beam is pointed on the graphene flake, no non-local voltage signal is measured between electrodes 1 and 2. However, whenever the spot is focused on the W Se 2 flake, a non-local signal corresponding to spin polarized current is measured. The spin current was electrically detected 3.5 µm far from the applied light. They also verified the origin of the measured current on the detector by reproducing the experiment with a bilayer W Se 2 flake. The presence of an even number of layers is expected to restore the inversion symmetry and thus the spin degeneracy of the valence band and as a result kill the signal (see section 1.2.3.2). The Rashba-Edelstein effect shown in figure 1.11(a) is a charge-to-spin conversion effect in a two-dimensional electron system predicted in 1990 by Edelstein [Edelstein, 1990]. The breaking of the structural symmetry causes the lift of spin degeneracy of the energy bands (Rashba effect) and in consequence locking the spin polarization to the momentum in each branch of the dispersion relation. Thus, when a current flows in these spin polarized surface states, a spin accumulation is generated. The reciprocal spin-to-charge behavior called the inverse Rashba-Edelstein effect is shown in figure 1.11(b) for a graphene/W S 2 heterostructure.

Charge

The spin Hall effect shown in figure 1.11(c) is a another charge-to-spin conversion effect that consists on the spin accumulation on the lateral surfaces of a conductor with strong spin-orbit coupling in opposite directions on opposing boundaries when a charge current is injected in it. The spin transport experiments performed during my PhD were based on this phenomenon that will be presented in more details in chapter 4. Graphene indeed up to now is the best material for long distance spin transport, however, its low spin-orbit coupling makes spin information hard to manipulate. Unlike graphene, transition metal dichalcogenides exhibit a strong spin-orbit coupling, due to the heavy transition metallic atoms. Although this SOC could create spin scattering, leading to the loss of information, it remains crucial for the creation and manipulation of the spin current in 2D materials-based devices. Moreover, because of their atomic thickness and tunable electronic structure, TMDs are the first descendant of graphene to have engaged a high research activity [START_REF] Choi | Recent development of two-dimensional transition metal dichalcogenides and their applications[END_REF] in spintronics.

As their name suggests, these materials are a combination of a transition metal (denoted M ) and two chalcogens (X), with a general formula of M X 2 . The layer of the transition metal is sandwiched between two layers of chalcogens from either sides, all inplane hexagonally packed, as shown in figure 1.12. The atoms bond by a strong covalent bonding in the in-plane direction between atoms of the same monolayer, and a weaker Van der Waals (VdW) interaction between different planes of the stacking [START_REF] Xu | Graphene-Like Two-Dimensional Materials[END_REF]. Depending on both the chalcogen atoms (S, Se and T e) and the transition metals (M o, W , N b, Re, N i or V ), and their crystallographic structure or phase (see figure 1.13), the properties of the 3D form of these materials could vary as semiconducting, semi-metallic or truly metallic [START_REF] Wilson | The transition metal dichalcogenides discussion and interpretation of the observed optical, electrical and structural properties[END_REF]. The chemical structure of these materials leads to unique electronic and spintronic properties.

Spin transport in MoS 2

The electrical injection and detection of spin polarized current in TMDs have been very hard to achieve since commonly used ferromagnetic electrodes allow the injection of in-plane spin-polarized carriers, which are expected to precess around the effective out-of-plane magnetic field induced by the SOC. Some research groups try to achieve propagation of a stable out-of-plane spin polarized current by using new ferromagnetic materials such as CrI 3 [START_REF] Mccreary | Distinct magneto-Raman signatures of spin-flip phase transitions in CrI3[END_REF]. In-plane spin injection was however achieved by Liang et al. in M oS 2 using ferromagnetic Co contacts with a M gO tunnel barrier [START_REF] Liang | Electrical spin injection and detection in molybdenum disulfide multilayer channel[END_REF]. In fact, to get rid of the in-plane spin precession caused by the Rashba SOC in the 2D material, Liang et al. recovered the inversion symmetry by replacing the classical spin valves based on monolayer TMDs by a multilayer M oS 2 shown in figure 1.14(a). Thanks to the use of a 2D flake with an even number of M oS 2 monolayers (6 monolayers), they demonstrated a robust spin-valve with a magnetoresistance of ∼ 1.1% and ∼ 0.6% shown in figures 1.14(b) and 1.14(c), respectively. Liang et al. measured both the contacts and the channel resistance for various V ds and V g , in order to obtain a good conductivity matching for a maximum magnetoresistance. However, the measured magnetoresistive signal remains quite limited. A short spin diffusion length of less 250 nm was derived from the measurements. As will be detailed later in section 1.2.3.2, the motivation behind achieving spin transport in 2D TMDs are numerous, related not only to the possibility of spin manip-ulation through electric field thanks to SOC, but also to the spin-valley locking that is a consequence, among others, of the presence of a strong SOC. In fact, since the spin directions for the two nonequivalent valleys, K and K', are opposite in directions [Xu et al., 2014b], it is possible to inject out of plane spins through polarized light [START_REF] Wang | Valley-and spinpolarized Landau levels in monolayer WSe2[END_REF],Cha et al., 2018], as I have shown before in figure 1.10 extracted from [START_REF] Avsar | Optospintronics in Graphene via Proximity Coupling[END_REF].

1.2.3.2 Properties of WSe 2 and its motivations for spin transport

In my PhD work, the TMD used for constructing spin-FETs is the W Se 2 . I've focused particularly on this material because of its strong SOC and large spin splitting of the valence band. In the following I will present W Se 2 properties in more details Crystallographic structure Among the transition metals, tungsten (W ) is a large size atom of the heaviest. Selenium (Se), is a heavy chalcogen highly electrically conductive [Eftekhari, 2017]. Tungsten diselenide (W Se 2 ) is characterized by a hexagonal crystalline structure, much like molybdenum disulfide (M oS 2 ), the most studied TMD. Its atoms are organized in a trigonal prismatic structure. The tungsten-selenium bond is ∼ 0.25 nm long, the distance between selenium atoms is around 0.3 nm and a layer is ∼ 0.7 nm thick [START_REF] Schutte | Crystal structures of tungsten disulfide and diselenide[END_REF]. W Se 2 also exists in a metallic octahedral phase (1T-W Se 2 ), less stable than its classical semiconducting hexagonal form (2H-W Se 2 ) [Eftekhari, 2017]. In its 2H form, a net in-plane electric dipole acts on tungsten atoms in the vicinity of a monolayer W Se 2 (see figure 1.15), owing to the symmetry of each layer.

Electronic properties

Band structure: Like other TMDs, this semiconductor undergoes an out-of-plane quantum confinement that causes strong changes in the bandgap with the change of the number of layers [START_REF] Mak | Atomically Thin MoS 2 : A New Direct-Gap Semiconductor[END_REF]. Thus, a transition from a direct bandgap for a monolayer to an indirect one occurs when increasing the number of layers to a multilayer Spintronics in two dimensional materials flake [START_REF] Yun | Thickness and strain effects on electronic structures of transition metal dichalcogenides: 2H-M X 2 semiconductors ( M = Mo, W; X = S, Se, Te)[END_REF]. The direct bandgap of monolayers TMD makes them particularly interesting for opto-electronics. In the particular case of W Se 2 , the direct bangdap is centered on the K points of the Brillouin zone and is ∼ 1.6 eV and the indirect band gap for the bulk is ∼ 1 eV [Prakash andAppenzeller, 2017, Yun et al., 2012]. 1.16(b) shows that the energy gap rapidly drops from ∼ 1.5 eV for a monolayer to 1.3 eV for a bilayer and keeps dropping till saturation at ∼ 1 eV for bulk materials (more than ∼ 8 layers).

Charge carrier mobility: W Se 2 reveals high holes mobility for its bulk form, but a poor ON/OFF ratio at room temperature [START_REF] Podzorov | High-mobility field-effect transistors based on transition metal dichalcogenides[END_REF] which drops the interest in the bulk form of this material for applications. On the other hand, in its 2D form and when efficient charge injection is obtained, Fang et al. showed high mobility (250 cm 2 /(V s) for a monolayer W Se 2 -based FET compared to 500 cm 2 /(V s) measured for a bulk based device [START_REF] Podzorov | High-mobility field-effect transistors based on transition metal dichalcogenides[END_REF]), and a large ON/OFF current ratio of the 1.2 2D materials for spin electronics order of 10 6 [START_REF] Fang | High-Performance Single Layered WSe 2 p-FETs with Chemically Doped Contacts[END_REF]. Movva et al. later obtained even better results in a W Se 2 encapsulated in hBN device with bottom P d contacts shown in figure 1.17(a) [START_REF] Movva | High-Mobility Holes in Dual-Gated WSe 2 Field-Effect Transistors[END_REF]. The holes mobility was measured to be 4000 cm 2 /(V s) for one device at low temperature, while all the devices shown in figure 1.17(b) gave lower mobilities of ∼ 130 cm 2 /(V s) at room temperature. These devices are indeed statistically expected to have low mobilies, especially at room temperature as other semiconductors. Movva et al. obtained an ON/OFF ratio presented in figure 1.17(c) of the order of 10 7 . Spin texture and spin-valley locking in the valence band of W Se 2

A recent review about valleytronics in transition metal dichalcogenides sums up the latest studies in that field [START_REF] Liu | Valleytronics in transition metal dichalcogenides materials[END_REF]. In this part, I will only talk about valleytronics in W Se 2 . Tungsten diselenide is characterized by a strong spin-orbit coupling due to its heavy tungsten atoms. In a monolayer W Se 2 , and because of the in-plane electric dipole experienced around W atoms (shown in figure 1.15), charge carriers in the 2D material are subject to an out-of-plane effective magnetic field. Thus, a Zeeman like lift of degeneracy occurs in some regions of the Brillouin zone. This spin splitting presented in figure 1.18 is maximum at the top of the valence band at the points of absence of inversion symmetry of the Brillouin zone, K and K points. The splitting is ∼ 480 meV [START_REF] Gong | Electric control of spin in monolayer WSe 2 field effect transistors[END_REF] and is very large compared to other TMDs as shown in table 1.1 with the values extracted from [START_REF] Liu | Threeband tight-binding model for monolayers of group-VIB transition metal dichalcogenides[END_REF] [START_REF] Liu | Threeband tight-binding model for monolayers of group-VIB transition metal dichalcogenides[END_REF] of the SOC splitting of the valence band at the K point of the Brillouin zone ∆ v SOC Moreover, the K and K points are nonequivalent, which allows the use of this valley index as a quantum number for valleytronics. In fact, the coupling of the spin and the valley degrees of freedom suppresses the relaxation of the spins leading to a long lifetime [START_REF] Xiao | Coupled Spin and Valley Physics in Monolayers of MoS 2 and Other Group-VI Dichalcogenides[END_REF]. In other words, at the Brillouin zone edges K and K = -K respectively of a monolayer TMD such as M oS 2 or W Se 2 , the lift of degeneracy occurs in opposite signs as shown in figure 1.19(a). It was thus demonstrated that it is possible to control the spin degree of freedom at these valleys thanks to optical pumping [START_REF] Cao | Valley-selective circular dichroism of monolayer molybdenum disulphide[END_REF], Zeng et al., 2012, Mak et al., 2012] Riley et al. demonstrated, using angle-resolved photoemission (ARPES) measurements, that a lift of spin degeneracy of the valence band occurs when doping the surface of W Se 2 [START_REF] Riley | Negative electronic compressibility and tunable spin splitting in WSe2[END_REF]. Figure 1.20 shows this spin-splitting enhanced with the increase of the two dimensional electron gas density. Their study could be compared to analog FET device where the doping is controlled by an applied gate voltage and was proved to induce a lowering of the surface chemical potential which is a signature of negative electronic compressibility (NEC) resulting on electron-electron interactions. Proposals for WSe 2 based spin-FETs: A theoretical study conducted by Gong et al. aimed to show that adding an external electric field on a monolayer W Se 2 allows a re-orientation of the spin texture leading to an electrical control of the spins [START_REF] Gong | Electric control of spin in monolayer WSe 2 field effect transistors[END_REF]. They showed that this field induces a Rashba spin texture, that adds up to the original Zeeman spin texture of the valence band. As shown in figure 1.21, the transport will depend on the mismatch between the spin orientation in the 2D material after the gate area in the charge transport direction and the spin orientation of the drain electrode.

Concerning few layered W Se 2 , a previous theoretical study lead by Yuan et al. also showed that an external electric field would allow the control of the spin texture of the valence band in W Se 2 [START_REF] Yuan | Zeeman-type spin splitting controlled by an electric field[END_REF]. However, they used flakes with an even number of layers, for which the inversion symmetry is restored. Thus, the external applied electric field would allow the breaking of this symmetry, leading to exotic behavior. In fact, they showed that unlike what could occur in a monolayer W Se 2 flake, the Rashba spin splitting could be ruled out under external electric field for a flake with an even number of layers. Also, this splitting is completely absent at the Γ point while strong at K and K points (of ∼ 480 meV ), with opposite directions, because of symmetry arguments (see figure 1.22). The splitting interestingly shifts the valence band maximum from the Γ point to the K and K points. As a result, the spin lifetime could be expected to be extended when applying an external electric field into a flake with an even number of layers because of the spin-valley locking created on the Brillouin zone edges. [START_REF] Yuan | Zeeman-type spin splitting controlled by an electric field[END_REF]: Band structures of a W Se 2 with and without an external electric field. Blue and red colours denote the bands with out-of-plane spin-up and spindown polarization, respectively. A tunable Zeeman-type spin splitting occurs at the K-points, whereas no significant spin splitting can be seen around the Γ-point.
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Nano-fabrication and characterization techniques In this chapter, I will describe the different steps of the micro-and nano-fabrication processes and the used experimental characterization techniques. All the fabrication steps are devoted to guaranty a high quality of the materials and the interfaces. The electronic and spintronic setups will be described in details in chapters 3 and 4 respectively.

2.1 Fabrication of electric and spin field effect transistors (FET)

Nanometric and micrometric electronic transport devices are particularly sensitive to atmospheric contamination and require the use of clean-room manufacturing techniques. In addition, the very limited size of the structures studied requires a multi-scale approach using several fabrication techniques to progressively move from the millimeter scale, i.e. the size of the wires of the measurement setup, to the nanometric scale of the device. Thus, all the fabrication process is realized in a clean room environment. The device only leaves this controlled environment for the characterization process and the electronic and spintronic measurements once the fabrication is complete. Electronic and spin FETs based on W Se 2 2D flakes are built on hBN or SiO 2 substrates with evaporated metallic contacts, as shown in figure 2.1. Only the way the current is applied and the voltage signal is measured differs for the two FETs. 

Exfoliation of the 2D materials on SiO 2 substrates

During my PhD, I used graphene, hexagonal boron nitride (hBN ) and tungsten diselenide (W Se 2 ) for building heterostructures intended to electronic and spintronic transport.

2D materials of high purity are bought in single crystals from HQ graphene industry. Mechanical exfoliation using the classical adhesive tape technique [Novoselov et al., ] is then applied. This simple technique can be used to deposit all kinds of 2D materials on different substrates. Although only limited-size devices can be obtained through mechanical exfoliation compared to CVD grown 2D materials, this technique guarantees very high quality electronic properties compared to other techniques [Dimoulas, 2016]. A small piece of the crystal, handled by tweezers, shown in figure 2.2(a), is gently placed on a clean scotch tape, then transferred to another area of the tape by a peeling process to separate the layers of the material linked through Van der Waals interactions. This procedure is reiterated several times. Layers of different thicknesses of the exfoliated 2D materials are thus thinned up to the monolayer [Gao et al., 2018, Yi andShen, 2015]. Once the scotch tape only has thin pieces of the 2D material, seen as transparent gray layers homogeneously distributed on large surfaces of the scotch tape, as shown in figure 2.2(b), that latter is transferred on an oxidized silicon wafer (Si/SiO 2 ). The wafer is previously cleaned in an acetone bath for 5 min then rinsed in an isopropyl alcohol (IPA) bath for 2 min to discard acetone traces, then dried by a nitrogen flow. For the exfoliation process, we used 280 nm thick SiO 2 wafers. This thickness maximizes the contrast effect between 2D fakes, allowing to recognize the thinner elements [START_REF] Benameur | Visibility of dichalcogenide nanolayers[END_REF], Li et al., 2013]. As seen in figure 2.3, graphene, hBN and W Se 2 are all visible on SiO 2 of a thickness in the range of 200 -300 nm. layer thickness for (a) Graphene (figure extracted from [START_REF] Blake | Making graphene visible[END_REF]), (b) hBN (figure extracted from [START_REF] Gorbachev | Hunting for Monolayer Boron Nitride: Optical and Raman Signatures[END_REF]) and (c) W Se 2 (figure extracted from [START_REF] Benameur | Visibility of dichalcogenide nanolayers[END_REF]).

Exfoliation of WSe 2 and graphene

When exfoliated on a 280 nm SiO 2 , a distribution of flakes with random thicknesses corresponding to different colors could be observed in figure 2.4(a). Thick layers of graphene (more than 30 nm) appear to be white. When thinner, their color starts to turn dark violet. The thinner they become, the lighter the color turns, until having transparent violet flakes for the bilayers and monolayers (see figure 2.3(a) for contrast information of graphene on SiO 2 ). A graphene gate is typically 10 to 15 nm thick and around 20 to 30 µm wide. In the case of W Se 2 , and when exfoliated on a 280 nm thick SiO 2 (see figure 2.4(b)), white flakes correspond to thick layers of more than 10 nm. For the fabrication of my samples, I focused on 3 -6 layers thick flakes, and 10 µm wide. They are characterized by their dark violet color that becomes transparent when these flakes tend to become monolayers (see figure 2.3(c) for contrast information of W Se 2 on SiO 2 ).

Exfoliation of hBN

The exfoliation technique is the same for all the 2D materials used during my PhD. However, in the hBN case, the SiO 2 wafers are exposed to 3 min oxygen plasma to improve the VdW interaction. In fact, although this plasma treatment leads to a more difficult pick-up procedure, this step remains necessary for a high distribution of hBN flakes on the SiO 2 substrate. It is however not mandatory for both graphene and W Se 2 since these materials benefit already from good interaction with the substrate. One can see the difference between the cleaving yield of hBN on 3 mn oxygen plasma-treated (figure 2.5(a)) and untreated (figure 2.5(b)) SiO 2 surfaces.

hBN flakes are white when very thick (more than 30 nm), light blue when between 20 and 30 nm thick and dark blue when below 20 nm [START_REF] Gorbachev | Hunting for Monolayer Boron Nitride: Optical and Raman Signatures[END_REF] (see figure 2.5(a), and figure 2.3(b) for contrast information of hBN on SiO 2 ). When used as a encapsulating layers, or as a substrate, hBN flakes should not be very thin, to avoid roughness and leakage through the gate. They are typically 15 to 20 nm thick and 30 to 40 µm wide. 

Photolithographic design and metallic deposition

The devices are designed in the center of a 100 * 100 µm 2 area, surrounded by metallic contacts for electrical connections. These contacts are obtained by optical lithography allowing the exposure of very large areas (of a diameter of around 5 cm) thanks to the UV illumination of a photosensitive resist through a quartz mask. This mask is presented in figure 2.6. After cleavage, the samples perfectly fit in the chip carrier of the transport setup of the laboratory. The maximum resolution of the geometries defined by the optical lithography is ∼ 1 µm. Nano-fabrication and characterization techniques

Resist properties and photolithography characteristics

A reversible positive AZ 5214 E resist is spin-coated (500 rpm for 5 s followed by 4000 rpm for 40 s) on the SiO 2 substrate to ensures uniform coverage. The sample is then annealed at 110 • C for 60 s to ensure the solvent evaporation in order to form a dense resist layer of around 1.4 µm thick. The sample is first selectively illuminated for 1.8 s by UV radiation with a MJB4 Suss Microtec mask aligner. Vacuum contact mode is used to attenuate the diffraction phenomena by reducing the space between the mask and the resist. Illuminated areas thus become solvable in a specific developer. The sample is then baked at 120 • C for 120 s followed by a flood illumination i.e. with no mask. These last steps will allow an inversion of the selection of soluble areas in the developer (326 MIF for 20 s and rinsed in water for around a minute), and will allow an easier lift-off. The areas of the resist remaining after development are those illuminated by the first UV light exposure (see figure 2.7(b) compared to the numerical mask in 2.6). 

Contacts evaporation

The contacts are then deposited using an electron beam evaporator from Plassys. The chamber with the sample, at room temperature, is pre-pumped to a vacuum below 10 -6 mBar. A 5 nm T i layer is evaporated at a rate of 0.05 nm/s at a vacuum below 10 -7 mBar, then a 150 nm Au layer is deposited at a 0.1 nm/s. The thickness of this layer allows good adhesion properties during the wire bonding process.

Lift-off

The sample is bathed for a few hours in acetone to ensure a total lift of the resist and the undesired metallic layer (Fig 2 .7(a)), then rinsed for a few minutes in IPA and finally dried with nitrogen flow. An optical image of the metallic contacts allowing electrical connections to the device is shown in figure 2.7(b).

Dry pick-up transfer of 2D materials

To construct devices based on 2D materials or heterostructures, one needs to isolate a flake that corresponds to the criteria of the desired device (surface, homogeneity, shape, thickness...). For this reason, with Salvatore Timpa, I developed, in-house, the dry pickup transfer technique [START_REF] Pizzocchero | The hot pickup technique for batch assembly of van der Waals heterostructures[END_REF] that allows a high precision transfer, to the few nearest microns, of all the 2D materials.

Fabrication of the transfer tools

The adhesive pick-up tool is made of a glass slide on which we create a PDMS drop, as shown in figure 2.8(a). These drops of solid PDMS will later allow a very narrow contact area, seen in figure 2.8(b) as a circle of a diameter of around 500 µm, with the surface of the substrate. A solution of 10 volumes of liquid PDMS (Silicone elastomer from DOW CORNING CORPORATION ) added to 1 volume of a curing agent (Silicone elastomer curing agent from DOW CORNING CORPORATION ) is prepared and set to rest to slightly solidify at room temperature for 5 to 7 hours (the hotter the environment the faster the solidification process occurs). Once the solution is viscous, we put a small drop of 0.2 -0.3 mL of the solution on one glass side and lay it upside down for the night. Under the gravitational force applied on the PDMS, and as a competing process with the surface tension, the drop will end up having a round shape and totally solidify when left overnight. A layer of polypropylene carbonate (PPC) is then spin-coated (500 rpm for 5 s followed by 2500 rpm for 40 s) over the solid PDMS drop. The PPC solution we use is Nano-fabrication and characterization techniques obtained by mixing 15 % in mass of crystalline PPC in 85 % in mass in ethanol. The solution is finally dissolved overnight using a magnetic stirrer.

PPC is a polymer characterized by its glass transition at around 40 • C [START_REF] Luinstra | Material Properties of Poly(Propylene Carbonates)[END_REF]. It is hard and "glassy" at room temperature, then becomes viscous and rubbery around 40 • C and liquid when the temperature is raised to 70 • C. This allows a two-steps process for picking-up the desired 2D flake and dropping it down on the targeted area. Working in a controlled atmosphere in a clean-room is very important because the transition temperatures depend on the ambient humidity level.

Transfer and alignment process Figure 2.9: Photography of the micro-manipulator in use: the PDMS drop is in contact with the wafer laid on the heater that allows the change of temperature for the PPC glass transition. The glass slide with the drop is firmly fixed to the metallic manipulator. The movable lower plane on which is posed the heater enables an independent shifting of the wafer with respect to the metallic manipulator. The optical axis is indicated in a dotted white line.

Figure 2.9 shows the micro-manipulator used for the transfer-and-alignment process. It is composed of three independent elements, from top to bottom:

• A microscope part with different magnifications for an identification of the 2D flakes and the estimation of their thickness and homogeneity.

• A metallic manipulator with x, y and z degrees of freedom to the few nearest microns, on which the glass slide with the PDMS drop will be fixed upside down, allowing a high alignment accuracy. It is also possible to add a rotational degree of freedom in the x, y plane to control the lattice alignment between different layers of the heterostructure. The inset of figure 2.8(b) shows a well-aligned graphene layer covered with an hBN flake.

• A lower plane with x and y degrees of freedom to the nearest micron. A heater is placed on this plane and a double-sided tape is put on the surface of the hot plate. The tape shown in figure 2.9 is necessary to avoid a peeling of the sample which could get caught on the PPC layer of the drop during the drop-down step. However, one should be careful not to use a strongly adhesive tape, otherwise the sample can break when taken off the heater.

Pick-up of the 2D materials (see figure 2.10(a))

First, one should select a flake of the desired 2D material by scanning the previously exfoliated wafer through an optical microscope. Both hBN and graphene can be scanned with a x10 zoom since the flakes are large enough, but W Se 2 needs to be scanned through a x50 zoom to recognize its thickness. Only after centering the selected flake to the optical axis of the microscope, the glass slide with PDMS and PPC is fixed on the metallic manipulator with the drop pointing down. One could then align the optical axis of the drop, thus acting as an extra lens and assumed to be symmetrical, with that of the microscope, in order to have its lower part centered to the previously selected 2D layer. However, because of its rounded shape, the drop induces strong optical aberrations. To align it with the sample, one should start by adjusting the focus to be in the plane of the lower part of the drop in order to find the brightest area corresponding to its center. The drop is thus centered and approached closely to the wafer plane. The focus is then set on a plane between the bottom of the drop and the top of the wafer, slightly below the bottom of the drop. The drop is then brought down slowly until we obtain a sharp image of its bottom. This procedure is reproduced several times until having both the bottom of the drop and the top of the wafer visible to the microscope. At this stage, a slight approach of the drop leads to a contact with the wafer. A wet circle is thus observed on the wafer, as seen in figure 2.8(b). If the alignment is not perfect, it is Nano-fabrication and characterization techniques possible to bring up the drop very slowly in order not to break it.

When the drop is finally aligned in a way to have the 2D flake in the center of the wet circle, the heater's temperature is raised to around 54 • C (humidity around 50 %). The whole is set down a few minutes to have a homogeneous temperature of the system. One should then make a fast movement of the z axis to quickly move the drop far from the wafer. The selected flake will likely stay hooked on the drop. In fact, this first transition temperature allows a change of the properties of the PPC and thus an increase of the interaction strength between the drop and the flake. If this interaction becomes stronger than the one of the flake with the SiO 2 substrate, and thanks to the fast peeling, the 2D flake will get caught up on the PPC. The drop is then lifted up, a few centimeters away from the wafer. Another wafer with a predefined photolithographed contacts area (described in the previous section 2.1.2) is then set on a tape on the heater. The targeted area of the wafer is centered to the optical axis of the microscope. The drop is then roughly approached to the surface of the wafer. The picked up flake is expected to be already aligned with the optical axis of the microscope because of the previous step. However, if this was not the case, it is possible to improve the alignment following the same steps mentioned above. As soon as the bottom of the drop and the top of the wafer become both visible in the microscope, a last careful perfection alignment to the few nearest microns can be performed. Once satisfied with the alignment, one can bring the drop in contact with the wafer (see figure 2.11 for an example of a well aligned heterostructure). A mistake could only rarely be corrected during this step because a lift of the drop in contact with gold surfaces at 54 • C breaks it very often. The temperature is then raised to around 76 • C to fluidize the PPC layer thus weakening the interaction between the drop and the picked-up flake compared to the interaction of that last with the SiO 2 substrate. After a few minutes of temperature homogenization, the drop is slowly lifted-off the substrate. A constant lift speed is necessary in order to protect the drop from breaking.

Cleaning

The sample is finally bathed in acetone for 10 min, rinsed in IPA for 2 min and dried with nitrogen flow to remove PPC traces. One could also perform an overnight annealing at 120 • C in air or in vacuum to get rid of residues and bubbles resulting of the pick-up process [START_REF] Jain | Minimizing residues and strain in 2D materials transferred from PDMS[END_REF]. Plasma treatment is however not recommended because it could damage the 2D materials.

Contacts design and metallic deposition

Unlike optical lithography, e-beam lithography gives access to high resolution patterning, down to few tenth of nanometers. The resist is exposed thanks to a displacement of an electron beam on the surface of the sample in a predefined pattern by means of a computer design software e-line from Raith.

Resist properties and e-beam lithography characteristics

A bilayer of PMMA resist is spin-coated at 4000 rpm on the sample. This allows a perfect lift-off for evaporated metallic contacts despite their high thickness exceeding 50 nm in some cases, while guaranteeing a high resolution of the patterns (down to a few tenth of nm). In our case, it allows the design of contacts of around 400 nm width and down to 150 nm spacing apart. A first layer of pure PMMA A6 50K is spin coated on the sample and annealed at 180 • C for 60 s followed by a second layer of dilute PMMA A6 950K (4:1 in anisole) spin coated and annealed under the same conditions. The first layer is essential in order to obtain less residues on the surface after developing the resist. PMMA is a positive resist and the e-beam exposed window becomes soluble in the developer. The resist is developed in MIBK (1:3 in IPA) for 15 s then rinsed in pure IPA. The bilayer resist is both used for the etching process and for contact deposition. It had been previously developped in the lab in order to obtain clean and high precision nano-objects.

Contact evaporation

Contact deposition and lift-off are performed in the same conditions as in the section 2.1.2.

FETs studied in chapter 3, used for charge injection in W Se 2 are made with 20 nm evaporated T i, P d or Co at a rate of 0.05 nm/s and a vacuum below 10 -7 mBar, covered with a 30 nm layer of Au evaporated with a 0.05 nm/s rate.

Spin-FETs studied in chapter 4, destined for spin transport in W Se 2 -based devices are realized by a two steps lithographic process. A first e-beam lithography is needed to design the contacts deposited on the surface of the 2D material and that would allow the charge or spin injection. Then, a second lithography is performed to build thicker bonds with the macroscopic predefined photolithographied patterns. The first contacts are particularly thin: 7 nm of P d covered by a 2 nm Au layer on a low rate of 0.04 nm/s. The second part of the contacts is made of a 5 nm T i layer evaporated at 0.05 nm/s covered by a 70 nm Au layer at 0.1 nm/s.

Good mooring of Pd and Co on WSe 2 :

To ensure the good mooring of metals in contact with W Se 2 , we show in figure 2.12 scanning electron microscope (SEM) images of thin metallic films on a few layered W Se 2 . Both cobalt (shown in figure 2.12(a)) and palladium (figures 2.12(b)) ultrathin films form a continuous layer over W Se 2 in a polycrystalline aspect with absence of islets. 

Characterization techniques

The 2D materials I integrated in the devices fabricated during my PhD were characterized by several standard techniques. All the experimental techniques shown in the following are well known and will not be further developed in this manuscript. Only the results of the experiments will be presented and discussed here.

Atomic force microscopy (AFM)

Atomic force microscopy is a high resolution scanning probe technique that was proved to allow good quality measurements down to the fraction of nanometer, which is of the order of the thickness of a monolayer of the 2D materials I investigated. For a good correspondence of the thickness of the 2D flakes with the color observed by optical microscopy [START_REF] Li | Rapid and Reliable Thickness Identification of Two-Dimensional Nanosheets Using Optical Microscopy[END_REF], AFM measurements were performed on several flakes. All the measurements were performed in tapping mode to preserve the surface quality of the flakes. The thickness of the W Se 2 is identified in this particular case to be ∼ 3.5 nm, which corresponds to a 5-layers film. The surface roughness of W Se 2 is of the same order of magnitude of that of the SiO 2 (i.e.< 1 nm) emphasizing the excellent surface quality of the 2D material. 

AFM on WSe

AFM on hBN

Raman spectroscopy

The results of this section, and the next one about photoluminescence, were made in collaboration with Odile Bezencenet from Thales research and technology center at Palaiseau.

Raman Spectroscopy is another robust nondestructive technique that gives an insight to the electronic properties of the investigated material, and an access with high precision to the thickness of few layered 2D materials [START_REF] Cong | Application of Raman spectroscopy to probe fundamental properties of two-dimensional materials[END_REF]. It is based on determining the vibration modes and relies on inelastic scattering of photons. In this sense, adding a layer of atoms above a monolayer of a 2D material induces a shift in the Raman peaks caused by a change of a vibration energy. This is only true for a few layers depending on the considered material, since beyond a certain number of layers, the flake is considered to be bulk, and the Raman spectrum remains unchanged with the addition of an extra layer of atoms. Raman spectroscopy also gives an idea about the quality of the 2D materials and the rate of the present defects [START_REF] Jorio | Disorder and Defects in Two-Dimensional Materials Probed by Raman Spectroscopy[END_REF].

Raman on WSe 2 :

Figure 2.15 shows Raman spectra measured on a multilayered W Se 2 flake. In the spectra of figure 2.15(a), a large peak can be seen around 255 cm -1 . This peak corresponds to the labeled 2LA(M) (Longitudinal acoustic phonons on the M point of the Brillouin zone) containing both the A 1g and the E 1 2g transitions. The A 1g peak is very sharp (< 5 cm -1 ) and is located around 251 cm -1 and the E 1 2g peak is centered on 248 cm -1 [START_REF] Terrones | New First Order Raman-active Modes in Few Layered Transition Metal Dichalcogenides[END_REF]. Those peaks are studied in details on bulk materials in [START_REF] Zhang | Review on the Raman spectroscopy of different types of layered materials[END_REF] and shown in the pink curve of 2.15(b) for W Se 2 . The unassigned peaks measured for monolayers in some works [START_REF] Zhang | Phonon and Raman scattering of two-dimensional transition metal dichalcogenides from monolayer, multilayer to bulk material[END_REF] were attributed to unconventional vibrations, with sometimes a combination of optic and acoustic phonons. In total, a bulk crystal of W Se 2 is known to have a D 6h point group and is then characterized by the following vibration modes, assigned and not assigned: et al., 2016]. Moreover, studies on thin layered materials showed that by adding layers, some modes can experience blue shift (such as the A 1g peak) and some others red shifts (for example, the E g peak) [START_REF] Terrones | New First Order Raman-active Modes in Few Layered Transition Metal Dichalcogenides[END_REF]]. Thus, one can attribute a thickness of a material thanks to the position of those peaks (see figure 2.15(c)). In our case, the peaks confirm the material's high quality and its few-layered character [START_REF] Li | Determining layer number of two-dimensional flakes of transition-metal dichalcogenides by the Raman intensity from substrates[END_REF].

23.8 cm -1 (E 2 2g ), 138 cm -1 , 248 cm -1 (E 1 2g ), 251 cm -1 (A 1g ) 258 cm -1 (2LA(M)), 307 cm -1 , 359 cm -1 , 372 cm -1 , 394 cm -1 [Zhang

Raman on hBN

We also performed Raman measurements on hBN in order to determine its quality (figure 2.16). hBN has a similar crystal structure to graphite, where carbon atoms are replaced by boron and nitrogen respectively. Moreover, the lattice vibrations at the Γ point are comparable to those of graphite. Figure 2.16(b) shows that for graphite, E 2 2g peak is at 43.5 cm -1 and E 1 2g at 1581.3 cm -1 , while for a bulk BN , those peaks lie at 52.2 cm -1 and 1364.7 cm -1 respectively.

We have measured the Raman spectra on two areas of a multilayered hBN under 532 nm light excitations. The results, presented in figure 2.16(a), are very satisfying, showing the E 1 2g sharp peak positioned at the expected energy, with a FWHM of around 7 cm -1 . 

Photoluminescence spectroscopy (PL)

It is also possible to conclude on the quality of the semiconducting W Se 2 by characterizing its band gap thanks to photoluminescence (PL). PL also gives access to the number of layers of a given flake [START_REF] Terrones | New First Order Raman-active Modes in Few Layered Transition Metal Dichalcogenides[END_REF]. This technique is based on the excitation of the semiconductor with photons of different energies (in the case of figure 2.17(a), from 1.1 to 2.0 eV ) and detecting the relaxation process thanks to the emitted light.

Real materials are characterized by disorder such as structural defects or disorder due to chemical variation of the matter composition. Those effects might lead to a localization of the charge carriers and thus to an increase of the photoluminescence lifetimes since it is more difficult for localized carriers to recombine than for free ones. Thus, the width of a PL peak gives insight to the quality of the materials. .17(a) shows a PL spectra realized on a few layers W Se 2 with a 514 nm light source excitation. The indirect band gap peak is centered around 1.37 eV . The peak is broad showing presence of disorder in the material. It is possible to gain in quality of the device by encapsulating the flakes in hBN flakes as seen in figures 2.17(b) and 2.17(c) [START_REF] Cadiz | Excitonic Linewidth Approaching the Homogeneous Limit in MoS 2 -Based van der Waals Heterostructures[END_REF].

Conclusion

In this chapter, I have presented the fabrication process of 2D based FET devices and the characterization processes of the different 2D materials used for charge and spin transport.

I thus developed the primary ingredients that allow the creation of measurable devices. In addition to the classical clean-room steps already in use in our laboratory, such as the optical and e-beam lithography followed by contact evaporation, I developed 2D-related fabrication steps, such as the exfoliation process and mostly the dry pick-up transfer technique. I also worked on developing a 2D related etching technique presented in the appendix 2.4 that was used in other PhDs in our team.

The verification of the quality of the 2D materials was performed thanks to several characterization techniques, summarized by the atomic force microscopy, the Raman spectroscopy, the photoluminescence spectroscopy and the transmission electronic microscopy (shown in the appendix 2.5). These techniques gave access to information such as the thickness of the materials, the roughness of the surfaces, the gap width, and qualitatively, the defect concentration. Thus, our high quality 2D materials are expected to allow good charge and spin transport, which will be presented in chapters 3 and 4 respectively.

Appendix 1: Etching technique

This etching technique was developed in the context of other studies in our research team, and was not used for my samples. I however present it here since it could be used for new designs of FETs and spin-FETs devices.

As explained in section 2.1.1, for research use, good quality 2D materials are derived from mechanically exfoliated bulk crystals and thus have random shapes defined by the microscopic interactions between the atoms and on the tearing forces [START_REF] Gao | Mechanical exfoliation of two-dimensional materials[END_REF],Mohanty et al., 2012]. However, in many cases, a well defined shape is needed when exploring particular electronic [START_REF] Mayorov | Micrometer-Scale Ballistic Transport in Encapsulated Graphene at Room Temperature[END_REF],Wang et al., 2015a] and optical [START_REF] Ma | In-plane anisotropic and ultra-low-loss polaritons in a natural van der Waals crystal[END_REF] properties. Graphene is classically etched thanks to oxygen plasma [START_REF] Liu | Graphene Oxidation: Thickness-Dependent Etching and Strong Chemical Doping[END_REF]. However, oxygen is not suited for the etching of all other 2D materials since it mainly reacts with organic compounds. In that regard, mastering a selective etching technique for 2D materials is a prime necessity when constructing heterostrctures.

Although all the materials are sensitive to the physical sputtering of the etching techniques, the selectivity holds in the difference of their physico-chemical response to the plasma. The etching recipes described in the following have been optimized to selectively etch both hBN and W Se 2 on different rates while being inactive on graphene.

Etching process

I chose to use SF 6 as a reactive gas. When used with W Se 2 , fluorine radicals form volatile compounds with Se and W . These species remain on the substrate for a residence time before desorbing from the surface [START_REF] Stanford | Tungsten Diselenide Patterning and Nanoribbon Formation by Gas-Assisted Focused-Helium-Ion-Beam-Induced Etching[END_REF]]. An identical behavior occurs when fluorine reacts with boron atoms of hBN flakes forming highly volatile BF 3 molecules [START_REF] Voss | Etching of 10Boron with SF6-based Electron Cyclotron Resonance Plasmas for Pillar-Structured Thermal Neutron Detectors[END_REF]. Moreover, the introduction of oxygen in the plasma can include graphene in the etching process.

After an e-beam lithography step used to define etching areas, the sample is placed in a reactive-ion etching (RIE) chamber for a specific time (with an uncertainty of ±1 s). The RIE chamber is filled with 25 sccm of SF 6 and the pressure is maintained to 40 mT orr. This pressure is relatively high but necessary to achieve a low etching rate. A power of 8W is applied to turn on the plasma and the effective RF bias is 5.0 V ± 0.3 V . Subsequently, the resist is weakened with an oxygen plasma cleaning for 5 min and then rinsed in acetone and IPA. This procedure can induce an error on the etching rate (see next paragraph) but is mandatory for a good removal of the resist. The etching is not uniform and some spots of residues might remain in the etching windows. Those residues are caused by the interaction between the SF 6 plasma with the 2D material and not with resist residues from previous steps. Moreover, it is possible to differentiate two sorts of residues in the zoom of figure 2.18: small grains of few tenth of nanometers diameter, and circles of few hundreds of nanometers diameter. The grains might be correlated with the BF 3 molecules remaining on the surface when SF 6 reacts with hBN . On the other hand, the circles are more probably areas of hBN not yet etched. Although it is possible to get rid of this roughness in the etched areas through focused ion beam etching (FIB) [START_REF] Stanford | Tungsten Diselenide Patterning and Nanoribbon Formation by Gas-Assisted Focused-Helium-Ion-Beam-Induced Etching[END_REF], this part was not studied during my PhD and will not be discussed here. The SF 6 plasma etching recipe described above does not hold for graphene. Figure 2.20 shows a SEM image of a two-stacks heterostructure (hBN in white is the lower layer and graphene in black is the upper one) after etching half of it (yellow square). After applying SF 6 plasma for 40 sec, we observe that the hBN in the etching window has only been etched where it was not protected by the graphene sheet. Although graphene seems to be intact after the plasma treatment, some studies [START_REF] Chen | Fluorination of Edges and Central Areas of Monolayer Graphene by SF6 and CHF3 Plasma Treatments[END_REF] show that fluorine on graphene can induce p-doping, but that remains more significant on the edges rather than in central areas. Compared to CHF 3 plasma, the fluorination of SF 6 plasma exposed graphene is more efficient and induces less defects. In this sense, graphene can be used as a very efficient mask when etching W Se 2 and hBN with SF 6 plasma and still keep the high conduction quality. Moreover, it is possible to add oxygen plasma to the etching recipe to etch graphene based heterostructures. A mix of 25 sccm of SF 6 and 100 sccm of O 2 with a pressure maintained to 40 mT orr and 8 W applied power leading to an effective RF bias of 193 V could be applied for a few minutes to etch a graphene encapsulated with hBN flakes.

Specific applications and device fabrication for this etching procedure

This low rate selective etching recipe has very immediate applications.

Stress free bottom contacts

Etching stripes in hBN , to a controlled depth, can be used to create encased contacts as shown in figure 2.21. This type of electrodes design can promote the use of metals that have low adhesion properties. Platinum, for example, and thanks to its high work function, is a very good metal for hole injection in several 2D semiconducting materials such as W Se 2 [START_REF] Schulman | Contact engineering for 2D materials and devices[END_REF]. It is also known for its strong spin orbit coupling [START_REF] Wang | Determination of intrinsic spin Hall angle in Pt[END_REF], making it a very good candidate for spintronics, such as spin hall effect measurements. However, due to its very poor adhesion properties to commonly used insulating substrates and semiconducting materials, it is rarely integrated in devices in its pure form. Some research groups [Ivey, 1999, Savero Torres et al., 2017, Zhu et al., 2019b] use a thin (few nm) titanium adhesion layer under the platinum top contacts, thus modifying the P t-semiconductor interface and dropping the efficiency of a good spin valve. To avoid this problem, some other research groups [Movva et al., 2015a] use P t as bottom contacts. In this case however, the 2D semiconductor is exposed to surface stress and band deformations [START_REF] Mennel | Optical imaging of strain in two-dimensional crystals[END_REF], which also might prevent a highly efficient injection process. Thus, implementing encased P t electrodes with a bonding T i layer would be a good solution to keep a pure P t-semiconductor interface and preserving the flatness of the 2D material, and this time T i is not in direct contact with the 2D material. 

Side contacts

Another important application of this etching technique is the design of lateral contacts in fully encapsulated heterostructures as shown in fig 2 .22. In these devices, the measured 2D material is always protected from any possible contamination during the fabrication process or related to the environment. In addition, lateral contacts can sometimes (depending on the adhesion of the bottom metallic contact to the 2D material) have a lower resistance than top or bottom contacts [START_REF] Wang | One-Dimensional Electrical Contact to a Two-Dimensional Material[END_REF]. SEM image of a hBN -graphene-hBN heterostructure with lateral metallic contacts.

Appendix 2: Transmission electronic microscopy (TEM)

The results of this section are part of a collaboration with MEANS team from MPQ laboratory. The aim of this collaboration is to image VdW heterostructures. Here are the first results concerning graphene deposited on a TEM grid thanks to a dry transfer technique. Transmission electronic microscopy (TEM) is a characterization technique in which a beam of electron is transmitted through a very thin sample (less than 100 nm thick), usually suspended on a grid (see figure 2.23(b)). This technique allows imaging at considerably higher resolution than light microscopes due to very small (< 0.1 nm) wavelength of electrons. In this sense, this technique gives the possibility to observe the atomic structure of thin materials. .24(a) shows a TEM image of a few layers graphene flake disposed on a sample support grid thanks to the pick-up technique (as seen in figure 2.23(a)). The circles correspond to areas where the 2D material is suspended and could be measured. The lower part of the flake shows super patterns corresponding to Moiré effect. In fact, in this area, the flake is folded inducing a superposition of two flakes with different orientations of the atomic structure, inducing another periodic structure that could be observed in TEM [Xu et al., 2014a]. Figure 2.24(b) is a zoomed TEM image of an area without Moiré effect. It shows large defect free areas, which proves the high quality of the used graphene. For the caption of this image, the electron beam was set to high power to allow the breaking of the graphene sheet [START_REF] Börrnert | Amorphous Carbon under 80 kV Electron Irradiation: A Means to Make or Break Graphene[END_REF] in order to determine its thickness. The power applied before breaking the flake was much higher than the one usually applied on that same TEM machine to break CVD graphene, another proof of quality. The caption shows a 4 layers graphene sheet, where the number of layers in each area is indicated on the figure. The nature of the stack and the number of layers could also be deduced out of the patterns of each layer and the black-and-white contrast [Mouhoub, 2019]. As explained in chapter 1, the largest lift of spin degeneracy related to the SOC in W Se 2 occurs on the valence band, which means that it concerns the holes in that material. For this reason, hole injection in W Se 2 have recently attracted particular interest. However, to achieve efficient hole injection in the valence band, metallic contacts with suited work functions allowing low interface barriers are necessary. In this chapter, I will present my results concerning holes injection in few layers W Se 2 flakes through metallic contacts. I will demonstrate that Co and P d contacts allow highly efficient holes injection. P d contacts also seem to induce a Fermi level pinning at the interface with W Se 2 .

Presentation of the studied device: the 2D FET

The results presented in section 3.5 were obtained on a W Se 2 -based FET. The three terminals FET architecture allows the control of the current flow by applying a voltage to the bottom gate, which thus modifies the charge density in the channel between the source and the drain terminals. To do so, I used W Se 2 as a semiconducting channel exfoliated on a SiO 2 wafer over which metallic contacts were evaporated. The metallic contacts serve as source and drain electrodes, while the gate voltage is applied to the Si back-gate. The device was fabricated as described in chapter 2. Both 280 nm and 100 nm SiO 2 dielectric thicknesses were used for the measured devices presented in this chapter. The thickness of the oxide will be indicated on every curve with gate voltage. In all the studied devices, the W Se 2 flakes were composed of few layers (4 -6) with thicknesses around 2.5 -4 nm. All the devices are measured with a cryostation from Montana Instruments. The measurements are performed in dark conditions and under low vacuum (P = 1.10 -3 mBar). Current-voltage (I(V )) measurements are realized by applying a DC voltage from a GS200 Yokogawa source. After passing through the sample, the output DC current is amplified by an I -V converter to the device. The DC voltage output is measured by a digital voltmeter (34401A from Keysight). The gate DC voltage is applied from a GS200 from Yokogawa.

The device in figure 3.1(a) is equivalent to the circuit in 3.1(b) where R cn represents the contact's n resistance (mainly attributed to the interface resistance between the metal and the semiconductor) and R W Se 2 is the resistance of the W Se 2 channel. To guarantee good charge and spin injection into the 2D material, one should verify the role played by each of these components.

Charge injection from metallic contacts towards a 2D semiconductor

At a metal-semiconductor interface, and at thermal equilibrium characterized by the absence of electronic current in the system, the Fermi energy is constant [START_REF] Taur | Fundamentals of Modern VLSI Devices[END_REF]. To understand better what happens at the interface, one should first define the two materials separately.

The Schottky-Mott rule

Whether in their monolayer form or in their bulk form, semiconductors are characterized by their conduction band (with minimum energy defined as E c ) and their valence band (with maximum energy defined as E v ). The difference of those energies E v -E c is defined as the semiconducting gap E gap . The electron affinity χ S is given by the difference between the vacuum level E vac and E c . The ionization potential V i is defined as the difference between the vacuum level E vac and E v . Moreover, when taking the finite dimensions of the semiconducting crystals into account, some states in the gap that are forbidden in the bulk are thus allowed on the surface. They arise from the fact that the electrons wavefunctions are altered on the surface of the materials [Heine, 1964]. Those are called the metal-induced gap states (MIGS) and they play a crucial role in the determination of the resistance of the contacts. Note that other sources, such as defects, can cause the formation of gap states, but I will not detail these sources here.

A metal is mainly defined by its work function φ M , which is the energy needed to extract an electron from the solid to the vacuum. It is calculated out of both a volume 3.2 Charge injection from metallic contacts towards a 2D semiconductor 53 and a surface contributions. Because of that latter contribution, the value of a same crystal's work function can differ due to unequal surface dipoles of different crystallographic faces [START_REF] Strayer | Work function measurements by the field emission retarding potential method[END_REF]. Figures 3. 2 shows electron affinity and ionization potential for some of the most commonly used TMDs. In a simple picture, when a low (high) work function metal is brought into contact with a semiconductor, the metal Fermi energy aligns with the semiconductor's conduction (valence) band and electron (hole) injection is facilitated [START_REF] Taur | Fundamentals of Modern VLSI Devices[END_REF]. However, as I will explain in section 3.3, the presence of gap states may also change this simple picture [START_REF] Kang | Computational Study of Metal Contacts to Monolayer Transition-Metal Dichalcogenide Semiconductors[END_REF], Liu et al., 2016b]. The contact can thus either be Ohmic or act as a Schottky barrier for the carriers. 

Ohmic vs Schottky contacts at 2D semiconductor/metal interfaces

Ohmic contacts

Ohmic contacts can be referred to as non-rectifying and low resistive contacts minimizing the voltage drop across the interface. They usually occur when the Fermi energy of the metal falls into the valence or the conduction band of the semiconductor. They are highly sought after for 2D materials.

When no gate voltage is applied, the Fermi level of the 2D material falls into the semiconducting gap, preventing carriers to flow into the semiconductor. The device is thus in its OFF state. An ideal ambipolar 2D-FET (with Ohmic contacts and no Fermi V SD shifts the Fermi energy of the metallic contacts making it possible for the carriers in the high-energy contact to flow through the 2D channel towards the low-energy contact, depending on the sign of V SD and the nature of the carriers. The saturation region is a consequence of the fact that above a certain V SD the energy difference in each contact is high enough to allow a free flow of the carriers. Note that figure 3.3 shows the characteristics of an ideal FET, where transport of both electrons and holes is possible depending on the gate bias. This is called ambipolar FET, and is in reality very challenging to achieve for 2D materials.

In a device characterized by Ohmic contacts, most of the voltage drop occurs in the semiconducting channel. Thus, the resistance of the device is almost entirely determined by that of the 2D material rather than the contact's one.

Schottky contacts

Despite all the effort put in achieving Ohmic behavior, most of metal-semiconductor contacts end up creating finite injection barriers for electrons and holes, as in the case of the interface between p and n doped semiconductors. This behavior arises from the creation of a Schottky barrier (SB) on the interface (see figure 3.5). It is a consequence of the discontinuity of the electronic states responsible of the conduction in the two materials. The characteristics of this barrier depend on the properties of both the semiconductor 3.2 Charge injection from metallic contacts towards a 2D semiconductor 55 and the metal and on the presence of gap states. In this section, only a description of the Schottky barrier given by the Schottky-Mott theory will be given. I will present a detailed explanation of the injection phenomenon through this barrier in section 3.2.2.2, allowing the determination of the Schottky barrier height. The role of Fermi level pinning on charge injection will be discussed in 3.3. First, one should introduce φ 0 , the charge neutrality level of the semiconductor, defined as the position of the Fermi energy for which the surface is not electrically charged. In this sense, when the Fermi energy E F lies above (below) φ 0 , all the states between φ 0 and E F are full (empty) and the surface is negatively (positively) charged. This surface charge will induce an electric field in the semiconductor leading to a bending of the energy bands. In the case of a negative charge, the bands bend upward towards the surface and thus towards the region in which the majority carriers concentration is less than that of the bulk part of the crystal (see figure 3.5(a)). The surface is said to be depleted. The opposite behavior, with a positive charged surface for a n-type semiconductor leads to a bending downwards, the surface is said to be accumulated [Rhoderick, ].

Figure 3.4 shows schematic illustrations of an example of the contact process between a n-type semiconductor, with no surface states, and a metal with the Fermi energy that falls into the semiconducting gap. At first, in figure 3.4(a), both materials are electrically neutral and separated from each others. If those two materials are brought to be electrically connected, their Fermi energies have to coincide and charge transfer takes place at the interface. This automatically leads to a surface dipole. While the positive surface charge of the semiconductor leads to a bending of the bands, the compensated negative charge in the metal simply consists on extra conduction electrons contained in a small screening distance. In figure 3.4(b), w is the thickness of the layer of uncompensated donors of depleted surface electrons and V i is the difference between the electrostatic potentials at the surfaces of the metal and the semiconductor. It is proportional to δ, the distance between the two materials. V i is thus reduced when the materials are approached (figure 3 In a simple picture of an ideal Schottky contact between a metal and a bulk semi-3.2 Charge injection from metallic contacts towards a 2D semiconductor 57 conductor as in figure 3.5(a), the electronic injection occurs through either thermionic emission or tunneling (and thermally assisted tunneling) through the barrier. This will be described in more details in the next section. In the case of a contact with a VdW gap between a metal and a 2D semiconductor as in figure 3.5(b), a flat gap region is formed at the interface, preventing all kinds of tunneling and thermally assisted tunneling emission of electrons. This occurs for example on the interface between M oS 2 and Au [START_REF] Allain | Electrical contacts to two-dimensional semiconductors[END_REF]. On another hand, when a hybridization occurs between the metal and the 2D semiconductor as in figure 3.5(c), which can occur for example between T i metallic contacts and M oS 2 or at the P d -W Se 2 interface [START_REF] Kang | Computational Study of Metal Contacts to Monolayer Transition-Metal Dichalcogenide Semiconductors[END_REF], the VdW gap is eliminated, guaranteeing thus a better carriers injection.

Schottky-Mott model for thermionic emission

As explained earlier, depending on the choice of the metal, and therefore on the position of its work function according to the energy bands of the semiconductor, it would be possible to inject either electrons or holes (see figure 3.6), or both for ambipolar devices. Thus, adapted for both large and small metallic work functions, and for the same semiconductor, equation 3.1 for the SB height becomes:

φ SB-n = φ M -χ S , φ SB-p = E G + χ S -φ M , (3.2) 
where φ SB-n and φ SB-p are the Schottky barriers for electrons and holes respectively. Even though in reality equations 3.2 are rarely valid for describing the Schottky barrier at the interface of a semiconductor, one could however still assume this limit to distinguish its features in the studied FET. The real SB could be described by a theory in between the Schottky-Mott [Schottky, 1939, Mott, 1939] shown here and the Bardeen limit [Bardeen, 1947] discussed in section 3.3.

Qualitative description and determination of the Schottky barrier height

The Schottky barrier introduced in equation 3.2 is responsible of the current injection at the contacts. Thus, I SD is characterized by both a thermionic and a tunneling component. When in OFF state, the charge injection can be dominated by either the thermionic regime indicated by the red circle with the flat band condition in blue, or a tunneling regime in brown. The ON state is tunneling dominated (purple). The corresponding band diagrams are shown in figure 3.7(b). Indeed, the electronic bands position depends on the applied gate voltage of the FET, thus modulating the shape of the SB.

Adapted 2D model for thermionic charge injection:

In order to determine the injection properties, one should understand the temperature dependence of the characteristics of the FET. In the thermionic emission regime, electrons are treated as an ideal gas which energy distribution follows Boltzmann statistics. Moreover, electron collisions within the semiconductor depletion region is ignored. Thus, only carriers having sufficient energy to surmount the SB are emitted. The model described here is the one that I used for the fitting of my experimental results presented in section 3.5.

To access a quantitative view of the injection properties one can describe the forward 3.2 Charge injection from metallic contacts towards a 2D semiconductor 59 I SD -V SD characteristics for an ideal Schottky barrier as follows [START_REF] Bhuiyan | A new Richardson plot for non-ideal schottky diodes[END_REF]:

I SD = I S exp q V SD k B T , (3.3)
where I S is the diode saturation current and is given by:

I S = AST 2 exp -φ b k B T , (3.4) 
A being the Richardson constant, S the contact area of the junction, q the electron charge, φ b the injection barrier height and k B the Boltzmann constant. However, for low dimensional materials, I SD can be redefined by a 2D thermionic emission equation [START_REF] Anwar | Effects of electron confinement on thermionic emission current in a modulation doped heterostructure[END_REF] based on a reduced power law:

I SD = A * SD ST 3/2 exp -1 k B T φ b -q V SD n , (3.5) 
where A * SD is the 2D equivalent Richardson constant and n, called the ideality factor, is temperature independent.

At high temperature, one could consider that the electrons involved in the FET's current are those who were injected over the "top" of the SB. Of course, this condition could also contribute in thermally assisted tunneling current "through" the SB. In fact, when the SB is in the flat band limit as in the blue diagram of figure 3.7(b), no tunneling is possible and the thermionic emission theory allows a precise determination of the SBH. In the brown diagram, the SB height calculated by the thermionic theory is underestimated since some of the current goes through tunneling over the thickness of the barrier [Dimoulas, 2016]. Thus, to determine the true height of the barrier, one should draw Richardson plots of I SD /T 3/2 against 1000/T on logarithmic scale at different applied V G . A fit of the linear phase at high temperatures will give access to the slope

a = -1 1000k B φ b -q V SD n . (3.6)
The slopes as a function of V SD will allow a determination of the injection barrier height from the y-intercept for different V G as [START_REF] Wang | Controllable Schottky Barriers between MoS2 and Permalloy[END_REF]:

a 0 = -1 1000k B (φ b ) .
(3.7)

Figure 3.8(a) shows an example of the dependence of the current to the shape of the SB. From equation 3.7, one could extract the SB height φ b for every applied gate voltage. However, to avoid an underestimation of the barrier, one should try to determine the flat band limit. In figure 3.8(b), the SB at flat band limit (V G = V F B indicated by the first vertical dotted line) could be determined as the crossing value of φ b for the linear behavior given by the thermionic emission and the non-linear behavior for the thermally assisted tunneling regime. When V G > V th , the barrier is considered to be very high for any thermionic emission, and most of the injection occurs by tunneling through the SB. Thus, the current as a function of the applied gate voltage becomes independent of the temperature (as shown in figure 3.8(a) for V G above V th ). 

Assumptions and limitations of the 2D thermionic model

The presented model for Schottky barriers is conventionally used to measure the barrier's height even though too basic and in contradiction with some theoretical studies. This model is however very useful to understand the metal work function effect on the carrier injection and still work well for small Schottky barriers [START_REF] Schulman | Contact engineering for 2D materials and devices[END_REF].

Probing one barrier in a 2-barriers device 3.2 Charge injection from metallic contacts towards a 2D semiconductor 61

In a real device however, the source and the drain contacts both present Schottky barriers at the interface with the semiconductor. This is why, to apply the previous model, one should ensure that one out of the two barriers can be neglected and charge injection is dominated by only one of the barrier. As a consequence, the whole system can be viewed as a single diode. Thus, a bias voltage is needed to reduce one of the barriers by raising the energy level at the contact region as shown in figure 3.9.

Absence of Fermi level pinning

Another assumption to use this 2D-thermionic model is the absence of any pinning of the Fermi level at the bands of the semiconductor. When this phenomenon occurs, the SB becomes independent of V G and the extraction of its true value as in figure 3.8(b) is impossible [Das et al., 2013]. This physical phenomenon will be discussed in more details in section 3.3.

Current profile through the contact

On the other hand, a recent more comprehensive model by Prakash et al. [Prakash et al., 2017] suggests taking into account the carrier injection into deeper layers of the TMD. Through a double gated device study, they showed that the traditional Schottky barrier on the interface between the metallic contact and the semiconductor could limit so much the current injection that eventually a second path deeper into the semiconductor, shown in figure 3.10, occurs to be the primary current injection source. 

Tunneling regime:

The exponential dependence of equation 3.5 is attributed to the thermal injection of the carriers through the barrier. Thus, it continues till the flat band limit, beyond which the thermally assisted tunneling is enabled. The thermionic current becomes thus constant as a function of V G as indicated in figure 3.7(a) by the red dashed line. It is only beyond this limit that the barrier starts to become thin enough to allow the tunneling of carriers through the interface. This is shown by the continuous green line in figure 3.7(a).

For more details concerning the equations describing the tunnel barrier, one could refer to [Dimoulas, 2016] and [START_REF] Schulman | Contact engineering for 2D materials and devices[END_REF]. However, it changes the tunneling probability through the barrier. On the other hand, naturally, increasing the temperature leads to an increase of the thermal current and the thermally assisted tunneling (see figure 3.11(c)). Although the tunneling probability through the SB is almost independent of the temperature, one should note that since the carriers distribution inside of the metal follows the Fermi-Dirac distribution, it is thus weakly dependent to the temperature. This is why it is more judicious to talk about thermally assisted tunneling [START_REF] Schulman | Contact engineering for 2D materials and devices[END_REF].

Fermi level pinning

Equation 3.1 states that the barrier at the interface between the semiconductor and the metal depends, among others, on the metallic work function φ M . However, in reality, the metal Fermi level could experience a pinning at the semiconductor interface, meaning that the line-up defining the barrier height is not as theoretically expected, and thus the Schottky-Mott theory is no more suited to describe the barrier height [Tung, 2014]. This pinning, when total and thus when the barrier is completely independent of the metal work function, could be described by the Bardeen limit. In fact, as explained 3.3 Fermi level pinning 63 in section 3.2, MIGS form at the interface of the semiconductor. On the other hand, since the deformation of the bands at the interface is a result of surface charge, φ 0 (the surface neutrality level) will be pushed by this band deformation towards E F in order to reduce it (see figure 3.12). Thus, when the surface states become dense in the gap of the semiconductor, the Fermi energy tends to become more and more close to the surface neutrality level, leading to eventually φ 0 ∼ E F [Rhoderick, ]. The Bardeen limit defines the barrier height as:

φ b ∼ E g -φ 0 . (3.8)
This pinning can occur both into the gap or next to one of the bands of the semiconductor. 

Role of defects in the Fermi level pinning

Although the pinning effect remains unclear until today, many research groups have tried to explain it as a consequence of defects at the interface between the semiconductor and the metal.

Surface metallization

In a numerical study, Gong et al. claimed that the partial Fermi level pinning occurring on the metal interface with a monolayer M oS 2 is intrinsically different from the Bardeen's theory with MIGS [Gong et al., 2014a]. They suggest that the adsorption of M oS 2 is responsible of the pinning through interface charge redistribution and a weakening of the S -M o bonding and thus a spreading of M o d-orbitals into the band gap. In fact, when a metal is in contact with a semiconductor, it is not only a charge redistribution that occurs at the interface, the chemisorption and physisorption can also strongly perturb the semiconductor bands. This phenomenon also occurs in graphene [START_REF] Giovannetti | Doping Graphene with Metal Contacts[END_REF]. In the case of M oS 2 , the adsorption creates metal-S bonds that weaken the initial Another work combining AFM, conductive AFM (C-AFM) and scanning tunneling microscopy (STM) by Bampoulis et al. allowed a superposition of a high spatial resolved mapping of defects in the 2D material with the SB height given by C-AFM measurements (see figure 3.14) [START_REF] Bampoulis | Defect Dominated Charge Transport 134 BIBLIOGRAPHY and Fermi Level Pinning in MoS 2 /Metal Contacts[END_REF]. The defects they studied are subsurface metallike defects such as M o vacancies in the inner layers. Their results were coherent with previous studies on W Se 2 by Yankowitz et al. that showed a clear difference between subsurface selenium (corresponds to sulfur in M oS 2 ) vacancies and metal-like defects [START_REF] Yankowitz | Local Spectroscopic Characterization of Spin and Layer Polarization in WSe 2[END_REF]. However, in their study, they showed that the SB height also depends on the metal used for the tip of C-AFM. The SB is still correlated with the defects of the TMD but the spacial variations are larger for high work function metallic tip.

Intrinsic impurities

In a detailed study on mechanically exfoliated M oS 2 samples implying scanning tunneling microscopy (STM), scanning tunneling spectroscopy (STS), and X-ray photoelectron spectroscopy (XPS) Addou et al. [START_REF] Addou | Surface Defects on Natural MoS 2[END_REF] and [START_REF] Mcdonnell | Defect-Dominated Doping and Contact Resistance in MoS 2[END_REF] compared their results to I -V measurements to understand the pinning effect in these samples. They showed that the TMD exhibit intrinsic elemental impurities such as high concentrated metallic like and structural defects (see figure 3.15). In fact, high concentrated sulfur vacancies lead to a metallic nature of the TMD surface and thus a lowering of the SB for n-type current injection. They also suggested that because these defects are not uniformly distributed in the TMD and on its surface, the conduction characteristics are strongly dependent on the area of the semiconductor on which the device is constructed. They finally concluded that no claim can be made regarding the role of the metallic contacts and the choice of metal on the pinning phenomenon resulting on a metal-induced doping since the 2D material exhibit strong variation of the doping depending on the studied area of the surface, with or without metal deposition. 

Local strain

Metals could also play a crucial role other than affecting the Schottky barrier. Gong et al.

[ [START_REF] Gong | Metal Contacts on Physical Vapor Deposited Monolayer MoS 2[END_REF] and Sun et al. [START_REF] Sun | Probing Local Strain at MX 2 -Metal Boundaries with Surface Plasmon-Enhanced Raman Scattering[END_REF] showed through Raman spectroscopy that metallic contacts create local inhomogeneous strain on the semiconductor surface. This leads to a strong variation of the local electronic properties and in consequence the creation of gap states responsible of Fermi level pinning. Ag and Au on M oS 2 do not wet the surface of the 2D material forming thus islands of metals (of around 10 nm diameter) unlike P d (as shows figure 2.12 of chapter 2 of thin layers Co and P d films on a W Se 2 flake) creating a more continuous surface in contact with M oS 2 . It is those isolated metal islands that are mostly responsible of the local strain.

Contact engineering on TMDs

In order to reduce the SBH at the metal/2D material interface and to get rid of the Fermi level pinning, various contact engineering techniques have been investigated in literature. Some of them will be shown here. Chai et al. [START_REF] Chai | Making one-dimensional electrical contacts to molybdenum disulfide-based heterostructures through plasma etching: One-dimensional electrical contacts to Mo disulfide-based heterostructures[END_REF] created hBN -M oS 2 -hBN heterostructures and used plasma etching techniques to open areas in which they evaporated metallic contacts in order to obtain edge contacts on the TMD. This technique was first discovered for encapsulated graphene [START_REF] Wang | One-Dimensional Electrical Contact to a Two-Dimensional Material[END_REF]. Guimaraes et al. [START_REF] Guimarães | Atomically Thin Ohmic Edge Contacts Between Two-Dimensional Materials[END_REF] and Cui et al. [START_REF] Cui | Multi-terminal transport measurements of MoS2 using a van der Waals heterostructure device platform[END_REF] On another hand, to answer the problem of the Fermi level pinning into the gap that tends to lower the desired high ON/OFF ratio, one could decrease the strength of the interaction between the metal and the semiconductor. The easiest accomplishment of this idea would be spacing the two material by an ultra-thin insulating layer. This layer would also lower the dipole formation at the interface, reducing thus the SB height [START_REF] Gupta | Contact resistivity reduction through interfacial layer doping in metal-interfacial layer-semiconductor contacts[END_REF]. However, it introduces an extra tunnel barrier. It is thus a trade-off between the SB resistance component of the contact and the tunnel resistance (see figure 3.17). An optimal thickness of T a 2 O 5 insulating layer for M oS 2 FETs was found to be around 2 nm after a statistical study over 200 two terminal measurements by Lee et al. [START_REF] Lee | Statistical Study on the Schottky Barrier Reduction of Tunneling Contacts to CVD Synthesized MoS 2[END_REF]. Their results are shown in figure 3.18. Other studies used hBN as an insulating interlayer for TMDs to achieve Ohmic contacts [Cui et al., 2017, Farmanbar andBrocks, 2016]. Inserting a thin layer of graphene between the metallic contact and the semiconductor could also be the answer to lowering the SB height. In fact, a shift of the Fermi level of graphene caused by applied gate voltage allows a better match with the semiconductor's band structure. Several research groups performed these contacts, with and without the use of oxygen plasma etching for the graphene layer [Yuchen Du et al., 2014,Leong et al., 2015, Liu et al., 2016a]. For W Se 2 , both low resistive p-type and n-type contacts were obtained by varying the interlayer between the metal and the semiconductor [START_REF] Chuang | Low-Resistance 2D/2D Ohmic Contacts: A Universal Approach to High-Performance WSe 2 , MoS 2 , and MoSe 2 Transistors[END_REF], Sata et al., 2015].

Overview on research works on charge injection and transport in WSe 2 with P d contacts

In the experiments performed during my PhD, P d has been the metal of choice for realizing charge injection in W Se 2 . In the following I will focus on reviewing shortly this topic.

Interface calculations Wang et al. performed a computational comparative study with several metals (Sc, Al, Ag, Au, P d and P t) on monolayer and bilayer W Se 2 where they included SOC in their ab initio energy band calculations [START_REF] Wang | Does p-type ohmic contact exist in WSe 2 -metal interfaces?[END_REF]. They showed that when the SOC is neglected, P d is expected to have the lowest SB, however, in presence of SOC, it is P t that surpasses all other metals to have p-type quasi-ohmic contact with W Se 2 . Figure 3.19 shows the calculated partial density of states (PDOS) of a monolayer W Se 2 and of the systems W Se 2 -metals in absence of SOC in order to understand the nature of the contact of the metal with the semiconductor.

DFT calculations by Kang et al. were performed on monolayers M oS 2 and W Se 2 to investigate the quality of the contact for several metals [START_REF] Kang | Computational Study of Metal Contacts to Monolayer Transition-Metal Dichalcogenide Semiconductors[END_REF]. In their study, Kang et al. completely neglected the defects in the 2D materials. They identified three criteria for low resistant contacts: a narrow tunnel barrier, a low Schottky barrier, and a strong orbital overlap between the two materials at the interface. The tunnel barrier depends strongly on the size of the atoms and on the lattice mismatch between the metal and the 2D material. The Schottky barrier mainly depends on the relative positioning of the metallic work function φ M to the energy bands of the semiconductor and pinning caused by interface traps (because of absence of dangling bonds for example). The electrons on the overlap states should not be localized in order not to degrade the conductivity under the contact. Figure 3.20 presents the summary of the results they had obtained. In their results, they divided the contacts into three types corresponding to the strength of the adhesion between the metals and the TMDs. Concerning W Se 2 (see figure 3.21), they showed that Au and In have a weak adhesion on W Se 2 , but In is more applicable on this 2D TMD and creates a Schottky barrier on the interface. P d, however, creates a much smaller p-type Schottky barrier with W Se 2 and stronger overlapped states. It is a metal creating something between medium and strong adhesion with W Se 2 , like T i contacts. However, T i creates an unexpected tunnel barrier on the interface with W Se 2 leading to high resistive contacts. And finally, W provides high adhesion properties on W Se 2 , but due to Fermi level pinning, it is expected to create n-type contacts despite its high work function. In another study, Kim et al. investigated the interface properties of two systems: a mixed layer on chemical vapor deposited (CVD) W Se 2 (N bSe 2 /W x N b 1-x Se 2 /W Se 2 ) and a metal-semiconductor junction (P d/W Se 2 ) (see figure 3.23(a)) [START_REF] Kim | Alloyed 2D Metal-Semiconductor Heterojunctions: Origin of Interface States Reduction and Schottky Barrier Lowering[END_REF].

Experiments of charge injection into WSe

They showed that the mixed layer presents a clean interface compared to the P d on W Se 2 which leads to better electrical stability. Figure 3.23(b) shows a wrinkled interface between the metal and the semiconductor compared to the clean interface with the mixed layer. The contact potential difference is smaller for the mixed layer which can explain, among other effects, the lower Schottky barrier (see figures 3.23(c) and 3.23(d)). They extracted a holes SB at the flat band limit for the P d-W Se 2 junction of φ B ∼ 87.4 meV and ∼ 67.6 meV for the mixed junction.

Debate concerning Fermi level pinning at the WSe 2 /Pd interface W Se 2 was found to have a lot of disagreements on the physics of the interface at the contact with metals. Fang et al. claim that P d contacts on W Se 2 were found to exhibit the lowest resistance, with a clear p-type conduction [START_REF] Fang | High-Performance Single Layered WSe 2 p-FETs with Chemically Doped Contacts[END_REF]. These results do not mean the non-existence of a Schottky barrier at the P d -W Se 2 interface, but only the existence of a small barrier. They however used T i, with its work function falling into the gap of W Se 2 , to demonstrate an ambipolar behavior with both p-type and n-type low current regimes (see figure 3.24). They argued the weak or the non-existence of a Fermi level pinning at the interface of W Se 2 with metals. The mobility was measured in a device with P d contacts supported on hBN shown in figure 3.26(a). The contacts used for the mobility measurement are the two vertical ones in the middle, the other ones were dedicated to other measurements not described here. The graphene back gate is connected by the large contact shown on the top of the figure. The field effect mobility is measured from the curve of figure 3.26(b) to be ∼ 21 cm 2 /V.s at 300 K and for a charge density ∼ 1 • 10 13 cm -2 that was achieved thanks to a graphene back gate. This result is a little lower than the study of [START_REF] Movva | High-Mobility Holes in Dual-Gated WSe 2 Field-Effect Transistors[END_REF] where a mobility of ∼ 120 cm 2 /V.s obtained in similar FET devices with P t contacts and a P d top gate at room temperature. As expected, figure 3.26(b) shows an active holes injection compared to the electron injection (to be described more in details in the following sections). On the other hand, the blue curve shows for the P d contacts a current two orders of magnitude higher than that measured in the device with Co contacts.

Trans-and output-characteristics

By comparing the relative positions of the work functions of the different metals (4.3 eV for T i, 5 eV for Co and 5.4 eV for P d [Eastman, 1970]) to the position of the valence band maximum (4.9 eV [Liu et al., 2016b]) in figure 3.2, it is expected that Co and P d greatly favor holes injection. The behavior of devices based on P d and Co contacts are in agreement with this expectation. This is also confirmed by the I SD -V G characteristics in figure 3.27(b) obtained at 3 K. Interestingly, one could clearly notice the valence band edge for Co contacts at V G ∼ -8 V whereas it is very diffuse for the P d contacts (this behavior is discussed in section 3.3). In that latter device, injection in the conduction band is not revealed in the measurement up to V G = 30 V . In figure 3.27, T i contacts showed very resistive transport at room temperature, and were thus abandoned for the measurements of the SB height. Both Co and P d based devices were studied as a function of the temperature, source-drain and gate voltage. The Co based device of figures 3.27, 3.28(a) and 3.31 was built on a 100 nm thick SiO 2 wafer while the P d based device of figures 3.27, 3.28(b) and 3.30 was built on a 280 nm thick SiO 2 wafer. From these curves, one could extract the Richardson plots shown in figures 3.31 and 3.30. These plots were deduced for an applied bias voltage V SD > 0.5 V in order to measure only one barrier height (could be compared to other works [Prakash andAppenzeller, 2017,Wang et al., 2015b]). In fact, the current measured in the two terminal device shown in figure 3.1 is impacted by the 2D channel resistance and the contact resistance of both the source and the drain. As mentioned in section 3.2.2.3, applying a high enough V SD would allow to lower one of the two barriers in order to measure only the other one. If we go back to have a closer look to the curves of figure 3.3(a) and 3.3(c), we observe a linear behavior before the saturation region. This is a signature of Ohmic contacts. Although this behavior is a necessary condition to declare a contact as Ohmic, it is however not sufficient. A detailed study in temperature dependence should be carried out to justify this behavior. . Indeed this zoom shows a strong linearity in the characteristics of the samples, which suggests that the contacts are close to Ohmic. This description could however be attributed to a low Schottky barrier (described in the following sections). , this behavior was attributed to a self heating effect [START_REF] Li | Performance Potential and Limit of MoS 2 Transistors[END_REF]. They showed that the effect is higher at low temperatures, when the self heating for the electrons is larger due to higher drain currents. This is not in agreement with my results, since the NDR in figure 3.30(a) is only present at room temperature, at high V SD . As expected, plots from 3.31(b) to 3.31(e) and 3.30(b) to 3.30(e) show a linear behavior at high temperatures for Co and P d based devices respectively. The data can be linearly fitted for every applied gate voltage to deduce the dependence of the injection barrier height as a function of V G out of its slope. Note that for the P d based devices, the data at room temperature were discarded to avoid any misunderstanding induced by the NDR effect. [START_REF] Wang | Does p-type ohmic contact exist in WSe 2 -metal interfaces?[END_REF] and pink triangles from Ouyang et al. [START_REF] Ouyang | Tunable phase stability and contact resistance of monolayer transition metal dichalcogenides contacts with metal[END_REF]) and measured hole injection barriers (red dots from Prakash et al. [Prakash et al., 2017], light pink triangles from [START_REF] Kim | Alloyed 2D Metal-Semiconductor Heterojunctions: Origin of Interface States Reduction and Schottky Barrier Lowering[END_REF] and the pink diamonds from this work) are represented. The standard Schottky-Mott rule is plotted (red dotted line) for reference.

Richardson plots as a function of the gate voltage

Discussion

In my results, Co and P d were shown to clearly form p-type contacts over W Se 2 . While the SB formed at the W Se 2 /Co interface is dependent to the applied gate voltage, at-taining a minimum value of ∼ 20 meV at V G = -32 V , the one formed at the W Se 2 /P d interface exhibits a weak dependence to the applied gate voltage. Note that given the difference of SiO 2 thickness for the two devices (280 nm thick for the P d-based device and 100 nm thick for the Co-based device), a different coupling to the gate electrode is realized in the two cases for the same applied gate voltage, inducing a less effective field effect in the P d case.

In the meanwhile, the barrier height for P d shows an almost constant behavior, within the error bars, that could suggest that the injection process occurs already by tunneling. However, the strong temperature dependence of the current observed in a large range of V SD values (0.1 V < V SD < 1 V ) as shown in figures 3.31(a) and 3.30(a) is not in favor of this argument. I suggest that the observed constancy of the barrier height could be a specific signature of Fermi level pinning [START_REF] Sotthewes | Universal Fermi-Level Pinning in Transition-Metal Dichalcogenides[END_REF] occurring at the P d/W Se 2 interface. As reported in section 3.3, this phenomenon was shown to occur in several 2D materials at the interface with metallic contacts. Very weak variations of the injection barrier height with respect to gate voltage were also reported in M oS 2 /Au and M oT e 2 /Au interfaces where Fermi level pinning was presented as the cause of this constancy [START_REF] Kim | Fermi Level Pinning at Electrical Metal Contacts of Monolayer Molybdenum Dichalcogenides[END_REF].

These results of low SB at the interface of P d and Co would be very interesting not only for charge injection into W Se 2 , but also for spin injection trough SHE. In fact, the impedance mismatch for spin presented in chapter 1 that occurs at the metal/semiconductor interface is a major issue when wanting to inject spins into the semiconducting channel. Mastering the contact resistance is thus mandatory for the realization of spin transport in these devices. Therefore, an interesting strategy would be the use of low resistive contacts for a spin injection through SHE in the strong SOC metal, P d. In this sense, these results are promising for spintronics in W Se 2 -P d based devices.

Conclusion

To conclude, in this chapter, I have discussed the electronic injection and transport in W Se 2 . After introducing the physics of charge injection and transport in 2D TMDs, I explained the Schottky-Mott model that allows the description of the thermionic emission on top of the Schottky barrier created on the interface between the metallic contacts and the semiconductor. I have then characterized holes injection in W Se 2 from two different metals, a metal with strong spin-orbit coupling (P d) and a ferromagnetic metal (Co). I have demonstrated that Co/W Se 2 contacts can be strongly tuned by applying a back-gate voltage, shifting the injection barrier height down to 20 meV . On the contrary, I also showed that P d guarantees very transparent contacts and efficient hole injection in W Se 2 even when no gate voltage is applied, with an almost constant injection barrier and higher current values as a function of the source-drain and the gate voltages. One possible explanation is related to the presence of interfacial states coupling both the metallic and the semiconducting states of P d and W Se 2 respectively and inducing Fermi level pinning. This was explained through the Bardeen model, and many examples from pasts studies were presented to show the state of the art of the pinning at the interface of metals with TMDs. I also discussed some device fabrication techniques to get rid of the Fermi level pinning and other contact engineering techniques that aim to obtain low resistant contacts.

These results pave the ways for further studies concerning the fundamental aspect of charge and spin injection in W Se 2 in the promising holes transport regime for probing the strong spin-orbit coupling physics.

As presented in chapter 1, spintronics in 2D materials is an emergent discipline that continues to gain a lot of interest in the field of information storage and transport. Although ferromagnetic metals are mostly used to inject spins into semiconductors through a tunnel barrier, the efficiency of this technique remains very delicate due to the impedance mismatch issues [START_REF] Seneor | Spintronics with graphene[END_REF]. Another effect that opens a different direction for spintronics research, based on the charge-to-spin conversion process, is the spin Hall effect (SHE). In this chapter, I will show my results concerning spin injection and detection in P d contacts through SHE and ISHE respectively and its propagation in W Se 2 flakes. In a first part, I will briefly show the theories behind SHE in metals and I will support these theories with some of the first experiments in the domain. In a second part, I will make a brief overview of spin transport simulations and experiments in 2D materials in order to understand the results obtained during my PhD presented in section 4.4. These results will be then discussed and compared to other works.

Principles behind the spin Hall effect

In the 19 th century, the Hall effect was discovered by Edwin Hall, where a (Hall) voltage was measured in the direction orthogonal to charge flow, caused by the deflection of charge carriers under external perpendicular magnetic field (see figure 4.2(a)). Later in the 20 th century, another effect was discovered in ferromagnets. In the Hall voltage measured across a ferromagnetic metal, one could identify, in addition to the ordinary Hall contribution, an "anomalous" part proportional to the magnetization of the material. In fact, when injecting a current into a ferromagnet, even in the absence of external magnetic field, carriers are deflected depending on their spin. Thus, more carriers are accumulated on one side of the conductor than on the other, as shown in figure 4.2(b), because of the disparity in the spin populations in the ferromagnetic material, and a non-zero Hall voltage can be measured. The same phenomenon occurs in non-magnetic materials and is qualified as spin Hall effect (see figure 4.2(c)). However, due to the equilibrium in the spin populations of a non magnetic material, no Hall voltage can be measured across the conductor. The absence of any measurable Hall voltage due to SHE in non-magnetic materials is the reason behind the delay in the discovery of this phenomenon. The SHE is intimately related to the presence of SOC in a material. The SOC could either be induced by the band structure, causing thus the intrinsic SHE (shown in figure 4.3(a)), or from the scattering of charge carriers on impurities in the sample, inducing the extrinsic SHE divided into side-jump and skew scattering as shown in figures 4.3(b) and 4.3(c) respectively. In the following I will detail the origins of the SHE in order to provide a better understanding of the physics behind it even if I do not pretend to answer this question in my results. 

Spin-orbit coupling in solid state materials

The spin-orbit coupling (SOC) represents the relativistic interaction between the spin and the orbital momentum of an electron. In solid state physics, although the speed of electrons is non relativistic (v c), the electric field felt by a moving electron is translated to a magnetic field proportional to its velocity, which is a measurable relativistic effect [START_REF] Soumyanarayanan | Emergent phenomena induced by spin-orbit coupling at surfaces and interfaces[END_REF]. SOC is responsible, among other sources, for the spin relaxation in a material. The SOC could changes the spin orientation when a scattering event occurs. This is the Eliott-Yafet relaxation mechanism [Elliott, 1954, Yafet, 1963]. On the other hand, this same SOC also acts between scattering events on the spin polarization as an effective magnetic field. The spins thus precess in this fluctuating magnetic field depending on the momentum that is randomized by elastic scattering events. Eventually, after many collisions, the spin orientation becomes random [Žutić et al., 2004]. This mechanism is known as the Dyakonov-Perel relaxation process. Until today, graphene exhibits the longest spin relaxation length at room temperature [START_REF] Dlubak | Highly efficient spin transport in epitaxial graphene on SiC[END_REF], Ingla-Aynés et al., 2015, Drögeler et al., 2016].

The SOC is given by the coupling between the spin of the electron and this effective magnetic field, proportional the momentum degree of freedom. These relativistic corrections are relevant and give rise to an extra term into the Hamiltonian:

H SO = 1 2m 2 c 2 (∇V × p) • s, (4.1)
where V is the crystalline potential which at first approximation could be written as the hydrogen atom potential as V (r) ∝ Z/r, with Z the atomic number. Thus, equation 4.1 becomes:

H SO = ∆ SO L • s, (4.2) 
where L = r × p is the angular momentum operator and ∆ SO ∝ Z/r 3 in a hydrogenlike-atoms assumption.

The SOC is dominated, in average, by the electrons close to the nucleus and thus, r ∝ Z -1 . Therefore ∆ SO ∝ Z 4 [START_REF] Kurpas | Spin-orbit coupling in elemental two-dimensional materials[END_REF]. As a result, the heavier the atoms are, the larger the SOC is.

Moreover, the SOC depends on the symmetries in the crystal. In fact, in the presence of a center inversion symmetry, the two-fold degeneracy of the energy bands is conserved. Otherwise, the degeneracy is lifted and a spin splitting occurs except at time-reversal symmetric points of the Brillouin zone.

Intrinsic spin Hall effect

Intrinsic spin Hall effects, in contrast with the extrinsic effects, occur between scattering events. They refer to the spin dependent transverse velocities caused by the presence of the spin-orbit coupling and its effects on the band structure.

Theory

Karplus and Luttinger first proposed a theory in 1954 for the anomalous Hall effect (AHE) that occurs in ferromagnetic materials [START_REF] Karplus | Hall Effect in Ferromagnetics[END_REF]. They showed that in the presence of an external electric field in a solid, electrons acquire an additional velocity perpendicular to the electric field. In fact, in ferromagnetic materials, it is possible to obtain a finite value for this velocity when summing over all the occupied bands states, thus contributing to the Hall conductivity. Given that this contribution only depends on the band structure, it was recently qualified as the "intrinsic contribution of the AHE" [START_REF] Nagaosa | Anomalous Hall effect[END_REF]. In a similar way, a spin Hall current, perpendicular to the applied electric field, is expected to occur in a non magnetic conductor. This intrinsic contribution of the SHE was recently expressed in terms of the Berry curvature (local gauge field associated with the geometrical phase or Berry phase) Ω z n (k) [START_REF] Sinova | Universal Intrinsic Spin Hall Effect[END_REF], such as :

σ sz xy = e k n f kn Ω z n (k), (4.3)
where σ sz xy is the spin Hall conductivity, the spin current response to an electric field in the absence of a net spin polarization, and f kn is the Fermi distribution function for the n th band at k [Hoffmann, 2013]. This intrinsic contribution of the spin Hall conductivity is proportional to the spin-orbit polarization at the Fermi level. In the case of transition metals like P d, σ sz xy is positive when the d-band is more than half filled and negative otherwise [START_REF] Kontani | Giant Orbital Hall Effect in Transition Metals: Origin of Large Spin and Anomalous Hall Effects[END_REF].

In their numerical study, Guo et al. compared band structures with and without SOC and they showed that the Berry curvature takes finite values when the bands are split under the SOC, with opposite signs on either sides of the split gap [START_REF] Guo | Intrinsic Spin Hall Effect in Platinum: First-Principles Calculations[END_REF]. It is those parts of the band structure, where the Fermi level falls in a split gap and the opposite Berry curvatures do not cancel each others (see figure 4.4), that contribute the most to the spin Hall conductivity. Even in materials with relatively complex band structures, the intrinsic contribution of the SHE can be evaluated accurately [START_REF] Sinova | Spin Hall effects[END_REF], especially in metals. For materials with strong SOC, the intrinsic contribution could dominate the SHE. For many transition metals, such as P t or P d, the contribution to the spin Hall conductivity is due to the spin splitting of the degenerate d-bands near the Fermi level. Based on a tight binding model, Kontani et al. calculated the intrinsic contribution of the spin Hall conductivity for several 4d and 5d transition metals [START_REF] Kontani | Giant Orbital Hall Effect in Transition Metals: Origin of Large Spin and Anomalous Hall Effects[END_REF]. The results are shown in figure 4.5 and they are in a good agreement with experimental data [Hoffmann, 2013]. The results demonstrate that the carriers concentration can be sufficiently modified to tune the doping from n-type to p-type regime. When the spin-orbit splitting is reduced for the n-regime, the non-local resistance is more than one order of magnitude smaller that in the p-regime, where the splitting is large. Their numerical calculations were in agreement with their experimental results and showed that the non-local resistance depends on the ratio of the Fermi energy to the spin orbit splitting that changes over the range of the gate voltage. The measured effect could thus be attributed to the intrinsic SHE.

Extrinsic spin Hall effect

The Extrinsic SHE is caused by the scattering of electrons on heavy impurities. In fact, it corresponds to the SOC generated during a scattering event on an impurity leading to transverse velocities (skew scattering) or displacement (side-jump scattering) of the carriers in a conductor with applied electric field, depending on their spin. [START_REF] Perel' ; D'yakonov | Possibility of orienting electron spins with current[END_REF]. Almost three decades later (1999), Hirsch made a similar prediction proposing an experimental device to generate and detect spin current in a paramagnetic metal [Hirsch, 1999]. In fact, the scattering of an unpolarized electron beam on an unpolarized target (such as an impurity in a metallic sample) leads to a spatial separation of carriers with different spin orientation [START_REF] Mott | The Theory of Atomic Collisions[END_REF]. If another scattering of this electron beam, now polarized, occurs on an unpolarized target then the spin-orbit interaction leads to a scattering asymmetry on the plane containing both the directions of the spin and the initial momentum of the carriers. As a result, multiple scattering of the electrons in a conductor lead to a spin flux perpendicular to the current and directed from the center of the material to its borders [START_REF] Perel' ; D'yakonov | Possibility of orienting electron spins with current[END_REF]]. Hirsch thus proposed to generate a pure spin current of opposite spin accumulations at the edges of the SHE part shown in figure 4.7 in a "double-scattering" device, leading to an accumulation of the electrons on the same side on the ISHE part, where a net Hall voltage is expected to be measurable. This extrinsic SHE can be attributed to two microscopic mechanisms: the skew scattering where the direction of the carriers becomes spin dependent after the scattering event, and the side-jump where a spin-dependent displacement comes along with each scattering event. The skew scattering was first introduced by Smit [Smit, 1958] to explain the anomalous Hall effect in ferromagnetic materials after showing that the intrinsic description of the SHE given by Karplus and Luttinger a year earlier [START_REF] Karplus | Hall Effect in Ferromagnetics[END_REF] was incomplete, and that the "spontaneous Hall effect" could not exist in a perfect periodic lattice [Smit, 1955]. In fact, Smit argued that in a periodic lattice, moving electrons acquire a transverse polarization because of the SOC. However, the spin-orbit force in a periodic lattice can only polarize their charge distributions, but is not able to accelerate them. The periodic spin-orbit force and the periodic electrostatic forces compensate exactly in a perfect crystal. However, if this periodicity is disturbed by introducing impurities in the crystal, the compensation near this scattering target would no longer occur and a finite force will result on the carriers, accelerating them in that transverse direction [Smit, 1958]. In other terms, the effective magnetic field resulting from the SOC would induce a net force on the carriers, depending on the spin direction, towards or away from the scattering target.

Skew Scattering

The interesting part about skew scattering is that the spin conductivity that arises from this extrinsic mechanism is proportional to the longitudinal charge conductivity, which means that the spin Hall angle, defined as the ratio of these two quantities, is independent of the impurity concentration [Hoffmann, 2013]. The spin Hall angle is a parameter describing the spin-to-charge efficiency conversion and is given by:

Θ SH = σ s xy σ c xx e (4.4) 
where σ s xy and σ c xx are the spin Hall and the charge conductivity respectively. Table 4.8 extracted from [Hoffmann, 2013] shows a summary of measured spin hall angles for some materials in several experimental studies.

On an other hand, it is somehow possible to tune the strength of the extrinsic spin Hall effect part due to skew scattering since it depends on the contrast between the spin-orbit coupling of the impurity atoms and the host material. In fact, heavy (light) impurities in light (heavy) hosts can lead to a large spin Hall conductivity [START_REF] Gradhand | Extrinsic Spin Hall Effect from First Principles[END_REF]. This is what is shown in figure 4.9 where Gradhand et al. presented an ab initio study of the SHE originated from skew scattering. They calculated the effect on the spin Hall angle of several metallic impurities in a light element, Cu, and a heavy one, Au, and showed that the biggest effect on the spin Hall angle occurs for the strongest contrast in the SOC of the impurities with respect to the hosting elements. Note that in some simple models, the intrinsic contribution of the SHE and the skew scattering contribution could cancel each other. However, the exact cancellation does only occur for a parabolic 2D linear Rashba Hamiltonian, and therefore is absent for realistic materials with other SOC Hamiltonians [START_REF] Sinova | Spin-Hall effect: Back to the beginning at a higher level[END_REF].

Side-jump Scattering

The side-jump contribution was originally proposed by Berger in 1964 [Berger, 1970] and based on a semiclassical argument of the scattering of a Gaussian wave packet on a spherical impurity with spin-orbit interaction. Thus, this contribution occurs due to the spin dependent different acceleration and deceleration of the carriers during a scattering event which leads to a transverse displacement that becomes relevant upon repeated scattering. The spin Hall angle due to the side-jump contribution is therefore proportional to the impurities concentration in a hosting material. In figure 4.10, Fert and Levy [START_REF] Fert | Spin Hall Effect Induced by Resonant Scattering on Impurities in Metals[END_REF] showed the calculated contribution of both skew and sidejump scattering to the spin Hall angle as a function of the d electrons of the impurities in Cu. Although the side-jump contribution can often be calculated by only taking into account the SOC of the disorder for a weak spin-orbit coupled systems, this is generally not true for materials with strong SOC. In their review on SHE, Sinova et al. argue that for those materials with strong SOC, the side-jump contribution could come from two sources that they call the extrinsic and the intrinsic side-jump [START_REF] Sinova | Spin Hall effects[END_REF]. The extrinsic and the intrinsic contributions of the side-jump come from a non spinorbit coupled wave packed scattered over a spin-orbit coupled disorder, and vice versa, respectively. As for the skew scattering contribution, the intrinsic contribution of the SHE could cancel, in some simplified models, with the intrinsic side-jump contribution [START_REF] Nozières | A simple theory of the anomalous hall effect in semiconductors[END_REF]. However, this is more unlikely to occur in more complex models.

Experiment

Valenzuela and Tinkham published their experimental results to detect extrinsic SHE in 2006 [START_REF] Valenzuela | Direct electronic measurement of the spin Hall effect[END_REF]. In fact, the experiments proposed to detect this contribution of the SHE are often very hard to implement [START_REF] Perel' ; D'yakonov | Possibility of orienting electron spins with current[END_REF], Zhang, 2000, Shchelushkin and Brataas, 2005a, Shchelushkin and Brataas, 2005b], especially because the SHE signal is very weak compared to spurious effects (such as anisotropic magnetoresistance in the ferromagnetic contacts, the interface scattering of the spin signal and the standard or anomalous Hall effects). They thus constructed a device where they injected spin polarized carriers in a Al Hall cross through a ferromagnetic electrode. No charge current was injected into the Al cross since a closed loop of the current was realized between both ferromagnetic injectors. On the other arm of the Hall cross, they measured a Hall voltage that could only be induced by the SHE occurring in the Al Hall cross (see figure 4.11). It is thanks to the non-local character of the measurement that Valenzuela and Tinkham could get rid of the spurious effect in the device, especially anisotropic magnetoresistance and standard and anomalous Hall effects, making the Hall voltage induced by the SHE measurable. Those experiments were the beginnings of this kind of 4-probes non-local measurements. As shown in figure 4.11(b), FM1 is a ferromagnetic contact that is used to inject a spin polarized current through a tunnel barrier. When the current I is driven away from the Hall cross, a pure spin current flows in the Al and the SOC in that material leads to spin accumulation of opposite directions in the perpendicular Al bars. The imbalance in the spin species induced by FM1 leads to an imbalance in the charge accumulation at the detecting contact, leading to a non-local measurable voltage proportional to the spin polarization and the spin diffusion length. The spin imbalance varies with the magnetization orientation of the ferromagnetic electrodes and thus is dependent to the out of plane applied magnetic field B ⊥ . Figure 4.12(a) shows the spin Hall non-local resistance R SH = V SH /I measured as in the inset of the top panel as a function of the applied perpendicular magnetic field B ⊥ (see figure 4.11(b)). One can also see that ∆R SH is dependent to the distance of the injector and the detector L SH (shown in the scheme of figure 4.11(b)) and to the external magnetic field (and thus to the spin polarization P ). From figure 4.12(a) they extracted an experimental value for ∆R SH and fit it with the equation:

∆R SH = P t Al σ SH σ 2 c exp(-L SH /λ sf ), (4.5) 
from which they concluded on the spin diffusion length in their devices. Here σ SH and σ c are the spin Hall and charge conductivity, respectively and t Al is the thickness of the Al films. The present section is attributed to the understanding of the spin transport phenomenon within the 2D W Se 2 flake. To do so, I will explain the physics of spin diffusion in a metallic H-cross (section 4.2.1), where an analogy can be made with my devices, and then present a study of spin transport in a 2D magnetic insulators (section 4.2.2) which inspired the data treatment of my results. It is important to note that neither of these devices resembles entirely to the ones I measured. The metallic H-cross is essentially different of my devices by the fact that it is a single material-based device, where no interfaces between the metallic contacts in which SHE is performed and spin conducting channel is to be taken into count. On the other hand, the 2D magnetic insulator differs mainly by the fact that the spin conducting channel is characterized by magnetic properties that lead to different spin transport phenomena. When in a multi-terminal structure, a voltage V is generated in regions outside the applied current I path, the measured resistance R nl = V /I is defined as non-local. This R nl was theoretically predicted to become observable in materials with strong spin Hall angle [START_REF] Hankiewicz | Manifestation of the spin Hall effect through charge-transport in the mesoscopic regime[END_REF],Abanin et al., 2009]. Mihajlovic et al. showed the absence of such a signal in gold H-bars despite the giant spin Hall angle reported for gold (see table 4.8 from [Hoffmann, 2013]). In fact, they reported negative non-local resistance and showed that this sign is not related to SHE, expected to give rise to positive values of R nl , but more related to quasiballistic charge transport. Figure 4.13(a) shows the H-bar non-magnetic gold structure with wires of width w and separated by a distance L. When a current is applied into one of the vertical wires, one could measure a finite voltage across another wire. At high enough temperatures where quantum effects can be neglected, the extracted R nl could thus come from 3 different mechanisms:

• If the electron mean free path l e w, a diffusive transport regime settles down and R c nl is measured to be positive, as the non-local voltage is of the same polarity as the one dictated by the applied current flow. In fact, the current density spreads out of the vertical wire into the bridging wire and onto the region with the voltage probes as in 4.13(b). R c nl follows an exponential decay formula:

R c nl = R sq exp - πL w , (4.6) 
where R sq is the sheet resistance given by the ratio of the resistivity of the wire ρ and t its thickness.

• R nl could also be related to SHE like in 4.13(c). In that case, and when l e w l s (l s being the spin diffusion length), the current flowing in one vertical wire induces a perpendicular spin current in the horizontal wires because of SHE in the metal. These spin polarized carriers scatter once more in the same direction due to ISHE inducing thus a voltage across the current-neighboring vertical wires. In figure 4.13(c), one could easily see that because of the charge accumulation, the non-local resistance is expected to be positive. As will be detailed in section 4.4.1, a negative R nl could be measured in a device of another style, like the one I studied during my PhD, where the carriers accumulated on the lower surface of the metallic contact are diffused into the bridging layer. The non-local resistance can be expressed as follows [START_REF] Abanin | Nonlocal charge transport mediated by spin diffusion in the spin Hall effect regime[END_REF]:

R SH nl = 1 2 Θ 2 SH R sq w l s exp - L l s , (4.7) 
It is important to notice here that equation 4.7 allows to simultaneously determine the spin diffusion length l s and the spin Hall angle Θ SH if the dependence of R SH nl as a function of the distance L between the wires is correctly analyzed.
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• For l e w, if the electrons, once arrived to the vertical bar with the voltage probes, scatter ballistically into the lower voltage probe due to their forward momentum, then a negative voltage is generated into this bar (see figure 4.13(d)). This phenomenon would only be relevant when occurring in high mobility heterostructures, with the electron mean free path l e exceeding the other characteristic dimensions of the device. Mihajlovic et al. fitted their experimental data with the formula:

R nl R sq = a 1 -b exp - w l e , (4.8) 
where a and b are dimensionless parameters. Mihajlovic et al. concluded on the origin of the negative R nl through temperature based control experiments (see ref [START_REF] Mihajlović | Negative Nonlocal Resistance in Mesoscopic Gold Hall Bars: Absence of the Giant Spin Hall Effect[END_REF] for more details).

All the equations in this section correspond to the experiment presented by Mihajlovic et al. where a 1D model is adapted. In fact, in this case, it is assumed that infinitely long channels and infinitely thin electrodes are opposite to each others in the Hall bar [Kaverzin and van Wees, 2015]. My samples presented in section 4.4 are characterized by contacts which are ≥ 500 nm large, a the channel ≥ 200 nm long and ∼ 2 µm wide, can not be properly described by this 1D model. A detailed theoretical study of this peculiar geometry is still needed. Kajiwara et al. [START_REF] Kajiwara | Transmission of electrical signals by spin-wave interconversion in a magnetic insulator[END_REF], Chumak et al. [START_REF] Chumak | Direct detection of magnon spin transport by the inverse spin Hall effect[END_REF] and Collet et al. [START_REF] Collet | Generation of coherent spin-wave modes in Yttrium Iron Garnet microdiscs by spin-orbit torque[END_REF], all demonstrated long-distance (a few mm) spin-wave transmission through yttrium iron garnet (YIG), a ferromagnetic insulator. Kajiwara et al. excited spin-wave in YIG through spin transfer torque (STT), but their experiment was hard to reproduce, especially because when using STT, a current density has to be high enough in order to compensate the damping that can occur for some specific spin-wave modes. Collet et al. later reproduced the experiment thanks to YIG nanostructures. On the other hand, Chumak et al. showed long-range spin-wave using radio-frequency magnetic fields. They detected the spin signal through ISHE in platinum contacts.

Excitation and detection of magnons in magnetic insulators

Cornelissen et al. [START_REF] Cornelissen | Long-distance transport of magnon spin information in a magnetic insulator at room temperature[END_REF] later also demonstrated spin transport in YIG, over distances as large as 40 µm. They measured the non-local resistance through ISHE in P t contacts in the presence of an in-plane external magnetic field that orients the magnetisation. The rotation of the sample holder allowed the variation of the angle α between the sample and the applied magnetic field (see figure 4.15(a)). The dependence of R nl as a function of α leads to the identification of two harmonic signals, attributed to the diffusive regime of magnons and thermally excited magnons (see figure 4.15(b)). On another hand, Lebrun et al. [START_REF] Lebrun | Tunable long-distance spin transport in a crystalline antiferromagnetic iron oxide[END_REF]] also achieved spin transport over long distances in antiferromagnetic insulators. They obtained a spin diffusion lengths l s = 6 ± 1 µm at H c (spin-flop field of about 6 T ) and 9 ± 2 µm at small applied fields and showed that for thermal spin transport, the signal can be detected over more than 80 µm. Besides the fact that they are the most common class of magnetic materials, antiferromagnetic insulators also have the advantage over ferromagnetic insulators for being stable to external fields because they do not have any net magnetic moment. Just as Cornelissen et al., Lebrun et al. identified two components of the measured non-local voltage, one quadratic in current related to the thermally excited magnon, a phenomenon called spin-Seebeck, and another one linear in current, related to the pure spin conductance. They thus defined the even component of the voltage V th and the odd component V el as a function of the current polarities (I + and I -) as:

V th = V (I + ) + V (I -) /2, V el = V (I + ) -V (I -) /2, (4.9) 
and the non-local resistances as:

R th = V th /I 2 (V A -2 ), R el = V el /I (Ω). (4.10) 
By applying different directions of the magnetic field (parallel or perpendicular to the wires), they showed that both R th and R el depend on the antiferromagnetic Néel order vector n and the magnetic field induced moment m. The results are shown in figure 4.16.

These possible explanations for the measurement of finite non-local resistance R nl could be generalized to other comparable devices. One should thus be careful about the conditions in which the experiment is lead (dimensions of the device, mobilities, direction of the spin accumulated on the different surfaces of the spin Hall bars...).

Spin transport across an interface

As explained earlier, the SHE occurs in the metallic contact and is characterized by the unique properties of that metal. The transport occurs in the 2D TMD and could be compared to the physics in the two experiments cited above. However, to fully understand the transport phenomena in my device, one should give a closer look at what happens at the W Se 2 /P d interface. In fact, spin damping in SHE and ISHE experiments in metals takes place at two different length scales, one related to the bulk of the material and the other one only depending on the interfacial properties [START_REF] Rojas-Sánchez | Spin Pumping and Inverse Spin Hall Effect in Platinum: The Essential Role of Spin-Memory Loss at Metallic Interfaces[END_REF].

In order to obtain a spin accumulation at the interface as desired, like in figure 4.1, the dimensions of the contacts should be chosen wisely. In fact, if the thickness of the metal is much larger than the spin diffusion length, the voltage signal is reduced due to lack of accumulation of the spins on the sides [START_REF] Nakayama | Inverse Spin-Hall Effect Induced by Spin Pumping in Different Thickness Pt Films[END_REF]. On another hand, the thinner the contact is, the higher the ratio of the roughness (interfacial defects) to the total thickness gets, which can alter the SHE in the metal, since the interfacial defects play a major role in the interface SOC [START_REF] Amin | Spin transport at interfaces with spin-orbit coupling: Phenomenology[END_REF]. For thin P d layers in contact with ferromagnetic or heavy metals, the spin diffusion length have been measured by several research group that found values between ∼ 5 and ∼ 7 nm at room temperature, which is expected to rise when the temperature is dropped down [START_REF] Vlaminck | Dependence of spin-pumping spin Hall effect measurements on layer thicknesses and stacking order[END_REF], Caminale et al., 2016, Gupta et al., 2020].

The case of ferromagnetic/non-magnetic metal interface: spin mixing conductance

The spin diffusion length and the spin Hall angle are not only dependent on the metal in which SHE occurs, but also on the interface it shares with other materials. The spin mixing conductance, a quantity that characterizes the efficiency of the interfacial spin transport for a ferromagnet/heavy-metal interface, is critical to the quantitative understanding of the SHE and the ISHE [Zhu et al., 2019a]. At these interfaces, the spin current experiences dissipation and decoherence caused by magnetic moments at the first atomic layer of the non heavy-metal with strong SOC due to proximity effect with the ferromagnetic layer [START_REF] Caminale | Spin pumping damping and magnetic proximity effect in Pd and Pt spin-sink layers[END_REF]. Figure 4.17 extracted from [START_REF] Liu | Interface Enhancement of Gilbert Damping from First Principles[END_REF] shows the Gilbert damping enhancement α as a function of the thickness of the ferromagnetic P y layer, both theoretically and experimentally (from [START_REF] Mizukami | Ferromagnetic resonance linewidth for NM/80NiFe/NM "lms (NM"Cu, Ta, Pd and Pt)[END_REF]). The data show that the damping is strongly enhanced for materials with strong SOC. Thus, Cu/P y/Cu interfaces mark the smallest damping values (almost negligible compared to the other shown materials). Note that the damping enhancement α is related to the spin mixing conductance G mix ef f as α ∝ gµ B e 2 Msd G mix ef f , where M s is the saturation magnetization of the P y and d its thickness. [START_REF] Liu | Interface Enhancement of Gilbert Damping from First Principles[END_REF]: Calculated (solid lines) Gilbert damping of N M/P y/N M (N M = Cu, P d, T a, and P t) compared to experimental measurements (dotted lines) [START_REF] Mizukami | Ferromagnetic resonance linewidth for NM/80NiFe/NM "lms (NM"Cu, Ta, Pd and Pt)[END_REF] as a function of the P y thickness. Inset: sketch of the structure used in the calculations.The dashed frame denotes one structural unit consisting of a P y film between two N M films.

The case of non-magnetic materials heterojunctions : spin memory loss

When a heterojunction of non-magnetic materials is considered, the spin transport across the interface is characterized by another phenomenon named the spin memory loss (SML). If this relaxation source is neglected, the spin Hall angle (equation 4.4) is underestimated [START_REF] Rojas-Sánchez | Spin Pumping and Inverse Spin Hall Effect in Platinum: The Essential Role of Spin-Memory Loss at Metallic Interfaces[END_REF]. In the devices presented in this manuscript, the spin transport occurs at the interface between P d and a strong SOC material, W Se 2 .

Although a detailed study in this case does not exist, other studies at P d/Au interface would give a first point comparison to the interfaces of my studied devices. Gupta et al. studied the spin memory loss at the interface of P d and P t with a heavy-metal (Au) and ferromagnetic metals (P y and Co) [START_REF] Gupta | Disorder Dependence of Interface Spin Memory Loss[END_REF]. As illustrated in figure 4.18(a), the interface between P t and Au is associated to a sudden decrease of the spin current J s which is a signature of the SML. For P d/Au, they showed in the inset of figure 4.18(a) a minimal temperature dependence between 200 and 400 K of the SML parameter δ, which is in agreement with other works showing a low temperature dependence of δ between 0 and 300 K [START_REF] Freeman | Evidence for Dyakonov-Perel-like Spin Relaxation in Pt[END_REF]. In their study, Gupta et al. showed that both the lattice mismatch between the non-magnetic metals and the mixing of the interfacial atomic layers of these materials are responsible for the interface SOC leading to the SML. Their results concerning the interface mixing is presented in figure 4.18(b) where the number of the mixed atomic layers induces a net variation in δ. In fact, the conduction electrons going from one metal to another experience a different SOC (see figure 4.18(a)). The inter-atomic mixing extend the region of the larger SOC material which therefore increases the SML. In their paper, the electrons experience a larger SOC in P t than in P d greater than that in Au. Thus δ Au/P t > δ Au/P d owing to the direct link between the SOC and the SML parameter. To conclude this part, the spin memory loss parameter is a crucial quantity that can be computed or measured. Unfortunately, it is not possible to extract it directly from the measurements I performed and will present in the next section. Thanks to the nature of the interaction between P d and W Se 2 [START_REF] Kang | Computational Study of Metal Contacts to Monolayer Transition-Metal Dichalcogenide Semiconductors[END_REF], no intermixing of elements is expected to occur compared to those studies with Au, P t and P d. The presence of overlap states at the P d/W Se 2 interface [START_REF] Wang | Does p-type ohmic contact exist in WSe 2 -metal interfaces?[END_REF] may also facilitate the transfer of the spin current. Note that the use of P d for contacts instead of P t characterized by its larger spin Hall angle [Hoffmann, 2013] is not related to the fact that the SML is enhanced at P t interfaces as shown in the previous study (figure 4.18). Actually, the P t/W Se 2 interfaces properties for spin transport are unknown. The use of P d is justified by its excellent adhesion properties on W Se 2 . On the other hand, P t is known for its poor adhesion properties on 2D materials. 

Presentation of the measurement technique and data treatment

The detection of a non-local signal in W Se 2 -P d device as shown in figure 4.1 can give rise to different results, corresponding to different physical phenomena. The measured voltage in the detecting metallic contact could always be divided into an even and an odd component corresponding to a thermal-originated and an electrical-originated transport respectively [START_REF] Lebrun | Tunable long-distance spin transport in a crystalline antiferromagnetic iron oxide[END_REF], as in equation 4.9 of section 4.2.2:

V th = V (I + ) + V (I -) /2, V el = V (I + ) -V (I -) /2.
From which we deduce equation 4.10

R th = V th /I 2 (V A -2 ), R el = V el /I (Ω).
The results obtained in devices measured during my PhD can be sorted in three parts with different physical origins:

• Linearly decreasing non-local voltage with the applied current leading to negative R el and no R th .

• Linearly increasing non-local voltage with the applied current leading to positive R el and no R th .

• Quadratic non-local voltage as a function of the applied current leading to no R el and a R th that could be either positive or negative depending on the sign of the curvature of V nl (I).

In section 4.2.1 I showed that Mihajlovic et al. argued that only a positive R nl could be attributed to SHE [START_REF] Mihajlović | Negative Nonlocal Resistance in Mesoscopic Gold Hall Bars: Absence of the Giant Spin Hall Effect[END_REF]. This is true when injection and detection of spins take place through the lateral sides of the metallic bars, as indicated in figure 4.13(c). When applying a current into the P d contact, a spin accumulation occurs on all of the sides of the contact, depending on the orientation of the spins (as in figure 4.19(a)). If the spin injection and detection take place through the bottom part of the metallic bars, as is the configuration adopted in my experiments shown in figure 4.19(b) since the contacts are evaporated on top of the 2D W Se 2 flake, an opposite sign of the R nl is expected. The engineering of the contact interface plays a fundamental role in determining the direction of the spin polarization that will propagate into the device. on the right edge of the injecting metallic bar, then after propagation in the device, down-spin-polarized electrons accumulate to the left side of the detecting bar inducing a current in the opposite direction of the one applied in the first contact. One can see that the electron accumulation in this case leads to the same sign of the voltage drop in the detector and the injector because of the electromotive force created by the detecting contact that plays the role of a generator. On the other hand, in the case of the devices presented in this manuscript (figure 4.19(b)), the electrons accumulated at the bottom interface between the metallic contact and the 2D material are polarized in-plane. In this case, when propagating and accumulating under the detecting contact, they create the same configuration of the spin accumulation around this metallic bar as the one given by the injector. Thus, the current in this bar propagates in the same direction as the one initially injected in the device, leading to an electronic accumulation opposite to the one induced in the first injecting contact. In other words, negative non-local electrical resistance is likely to be attributed to SHE in our case (see figures 4.19(c) and 4.19(d)). This is in agreement with the positive sign that other studies attribute to the non-local voltage when an ohmic contribution is at play [START_REF] Mihajlović | Negative Nonlocal Resistance in Mesoscopic Gold Hall Bars: Absence of the Giant Spin Hall Effect[END_REF], Van Tuan et al., 2016a, Kaverzin and van Wees, 2015]. It is also in agreement with the negative sign that one obtains in the case of ISHE in devices like the one fabricated in this PhD [START_REF] Cramer | Orientation-dependent direct and inverse spin Hall effects in Co 60 Fe 20 B 20[END_REF]. Moreover, the hypothesis described in figure 4.13(d), for electrons scattering ballistically into the lower voltage probe due to their forward momentum once arrived diffusively to the vertical bar, is naturally discarded. As mentioned above, this phenomenon is relevant for high mobility heterostructures, which is of course not our case, as shown in chapter 3.

On the other hand, linearly increasing non-local voltage is attributed to the spread of the current density out of the injecting bar into the device towards the region with the voltage probes, as in figure 4.13(b) in Mihajlovic et al.'s experiment. This is the case of some devices characterized by better transport properties. In particular, I will show control measurements in high mobility graphene flakes that lead to the same signal. And finally, the quadratic signal mostly occurring in presence of hBN flakes, could not be due to spin excitations in the 2D materials, but is more probably attributed to a thermal transport phenomenon.

In section 4.3, I argued that the SHE is tightly correlated to the dimensions of the material in which the charge to spin conversion is expected to occur. The first set of samples was intended to be resistant to high currents and durable with the intention to perform a full study (temperature, magnetic field, gate voltage... dependence). Thus, the contacts were fabricated with 15 nm P d covered with 20 nm Au to avoid oxidation. Over more than 50 samples, only one of them gave rise to a linear behavior, while all the others showed a square dependence of the non-local voltage to the applied current. This is probably due to the fact that the spin diffusion length of P d is, in average, smaller than the half thickness of the contacts. Later, the durability of the samples was sacrificed in favor of thinner contacts that allowed the detection of a linear behavior of the non-local voltage. This is the reason behind the absence of a full study on a unique sample. Thus, I chose to work with 7 nm thick P d contacts covered with 2 nm of Au destined to avoid oxidation. The width of the metallic contacts range between 600 nm and 1500 nm depending on the sample. These dimensions have been used in other studies where no electronic injection was expected in the materials and thus the problem of the resistance mismatch [Rashba, 2000] was not to be taken into account [START_REF] Cornelissen | Long-distance transport of magnon spin information in a magnetic insulator at room temperature[END_REF], Lebrun et al., 2018]. In these studies, The spin accumulation at the interface of the contact was expected to couple to the magnetic order of the channel generating thus a spin current. In our case, no magnetic order is present in W Se 2 . It is indeed possible to have resistance mismatch at the P d/W Se 2 interface in my case and eventually only a few nanometers at the borders would contribute to the signal. However, despite this problem, it was possible to measure a non-local negative resistance in these samples. The W Se 2 flakes are all around 4 to 6 layers thick.

This section is divided to several subsections in which I will show the various results obtained in W Se 2 on SiO 2 devices and for W Se 2 encapsulated in hBN devices. The results are then compared to control measurements in hBN , SiO 2 and graphene. The contacts used for the measurements are numbered on the optical images and on the non-local voltage curve. For SHE_s16, the injecting contact is ∼ 600 nm large and has a linear resistance R injector ∼ 1 kΩ, while the detector is ∼ 1000 nm large with R detector ∼ 450 Ω. The distance between the contacts is ∼ 250 nm.

For SHE_s66, the injecting contact is ∼ 600 nm large and has a linear resistance R injector ∼ 1.3 kΩ, while the detector is ∼ 1100 nm large with R detector ∼ 1.15 kΩ. The distance between the contacts is ∼ 200 nm. Figures 4.20(b) and 4.20(d) show the results of the non-local voltage measurement. Note that these curves, and all the others that will follow in the text, have been brought back to 0 V when I = 0 mA by subtracting the offset that can originally occur on the detecting metallic contact. The colors in the curves correspond to the direction of the 4.21(a) shows an optical image of the measured sample before covering the whole device with a top hBN flake. The curve in figure 4.21(b) shows a decreasing non-local voltage at room temperature as a function of the applied current. This sample SHE_s4 showed the highest negative non-local resistance R nl . The non-local voltage is a few orders of magnitudes higher that the two previously presented samples. Note that this sample was the only encapsulated sample that gave rise to clear linear and decreasing signal.

As explained earlier, this linear signal is likely to be attributed to spin transport in W Se The sample SHE_s20 of a W Se 2 flake encapsulated in hBN (figure 4.22) shows a pure thermal current. The injecting and detecting contacts have the same width of ∼ 600 nm and a linear resistance of ∼ 700 Ω. However, they are ∼ 500 nm distant from one to another. This distance might be the main reason behind the absence of any electrical signal. 4.22(a) shows a SEM image of the measured sample before covering the whole device with the top hBN layer. The data treatment of the non-local voltage in figure 4.22(b) gives rise to a noisy electric voltage signal that oscillates around zero presented in figure 4.22(c) and a linear thermal signal shown in figure 4.22(d). In its absolute value, this signal increases with the increase of the temperature of the environment. We still have to explain the origin of the thermal signal, its relationship with a classical Seebeck effect occurring in P d contacts and why is it enhanced by the presence of hBN flakes encapsulating the device. Control measurements performed by repeating the same experiment on hBN and SiO 2 in absence of W Se 2 are presented in section 4.4.5. Standard Seebeck measurements are presented in section 4.4.5.1 to investigate the rise of the temperature and its gradient between the injector and the detector in the experimental geometry used.

Resistive component

Another behavior of the measured non-local voltage is shown in figure 4.23. In this nonencapsulated sample, SHE_s46, the contacts were entirely made out of 7/2 nm P d/Au without T i/Au leads. A gate voltage is applied on the conductive Si wafer through a 100 nm thick SiO 2 . The injecting contact is ∼ 600 nm large and has a linear resistance R injector ∼ 900 Ω, while the detector is ∼ 900 nm large with R detector ∼ 700 Ω. They are distant of ∼ 300 nm.

The curve of 4.23(b) shows an increasing, weakly non-linear, trend of V as a function of the applied current I, leading to a positive non-local resistance at room temperature. R nl thus corresponds to a diffusive transport of the conducting electrons. The behavior of the curve has a strong resemblance with the I -V characteristics shown in chapter 3. The dependence with the gate also supports this hypothesis since as demonstrated in the previous chapter, a negative gate voltage allows a lowering of the Schottky barrier at the interface between the metal and the semiconductor, thus leading to a rise of the current flowing in the W Se 2 flake. In fact, if we indeed have a diffusive electronic regime into the semiconducting channel, as in figure 4.13(b), then the injecting metallic contact won't heat up locally as much as when the whole of the current is trapped inside the metal.

The electrical resistance R el as a function of the applied gate voltage is shown in figure 4.24(c). We can see that R el is practically zero for positive gate voltage which could be attributed to the high Schottky barrier preventing any current injection through the metal-semiconductor interface. For negative gate voltage a different behavior is observed with an increasing R el as the gate voltage increases in absolute value. When V G = -30 V over a 100 nm thick SiO 2 , the non-local electrical resistance is R el = 0.3 mΩ > 0, owing 4.4 Results: Spin injection and transport in W Se 2 based heterostructures through SHE and ISHE in P d contacts 113 to the lowering of the barrier. Note that equation 4.10 for R el is only true when we are expecting a linear response for the non-local voltage. However, because of the Schottky barrier, the diffusion of the electrons in the semiconductor gives rise to non linearities as shown in chapter 3. In our case, V el would still give an idea about the physical phenomenon occurring in the device, but is less adapted especially in the case of current leakage out of the injecting contact and into the detecting contact. 4.25 shows the data of a sample in which thermal transport dominates but is mixed with a measurable resistive increasing component. Figure 4.25(a) shows a SEM image of the sample used to obtain the data in (b). The colored blue flake corresponds to the W Se 2 layer. the black background refers to the SiO 2 wafer on which the hBN flake (white background) is deposited. The image is taken before covering the whole device with a top hBN layer. For this sample SHE_s22, the injecting and the detecting contacts have the same width of ∼ 600 nm. They are distant of ∼ 200 nm.

The electric behavior for a leaking current into the semiconductor is as expected temperature dependent, and is weakly non linear (see 4.25(c)). The electrical non-local resistance increases with the temperature (figure 4.25(d)) as expected from a classical I -V characteristics in W Se 2 . In fact, if the leaking current spreads out of the injecting metallic bar and onto the region with the voltage probes, then we are expected to measure an I -V characteristics in W Se 2 like the ones obtained in chapter 3, where an increase of the temperature leads to a rise of the number of the populated conducting states in the semiconductor. Thus, the electric non-local resistance R el grows with the increase of the temperature. The thermal component coexisting with the electrical one is also measurable and the non-local thermal resistance increases with the external temperature. This might be correlated to the fact that the density of the conducting carriers, that are also responsible for the thermal transport in the W Se 2 , increases with the temperature.

Gating effect: a spin transistor behavior

The sample SHE_s40 encapsulated in hBN (a colored SEM image is shown in figure 4.26(a)) and characterized by an injecting contact of ∼ 1500 nm large and a detecting contact of ∼ 900 nm large was measured at 4K. The resistances of the contacts were not measured for this sample, but when compared to other contacts of the same width from other samples, these resistances are expected to be of a few hundreds of Ohms, with a more resistive detecting contact than the injecting one, owing to the width difference. The distance between them is ∼ 200 nm. The contacts were made entirely out of P d (7 nm thick covered with 2 nm Au) without T i/Au leads to avoid as much as possible the non-homogeneity at the contact point between the P d bars and the T i leads. The non-local voltage measurement shown in figure 4.26(b) presents both a thermal and an electrical component. When separating these signals, V el and V th are extracted and 4.27(b) shows almost no signal for the whole range of the applied gate voltage. On the other hand, figure 4.27(c) shows a large negative signal for R el when a high negative gate voltage is applied. Moreover, |R el | increases with negative V G as shown in figure 4.27(c). This could be explained by the fact that the density of the carriers increases in the W Se 2 flake when applying a negative gate voltage which means that the spin current can diffuse easier in the semiconductor, and a larger spin accumulation occurs over the detecting metallic contact leading to a large non-local voltage. both samples SHE_s8_hBN and SHE_s3_hBN have the same width of ∼ 600 nm. The measurements were performed between two contacts of ∼ 450 nm and ∼ 300 nm distant from one another for the samples of figures 4.30 and 4.31 respectively. Both samples show a quadratic non-local voltage over the applied current. Also, as shown in figures 4.30(d) and 4.31(d) the non-local thermal resistance shows the exact same behavior for hBN samples and for W Se 2 -encapsulated samples (figure 4.22(e)). This means that the quadratic behavior seen in W Se 2 on SiO 2 devices like in figure 4.26 and in hBN encapsulated devices like in samples in figures 4.22 and 4.25 is indeed completely spin independent since hBN is a non-magnetic insulator. Thus, the measured signal could come from thermal non-equilibrium occurring in the P d contacts directly, leading to a Seebeck effect in the metal, and thus to a quadratic non-local voltage. A clear difference between figure 4.30(b) and 4.31(b) is the sign of the curvature of the V nl vs I plots. This is another effect that is difficult to explain. However, under the previous hypothesis of Seebeck effect in the P d contacts, one could expect a positive or a negative sign of the curvature of the non-local voltage as a function of the applied current since it would only depend on the direction of the temperature gradient in the contacts, which could not be controlled in the way the measurement is performed. Note that the hBN flakes were tested to be non-leaking longitudinally over the distances of the shown experiment.

A quantitative study of the thermal transport in hBN

Over the same type of samples, one could perform a control experiment to calculate the local Joule heating created when a current is injected into the P d contacts and its propagation in the device. Three contacts are necessary for this measurement. One of them is used as a heater in which the injected currents are of the same order of magnitude of the SHE experiment (a few mA). The two other contacts (called nanowire 1 and nanowire 2 in the following, for the closest and the farthest contact from the heater respectively) are used as local thermometers to measure the local temperature induced by the heater, leading to the longitudinal ∆T in the device. The experiment could be resumed as follows:

• A first phase of characterization is mandatory for nanowire 1 and nanowire 2 in order to built the relation R n = γ n T , where n is the nanowire number. A weak current (10 µA) is injected into the metallic contacts, low enough to avoid any current-induced heating, and the contact voltage drop is measured to deduce the resistance of each nanowire. The same procedure is repeated for several temperatures of the environment in steps of 5 K from room temperature until 325 K. The local resistance shows the expected linear behavior from which we can extract the temperature coefficient γ as R n = γ n T .

• The temperature is then stabilized at 310 K. An equivalent characterization process is reiterated, but by injecting a current into the heater. The current is varied from 0 mA (verification datum) to 20 mA with steps of 1 mA in a back and forth measurement. This second calibration step allows to obtain a relationship between the resistance of nanowire 1 and nanowire 2 and the current applied to the heater: R n ∝ α n I 2 .

• From these two calibration steps, one could deduce an equation between the local temperature of the contacts and the current applied to the heater: T n ∝ αn γn I 2 . The temperatures of the two nanowires when injecting a current in the heater are plotted in figures 4.33(a) and 4.33(b) for contacts 1 and 2 respectively. Note that in this case, nanowire 1 is ∼ 500 nm far from the heater and nanowire 2 is ∼ 1 µm far from nanowire 1 .

• From the previous calibration steps, the temperature gradient between the two contacts when injecting a current in the heater can be extracted. This result is shown in figure 4.33(c).

Note that this experiment does not take into account the fact that the heating over a contact might be non-homogeneous because of the hot spots mentioned earlier. However, it would still allow to have a good idea about the heating process into the samples. From figure 4.33(a), we can see that a contact at a few hundreds of nanometers distance from the heater can heat up to ∼ 60 mK for a maximum applied current of 20 mA in the heater, and this heat is divided by a factor of 5 at nanowire 2 distant of ∼ 1.5 µm from the heater (figure 4.33(b)). The gradient of the temperature between the contacts is shown in figure 4.33(c), with a maximum ∆ T of ∼ 35 mK for I = 20 mA. In my experiments, the maximum used current to induce SHE in the P d bars is ∼ 2 mA. However, these contacts were much closer in distance than what is shown in this control measurement. Thus, one could still expect a detectable heating of the surrounding contacts. It is true that in this sample the distances between the contacts were much higher compared to the ones of the W Se 2 based samples. However, this thermal behavior was indeed observed over closer distances as in test samples SHE_s3_hBN and SHE_SiO 2 shown in the following, and in W Se 2 based devices SHE_s40 and SHE_s22 mixed to a linear component. The offset extracted from these measurements was always equivalent to the the value of V nl at I = 0 mA which doesn't affect the data treatment nor the physical interpretations of the measurements.

Moreover, when measuring the voltage between the two nanowires, one could conclude from the absence of ∆V that there is no Seebeck effect into the hBN flake. This is totally expected since hBN is a good non-magnetic insulator and thus no electronic nor spin transport are possible within the wide band gap of this material. From this experiment, one can conclude that a slight heating of the P d bars could be possible. In this worst case, by assuming that the P d bars are not heated uniformly or that their Seebeck coefficient is non uniform, especially because of their thin height, we can estimate the value of the thermoelectric voltage that would be developed across the P d bar ∆V = S • ∆T , S ∼ -30 µV /K being the Seebeck coefficient of the P d thin films at room temperature [START_REF] Gregory | Thermoelectric power factor of In 2 O 3 :Pd nanocomposite films[END_REF] To back-up the previous hypothesis, other control experiments were performed without any 2D materials. P d contacts were directly deposited on SiO 2 substrates. When the contacts were as far as for the previous samples (more than 300 nm far one from another), no current was measurable into the detecting contact through ISHE. However, when bringing the contacts closer together, a weak quadratic signal was again measurable. They are made out of 7 nm thick P d covered with 2 nm Au, without any T i leads, in order to avoid a possible extra heating and hot spots over the joining points between the P d contacts and the T i leads. Figure 4.34(b) shows more than an order of magnitude lower voltage compared to the previous samples. This is due either to a better cooling of the injecting contact, or to a better distribution of the heating around the detecting metallic contact. Note that some other control samples on SiO 2 with T i/Au leads were also measured and showed a slightly higher voltage compared to the one shown here.

The hot spots on the detecting contact over the superposition of the T i/Au leads and the P d/Au contacts would thus indeed accentuate the non-uniformity of the temperature distribution over the detecting contacts.

In graphene, a low resistance material

To complete the control experiments, I have performed a measurement in a device based on a graphene flake with P d contacts. With its weak SOC, graphene will guarantee a longer spin lifetime, and thus a stronger signal over the detecting contact. However, graphene is also a low resistance material, which can lead to current leaking in the device despite the non-local aspect of the measurement. 4.35(a) shows the measured sample SHE_14_Graphene, with few-layers graphene flake. The injecting contact is ∼ 950 nm large and has a linear resistance R injector ∼ 1.2 kΩ, while the detector is ∼ 600 nm large with R detector ∼ 1.6 kΩ. The distance between the contacts is ∼ 300 nm. Interestingly, figure 4.35(b) shows an increasing linear behavior of the non-local voltage as a function of the applied current, for the back and the forth measurement.

The positive value of the non-local resistance could not be attributed to the SHE, that is expected to give rise to a negative non-local resistance as explained section 4.4.1. Thus, this behavior is attributed to the diffusion of the electrons into the neighboring detecting contact such as in figure 4.13(b). The signal is several orders of magnitude higher than that measured for the W Se 2 based devices, even when an electronic leakage into the device occurs such as in figures 4.23(b) and 4.25(b). Also, compared to these later two samples, the graphene based device does not present any non-linearities in the non-local I -V curve. This can be attributed to the metallic nature of the few-layer graphene flake, with no (or a very low) Schottky barrier formed at the interface with P d contacts. Indeed, it is possible to have a coexistence of both electronic leakage and SHE effect in the graphene control device, but the dominant leaking effect masks any other one into the noise of the measured signal. This set of experiments can be completed with a temperature dependence study to separate the different contributions as it was presented in gold H bar earlier. Note that this linear behavior, with the same order of magnitude of the measured non-local voltage, is also obtained for other contacts. In figure 4.36(a), both the injecting and the detecting contacts are ∼ 600 nm large and distant of ∼ 1 µm. As a result, the curve of figure 4.36(b) shows a linear behavior with a strong signal (of the same order of magnitude of the previous sample) corresponding to a pure electric transport into the graphene sheet. 

Discussion

During my PhD, magnetic field measurements were performed on different samples, where B did not exceed 0.6 T , leading to no significant change in the signal (not shown in this manuscript). This kind of measurements is mandatory to unambiguously demonstrate the spin origins of the measured signal [Kaverzin and van Wees, 2015]. A magnetic field perpendicular to the channel was applied in order to generate spin precession expected to lead to a change of the non-local resistance as a function of the field. The absence of variation in the signal could be explained by the fact that the applied field is too weak to induce any spin-flip events over the short channel length (∼ 250 nm long). Therefore, although it is not possible to unambiguously attribute my measurements to spin injection/transport/detection in the devices, I can try to explain which hypothesis can be discarded as originating this non-local signal, and propose other procedures to discard the remaining loop-falls.

Amplitude of the measured non-local signal

From the description of the non-local measurement and the presentation of the data treatment technique in section 4.4.1, one could discard Ohmic contributions that are hardly attributed to the negative resistance, even though wide flakes and short injectordetector distances provide good conditions for Ohmic-related signals, and can be used as an extra argument in favor of spin transport in W Se 2 by injection and detection through SHE and ISHE respectively in P d contacts. Samples SHE_s16, SHE_s66 and SHE_s4 measured at room temperature gave rise to linear decreasing non-local voltage as a function of the applied current. The signal of sample SHE_s4 is 2 orders of magnitude higher than the other two samples and might be attributed to the encapsulation of the device in hBN . However, the difference in the thickness of the contacts in this device compared to all other can also be the origin of the strong signal. The increase of the thickness would play a role in the homogenization of the contacts (to get a clean bulk metal in which SHE occurs) and thus inducing an increase of the spin diffusion length in the films. However, as mentioned in section 4.3, if the thickness exceeds the spin diffusion length, then spin accumulation on the bottom side can not take place. This is the reason behind the failure in achieving any SHE in most of the samples with 15 nm thick P d contacts (more than 25 samples without any interesting result). For all the sample giving rise to a measurable negative non-local R el , a non-local signal was measured at a detecting P d contact a few hundreds of nanometers (200 -250 nm) far from the injector, both connected through a W Se 2 channel. With values of R el around a few tenth of mΩ (0.2 -0.6 mΩ), my results are of the same orders of magnitude of the spin transport measurements presented earlier in this chapter. However, to be able to completely discard all possible Ohmic contributions to the signal, one should perform a systematic channel length dependence of the non-local signal [ Van Tuan et al., 2016a].

Occurrence of thermal transport

The thermal transport phenomenon, mostly occurring in presence of hBN flakes, could not be due to spin excitations in the 2D materials. In fact, the control measurement in hBN allows an arbitration against this hypothesis. This thermal measurement is a consequence of a classical Seebeck effect in the P d contacts. The current flowing into the injector locally heats up the metal. This temperature then propagates towards the detector and can cause a heating in the metallic bar, where some inhomogeneities can favor a stronger local heating in the detecting contact. When this control measurement was performed on SiO 2 (in absence of any 2D material), a small thermal voltage in the P d bar (< 0.3 µV for I = 2 mA) was still measured. This is again in favor of a nonuniform heating or Seebeck coefficient of the P d nanowire. In fact, the P d contacts are so thin that all impurities, such as resist residues, would influence the contact symmetry from a thermal point of view. The macroscopic part of the contact are thermalized with the environment of the cryostat. Thus, when the heating is non-uniformly distributed on the contact, or if the Seebeck coefficient itself is not uniform, then the Seebeck effect occurring on one side and the other of the contact will not lead to a cancellation of the voltage created across the metal. Eventually, a thermal signal is measured on the detecting contact, and is clearly enhanced in the presence of hBN .

Realization of a spin valve

For sample SHE_s40, a superposition of both SHE and thermal transport of the same order of magnitude occurs, but the separation of these signals shown in figure 4.26 presents a potential spin valve at low temperature. The dependence with the gate allows a maximization of the measured signal, where an activation occurs when a strong negative gate voltage is applied, opening the path to possibly interesting novel technological use of this kind of spin-valves.

Conclusion

In this chapter, I have discussed the possible origins of non-local transport in W Se 2 based devices as spin transport. I have presented the theory behind the physical phenomena of the spintronics possibly occurring in my devices. The injection process is expected to occur through SHE in thin P d contacts evaporated on the semiconductor. In the case where spin transport occurs, it is based on spin diffusion in a non-magnetic material, characterized by a strong out-of-plane SOC, W Se 2 . The detection process of this possibly occurring spin transport is realized through the inverse phenomenon of the injection process, the ISHE, in another thin P d contact. Therefore, the theory behind spin-orbit coupling was quickly introduced to clarify the intrinsic and the extrinsic SHE in metals.

Moreover, the SHE, with all its sources, was then explained in details in order to give a better global image of the phenomenon. Moreover, I tried to present the physics behind the interfacial spin transport at the P d/W Se 2 contact playing a major role in the device.

My results were presented in section 4.4, where I showed that the non-local measured voltage in the studied devices can be divided into two components, an odd part attributed to the electrical signal and an even part, a consequence of a thermal signal. The electrical signal comes either from diffusive electrons leaking into the device, related to an Ohmic contribution, leading to a linear I -V , with some non-linearities at high applied current, and a positive non-local resistance, or from what I claim to be spin-polarization diffusion into the W Se 2 flake, leading to a negative non-local resistance. The positive behavior for R el was proved to be attributed to leakage between parallel bars thanks to a control measurement in graphene (sample 4.35). Sample SHE_s40 shown in figures 4.26, 4.27 and 4.28, in its electrical component, gave rise to a good spin-valve as a function of the applied gate voltage above 1 mA. Moreover, the even part of the signal attributed to a thermal origin was shown to be uncorrelated with spin transport. It strongly occurs in non-magnetic insulating hBN flakes, and weakly in SiO 2 . Thus, after approximating the local heating and its propagation in the sample, I concluded that this signal mostly comes from a classical Seebeck behavior in the metallic contacts.

Concerning the spin injection and transport conditions, if at the P d/W Se 2 interface the accumulated spins point in-plane, and if the SOC of W Se 2 is out-of-plane [START_REF] Yuan | Zeeman-type spin splitting controlled by an electric field[END_REF] as mentioned in chapter 1, then the spin lifetime is expected to be much shorter than the channel length [START_REF] Cummings | Effects of Dephasing on Spin Lifetime in Ballistic Spin-Orbit Materials[END_REF]. If however the spins accumulating at the P d/W Se 2 interface, are not completely in-plane (because of the interaction with W Se 2 for example), or if some symmetries are restored in W Se 2 , such as the inversion symmetry that can be restored in flakes of even numbers of layers, then the spin diffusion length is strongly enhanced [START_REF] Liang | Electrical spin injection and detection in molybdenum disulfide multilayer channel[END_REF]. Some studies in low symmetry few layered Weyl-semimetals (W T e 2 [START_REF] Zhao | Unconventional Charge-Spin Conversion in Weyl-Semimetal WTe 2[END_REF] and M oT e 2 [START_REF] Safeer | Large Multidirectional Spin-to-Charge Conversion in Low-Symmetry Semimetal MoTe 2 at Room Temperature[END_REF],Song et al., 2020]) have shown in-plane spin injection and transport in these thin 2D based heterostructures over long distances (a few µm in some cases, although the theoretical studies seem to predict around 100 nm long [START_REF] Garcia | Canted Spin Texture and Quantum Spin Hall Effect in WTe2[END_REF]), where an unconventional charge-to-spin conversion phenomenon seems to occur. These studies suggest that tuning the symmetry of these Weyl-semimetal crystals leads to both a large spin Hall angle and spin diffusion length at room temperature, making them good candidates for both source and conduct of spin currents. In principle, this is not the case of W Se 2 , but a deep theoretical study of the spin texture over the valence band would help explaining the reasons behind a long spin diffusion length in my sample (over 200 nm, more than the 10 nm expected length), if the measured signal was indeed spin originated.

Here I insist on the fact that the constructed samples, with their very thin 2D flakes and nanometric contacts of less then 10 nm thick, are particularly fragile. The currents injected into theses contacts, of the order of a few mA, are strong enough to break the evaporated metals but also the various 2D materials in which the experiment is lead out. For this reason, none of my sample survived to a full study including gate, temperature and the spacing between contacts. To go beyond the fragility of the samples and collect enough data for this unique chapter, more than a hundred samples were fabricated. These results open a path for further studies concerning the fundamental aspect of spin injection and propagation in W Se 2 , with a promising hope to improve the spinvalves obtained by SHE in these materials.

Conclusion

Finding new materials allowing spin transport over long distances and efficient methods (in terms of signal intensity and energy consumption) for spin injection and detection in these devices is necessary for the future development of spintronics and its applications. During my PhD, I worked on spintronics in W Se 2 -based devices. The spin injection and detection were performed through SHE and ISHE, respectively, in P d thin contacts evaporated on few layered W Se 2 flakes. These semiconductors were both encapsulated in hBN or exfoliated directly on SiO 2 , depending on the studied sample.

Results obtained in my PhD

The major achievements of this work can be presented as follows:

• The development of the micro-and nano-fabrication processes in the clean room.

Although most of the processes were already developed during previous PhDs in the group, the expertise in the dry pick-up transfer technique was brought into the laboratory during my PhD. With the e-beam lithography, this technique was extensively used for the construction of Van der Waals heterostructures for my work and other research works involving 2D materials.

• The electrical measurements involving several metallic contacts (some of them were not presented in this manuscript) allowing holes injection into W Se 2 . It is during this PhD that the first results allowing the extraction of the Schottky barrier for Co ferromagnetic contacts were obtained. On another hand, the study of P d based contacts qualified as transparent contacts was also lead on during my PhD. P d on W Se 2 showed an interesting pinning behavior with a SB that remained constant with the variation of the applied gate voltage.

• Possible injection and detection of a spin signal through SHE and ISHE respectively into P d thin contacts. Transport was achieved in few hundreds of nm long W Se 2 channels. The decreasing linear non-local voltage could be a proof of the origin of the signal.

• The realization of a successful gate voltage activated potential spin valve at 4 K in a W Se an activation of the spin current when the applied negative gate voltage is below -10 V over a 100 nm thick insulating SiO 2 layer.

My results were supported by control measurement in SiO 2 , hBN and graphene. Seebeck measurements accompanied with theoretical calculations (performed by Hakim Amara) proved the absence of spin-thermal transport in my devices.

An interesting part about my PhD is that I performed all the procedures, from A to Z, as in from the first fabrication steps till obtaining the results of the various measurements, the data treatments and the writing of the scientific papers. This allowed me to learn different techniques in the clean room where I acquired expertise in the use of several machines such as optic and e-beam lithography, RIE, metallic evaporator and pickup related techniques. I also performed the characterization techniques and the data treatments that were followed by interesting discussions with researchers in the various domains.

Other works not presented in this manuscript

The fabrication and the measurement techniques allowed collaborations with other research groups. Although not shown in this manuscript, I participated in a study on spin crossover molecules on graphene sheets with STM team in our lab. For this project I helped put in optical path for laser excitation of the molecules in addition to the fabrication of the samples the realization of some of the electrical measurements and the discussions of the results. I also fabricated samples with graphene, hBN and W Se 2 sheets with a very thin Co layer in order to study the Dzyaloshinskii-Moriya interaction (DMI) on these 2D materials, in a collaboration with Sorbonne Paris Nord University. During my PhD, I also worked on other projects including the fabrication and the measurement of graphene Hall bars encapsulated in hBN .

Perspectives

Magnetic field dependence of the non-local signal

As discussed in the previous chapter, a crucial experiment to be able to unambiguously attribute the measured signal to a spin signal is a magnetic field dependence of the non-local voltage. If what occurs in the samples is indeed spin injection, transport and detection, then these are expected to precess around the magnetic field leading to oscillations in the measured resistance. Calculations can help predict the intensity of the magnetic field necessary to induce any effect over short channels of around 200 nm long.

Double gated spin-valve

Leaning on the results concerning the transparent P d contacts, one could use this metal in order to perform an electrical spin-valve using W Se 2 . The idea is to use few layered flakes with an even number of layers and a double gate from which electric field can be applied in both directions. When both gates apply electric fields with the same direction, the lift of spin-degeneracy at the valence band is expected to occur in the same direction allowing thus all electrons to pass through the valve. While if the electric fields are in opposite directions, the valve becomes very resistive. The use of low resistive contacts, such as P d, for the electronic injection helps reducing the total resistance of the valve, attributing thus the majority of the current drop to the alignment of the electric fields.

Computational study of the interfacial properties and the spin transport in WSe 2

On the other hand, the pinning occurring at the interface between P d contacts and W Se 2 flakes can be further studied. A statistical study would allow a better understanding of the interfacial properties of these materials. Thus, one could try to attribute a statistical value for the contact resistance for a better understanding of the spin injection process though SHE in these metallic contacts. A numerical calculation concerning the P d/W Se 2 contact resistance and the spin transport of in-plane polarized current in the same P d/W Se 2 /P d system was started in a collaboration with A. Droghetti. The results would be a great support to the work presented in this manuscript.

Spin-pumping in Co-based devices

Finally, concerning the spin injection and detection in W Se 2 through SHE in P d contacts, a study including a magnetic field would help proving the spin origins of the measured signal. On another hand, the results I obtained showed that although hBN encapsulated samples are expected to give better results due to the cleanness of the W Se 2 flakes, these unfortunately create a temperature trapping around the contacts which ends up masking the electrical signal behind a thermal signal. Thus, a spin-pumping study combining the injection of a spin current through Co ferromagnetic contacts with the detection of the current through ISHE in P d contacts is expected to decrease the heating and validate the hypothesis of transport of in-plane spin-polarized current in a W Se 2 channel. Titre de la thèse: Étude expérimentale de l'injection de charge et de spin dans du W Se 2 connecté avec des contacts de palladium.

Résumé: Cette thèse porte sur une étude expérimentale du transport de charge et de spin dans des transistors à base de feuillets bidimensionnels (2D) de disélénium de tungstène (W Se 2 ). Ce matériau à fort couplage spin-orbite (CSO) est caractérisé par un gap direct sous sa forme de monocouche et indirect au-delà. Il dispose également d'une dégénérescence en spin de la bande de valence, réglable sous champs électrique extérieur. Ces propriétés fondamentales rendent ce matériau prometteur d'un point de vue du transport de spin.

Dans le chapitre 2, je présente les techniques expérimentales, notamment la technique du transfert à sec des matériaux bidimensionnels, utilisées pour la fabrication d'échantillons nanométriques dans un environnement contrôlé de salle blanche permettant la garantie de la qualité et de la propreté des échantillons.

Une seconde partie inclue mes résultats concernant le transport électronique dans un transistor à effet de champ (TEC). La mesure de la barrière Schottky (BS) créée à l'interface metal-semiconducteur, présentée dans ce chapitre 3, montre la possibilité d'obtenir des contacts transparents à base de cobalt (Co) et de palladium (P d). Les contacts en P d présentent aussi un effet d'épinglage du niveau de Fermi.

Dans le dernier chapitre de ce manuscrit (chapitre 4), je présente mes résultats concernant le transport de spin dans des transistors d'hétérostructures à base de W Se 2 munis de contacts minces de P d. Le courant de spin injecté par effet Hall de spin (EHS) dans un contact en Pd est détecté par une mesure non locale de la tension aux bornes d'un second contact. Cette mesure permet de différencier trois sources possible du transport : électronique de charge, spintronique et thermique.

Mots-clés: Spintronique; effet Hall de spin; interface; palladium; W Se 2 ; transistor; matériaux bidimensionnels. Abstract: This thesis presents an experimental study of charge and spin transport in two-dimensional (2D) tungsten diselenide (W Se 2 )-based transistors. This material with strong spin-orbit coupling (SOC) is characterized by a direct bandgap in its monolayer form and an indirect one beyond the monolayer. It also features valence band spin degeneracy that is adjustable under an external electric field. These fundamental properties make this material promising from a spin-transport point of view.

In chapter 2, I present the experimental techniques, in particular the dry pick-up transfer technique, used for the fabrication of nano-scaled samples in a controlled clean-room environment guarantying clean, high-quality, samples.

A second part includes my results concerning electronic transport in a field effect transistor (FET). The measurement of the Schottky barrier (SB) created at the metal-semiconductor interface, presented in this chapter 3, shows the possibility to acquire transparent contacts based on cobalt (Co) and palladium (P d). P d contacts also exhibit a Fermi level pinning effect.

In the last chapter of this manuscript (chapter 4), I present my results regarding spin transport in W Se 2 -based heterostructes transistors with thin Pd contacts. The spin current injected by the spin Hall effect (SHE) through a first P d contact is detected by a non-local voltage measurement across a second contact. This measurement allows the differentiation of tree possible transport sources: a pure charge transport electric source, a spintronics source and a thermal transport source.

Keywords: Spintronics; spin Hall effect; interface; palladium; W Se 2 ; transistor; two-dimensional materials.
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 1 Figure 1.1: (a) Figure extracted from [Chen, 2017]: Schematic of the skyrmion Hall effect. (b) and
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 12 Figure 1.2: Figure extracted from [Chappert et al., 2007]. (a) Schematic arrangement of the current

Figure 1 .

 1 Figure 1.2(a) shows these multilayer devices where F1 and F2 represent the ferromagnetic layers and M the nonmagnetic metal. As shown in figure 1.2(b), in the lowresistance configuration the electrons with spins antiparallel to the magnetization can go easily through the different layers composing the magnetic heterostructure. Thus, this short circuit of electrons leads to a small electrical resistance of the junction. On the other hand, in the anti-parallel configuration of the ferromagnets, the electrons of both spin directions are scattered within the magnetic layers. This leads to a high electrical resistance. This configuration is shown in figure 1.2(c) that presents the mag-
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 13 Figure 1.3: Figure edited from [Lee et al., 2007]. Record high magnetoresistance at room temperature

Figure 1 . 4 :

 14 Figure 1.4: Figure edited from [Hirohata et al., 2020]: Timeline of the emergence of spintronic technologies in the industry.

Figure 1 . 5 :

 15 Figure 1.5: Figure extracted from [Datta, 2018]: Concept of spin transistor illustrating the analogy between photon polarization (a) and electron spin (b).

Figure 1 . 6 :

 16 Figure 1.6: Figure extracted from [Jedema et al., 2001]: (a)Schematic representation of the non-local measurement geometry. (b) The spin valve effect at T = 4.2 K in the non-local geometry. An increase in resistance is observed, when the magnetization configuration is changed from parallel to anti-parallel. The solid (dashed) lines correspond to the negative (positive) sweep direction.

Figure 1 . 7 :

 17 Figure 1.7: Figure extracted from [Tombros et al., 2007]: (a) (Top) Non-local spin-valve geometry. Illustration of spin injection and diffusion in the device for electrodes with (Middle) parallel magnetization and (Bottom) anti-parallel magnetization. (b) Non-local spin valve signal at 4.2 K. The sweep directions of the magnetic field are indicated (red or green arrows). The magnetic configurations of the electrodes are illustrated for both sweep directions. Inset, electrode spacing configuration.

  . Dlubak et al. used epitaxial graphene on which they constructed a two terminal device with Co/Al 2 O 3 electrodes on a SiC substrate shown in figure 1.8(a) with well-optimized tunneling barriers. They measured a net magnetoresistance shown in figure 1.8(b) of M R = 9.4% over a 0.8 µm channel length. Dlubak et al. demonstrated a spin diffusion length of l sf > 100 µm and a spin lifetime of > 100 ns.

Figure 1 . 8 :

 18 Figure 1.8: Figure extracted from [Dlubak et al., 2012]: (a) Scanning electron micrograph of a twoterminal lateral spin valve with a distance L = 2 µm between the Al 2 O 3 /Co electrodes (colored in red) deposited on the w = 10 µm-wide epitaxial graphene channel grown on SiC substrate (colored in blue) with the optical image and the sketch of the device. (b) Resistance versus magnetic field data recorded at T = 1.4 K and 20 mV on a device presenting M R = 9.4% over a channel length of L = 0.8 µm.

Figure 1 . 9 :

 19 Figure 1.9: Figure extracted from [Guimarães et al., 2014]: (a) Top panel: Side-view schematics of a hBN encapsulated graphene spin valve. The numbers show the contact electrodes, and the top (bottom) gate electrodes are indicated as tg (bg). Bottom panel: Square resistance (R sq ) as a function of V tg and V bg . (b) Effective spin relaxation times extracted τ int for different values for τ 0 , in the non-encapsulated graphene part, and τ i in the encapsulated part, compared to the experimental data for V bg = -52.5 V . The inset shows a schematic of the simulated system.
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 1 Figure 1.10: Figure extracted from [Avsar et al., 2017]: (a) Schematics of the device. Electrodes 1, 2, and 3 represent the Co electrodes connected to graphene through a barrier of hBN . Electrodes 1 and 2 are used as detector electrodes and 3 is a control electrode. The incident beam is focused on W Se 2 . The red spheres with arrows represent the spin generation and diffusion during a non-local spin valve measurement. (b) Time dependence of the non-local signal while the laser spot is moved from graphene to W Se 2 and back to graphene.

  -to-spin conversion in graphene/TMD heterostructures Recently, Safeer et al. and Ghiasi et al. both performed a similar experiment with proximity effect of graphene with M oS 2 and W S 2 respectively. Safeer et al. unambiguously demonstrated inverse spin Hall effect (ISHE) with a different spin-to-charge conversion that might be attributed to inverse Rashba-Edelstein effect (IREE) [Safeer et al., 2019a], while Ghiasi et al. showed that their measured signal is a consequence of a Rashba-Edelstein charge-to-spin conversion accompanied with SHE [Ghiasi et al., 2019]. Li et al. obtained similar results in a graphene/2H -T aS 2 heterostucture [Li et al., 2020]. Benìtez et al. later demonstrated proximity-induced SHE and spin Galvanic effect in graphene/TMD (such as M oS 2 and W S 2 ) heterostructures [Benítez et al., 2020]. They performed spin precession experiments at room temperature to separate the contributions of the two conversion phenomena and tailored their efficiencies through gating effect Figure 1.11 shows a sketch of their experiment indicating the different origins of the information transport and the expected measured signal for each physical phenomenon.
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 111 Figure 1.11: Figure extracted from [Ghiasi et al., 2019]: (a) Device sketch and measurement geometry for Rashba-Edelstein effect (REE). A current source (I) is applied to the T i/Au electrodes, and the voltage (V ) is measured across the Co electrodes. Red arrows represent the accumulation of in-plane spins polarized along the x axis. The color map is the magnitude of the spin density polarized along the x axis (n x s ) at zero magnetic field (B x = 0 T ) over the sample. The plot shows the modulation of the nonlocal resistance (R nl ) vs B x . The white arrows in the sketch represent the Co magnetization direction. (b) Inverse REE (IREE) measurement geometry, color map for the voltage distribution at B x ≥ 0.3 T when contact magnetization is fully aligned with B x , and the corresponding expected modulation of the R nl vs B x . (c) Measurement geometry for SHE and generation of out-of-plane polarized spin current, resulting in an accumulation of out-of-plane spins (polarized along the z axis). The color map shows the density of the out-of-plane spins (n z s ) at B x = 0 T . The plot shows the modulation of R nl , expected from Hanle precession of the out-of-plane spins, resulting in symmetric behavior vs B x (considering that the y component of the Co contact magnetization is oriented along with the y component of the magnetic field direction).
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 112 Figure 1.12: Figure extracted from [Wilson and Yoffe, 1969]: (a) Schematics of the general form of the sandwiched layer of the transition metal (M) between two layers of atoms of chalcogens (X). (b) Schematics of the crystallographic structure of the transition metal dichalcogenides.

Figure 1

 1 Figure 1.13: Figure extracted from [Eda et al., 2012]: Schematic illustration of the structure of (a) 2H and (c) 1T phases viewed from out-of-plane (top) and in-plane (bottom) axes of M oS 2 . The blue and yellow balls represent M o and S atoms. For the 2H phase (a), only the S atoms on the upper planes can be seen from the c-axis as those on the lower planes are directly beneath. The arrows show the local S plane glide motion that leads to local transformation to 1T structure. Simulated scanning transmission electronic microscopy images and intensity profile along the lines of ideal (b) 2H and (d) 1T phases. The bright spots correspond to M o atoms. In the 2H phase, S atoms are visible as less bright spots.
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 114 Figure 1.14: Figure extracted from [Liang et al., 2017]: (a) (Right top panel) Optical image of the device with the multilayer M oS 2 flake on 100 nm SiO 2 substrate, the E1, E2, E3 and E4 indicate the four Au/Co/M gO electrodes. (Left top panel AFM measurement (in tapping mode) focused on the M oS 2 channel between E1 and E2 electrodes. (Bottom panel) Schematics of the lateral spin-valve device. (b) Magneto-resistance response of the multilayer MoS 2 -based lateral spin-valve device measured at 12 K with V g = 20 V and V ds = -0.1 V . (c) The magnetoresistance M R = I P -I AP I AP at V ds = -0.1 V as a function of the gate voltage V g at T = 23 K.

Figure 1 .

 1 Figure 1.15: Figure extracted from [Yuan et al., 2013]: Side view of the layered structure of 2H-W Se 2 showing a net dipole at W atoms.

Figure 1

 1 Figure 1.16: (a) Figure extracted from [Yun et al., 2012]: Band structures of W Se 2 from a bulk, double-layer (2L) and single-layer (1L) systems. The solid blue arrows indicate the lowest energy transitions. (b) Figure extracted from [Prakash and Appenzeller, 2017]: Transport bandgap of W Se 2 as a function of its thickness, as extracted from the experimental transport data. Dashed line represents an exponential fit to the data.
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 1 Figure 1.16 presents a theoretical 1.16(a) and an experimental 1.16(b) study showing the evolution of the bandgap for W Se 2 as a function of the number of layers.Figure1.16(b) shows that the energy gap rapidly drops from ∼ 1.5 eV for a monolayer to 1.3 eV for a bilayer and keeps dropping till saturation at ∼ 1 eV for bulk materials (more than ∼ 8 layers).
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  Figure 1.16 presents a theoretical 1.16(a) and an experimental 1.16(b) study showing the evolution of the bandgap for W Se 2 as a function of the number of layers.Figure1.16(b) shows that the energy gap rapidly drops from ∼ 1.5 eV for a monolayer to 1.3 eV for a bilayer and keeps dropping till saturation at ∼ 1 eV for bulk materials (more than ∼ 8 layers).
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 117 Figure 1.17: Figure extracted from [Movva et al., 2015b]: (a) Schematic of a dual-gated W Se 2 FET with P d contacts and optical micrographs during the fabrication process. The scale bars are 10 µm. (b) Temperature dependence of a four point mobility measurement for three different W Se 2 -based devices. (c) Transfer characteristics between 6 µm distant contacts at different applied drain voltages V D .

Figure 1 . 18 :

 118 Figure 1.18: Figure extracted from [Gong et al., 2014b]: The calculated band structure of a monolayer W Se 2 .

  . In fact, right (left) circularly polarized light allows an inter-band transition at the K (K ) point of the Brillouin zone, as shown in figure 1.19(b).
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 119 Figure 1.19: Figure extracted from [Xiao et al., 2012]: (a) Schematic drawing of the band structure at the band edges located at the K points. (b) Valley and spin optical transition selection rules. ω u and ω d are, respectively, the transition frequencies from the two split valence-band tops to the conduction band bottom.
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 1 Figure 1.20: Figure extracted from [Riley et al., 2015]: (a) ARPES measurements of the dispersion of the 2DEG formed at T (measured along the Γ -K direction, as shown in the inset) as a function of increasing the surface doping. (b) The corresponding evolution of the lowest binding-energy valence bands at K reveals a spin splitting that is markedly enhanced with increasing 2DEG density.

Figure 1 .

 1 Figure 1.21: Figure extracted from [Gong et al., 2014b]: (top) Structure of the monolayer W Se 2 FET with a top gate and the schematic plot of a carrier incoming from the K valley and traversing the gated channel region. The blue schematics show the titling angle φ(r) of the scattering state in the y -z plane for several gate voltages. The side bars give the color coding for the value of φ(r). W and Se atoms are indicated as blue and yellow balls. The two vertical green lines mark the gated region.
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 122 Figure 1.22: Figure extracted from [Yuan et al., 2013]: Band structures of a W Se 2 with and without
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 21 Figure 2.1: Schematic figure describing the electric and spin FETs fabricated during my PhD.
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 22 Figure 2.2: (a) W Se 2 bulk crystal from which are exfoliated thin 2D flakes. (b) Blue standard adhesive tape (F07-6.0 from MICROWORLD) used for exfoliation. The gray marks are thin layers of W Se 2 obtained after several iterations of a pealing process.
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 23 Figure 2.3: Color plot of calculated contrast as a function of incident light wavelength and SiO 2

Figure 2 . 4 :

 24 Figure 2.4: Optical images of exfoliated 2D materials on 280 nm oxidized silicon wafer: (a) graphene and (b) W Se 2 . The contrast between flakes with different thicknesses differs depending on the material. The scale bar indicates 100 µm.

Figure 2 . 5 :

 25 Figure 2.5: Optical images of exfoliated hBN on 280 nm SiO 2 : (a) after 3 mn oxygen plasma treatment of the surface of the wafer, (b) without plasma treatment of the substrate. The cleaving yield on the wafer with no plasma treatment is considerably lower to that on the plasma treated substrate. The scale bar indicated 100 µm.
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 26 Figure 2.6: Numerical image of the mask used for the photolithography.

Figure 2

 2 Figure 2.7: (a) Complete lift-off in acetone of a metallic layer after photolithography and contacts evaporation. (b) Optical zoom (x5) of he photolithographied structure with a 100 * 100 µm 2 area in its center destined for the devices design.

Figure 2 .

 2 Figure 2.8: (a) Photography of a PDMS drop on a glass slide. (b) Optical image of the 100 * 100 µm 2 central area with the observed wet circle attributed to the drop in contact with the wafer. The zoom shows a well aligned graphene-hBN heterostructure.

Figure 2 . 10 :

 210 Figure 2.10: Figure extracted from [Pizzocchero et al., 2016]: Schematic drawing for the (a) pick-up and (b-c) drop down process.
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 211 Figure 2.11: Optical images of an encapsulated W Se 2 with discontinuous metallic back and top gates, and source-drain contacts on W Se 2 . (a) First pick-up step after depositing metallic back gates on SiO 2 by electronic lithography. Contacts are covered by an hBN flake and a 10 µm wide W Se 2 flake is well aligned with the back gates. (b) After source and drain contact deposition, the whole is covered with an hBN flake to disconnect the top gate. (c) Final device with top gates aligned with the back gates.

Figure 2 .

 2 Figure 2.12: Scanning electron microscope (SEM) images obtained on 2 nm layers of (a) Co and (b) P d on W Se 2 . The metallic thin films are continuous over the W Se 2 flake.
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 2 

Figure 2 .

 2 Figure 2.13: (a) Optical image of exfoliated W Se 2 on 280 nm SiO 2 . (b) Atomic force microscope image obtained in tapping mode on a W Se 2 flake (green square). The profile is obtained along the line cut indicated in blue on the AFM image. The thickness of the flake is measured to be ∼ 3.5 nm.

Figure 2 .

 2 Figure 2.13 shows an example of an AFM measurement performed on a W Se 2 flake exfoliated on a 280 nm Si/SiO 2 commercial wafer.Figure 2.13(a) shows an optical image of mechanically exfoliated W Se 2 indicating in the green square the flake on which the characterization was performed.Figure 2.13(b) shows the obtained image after AFM measurement. The lateral profile is obtained along a single line cut shown on the AFM image. The thickness of the W Se 2 is identified in this particular case to be ∼ 3.5 nm, which corresponds to a 5-layers film. The surface roughness of W Se 2 is of the same order
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  Figure 2.13 shows an example of an AFM measurement performed on a W Se 2 flake exfoliated on a 280 nm Si/SiO 2 commercial wafer.Figure 2.13(a) shows an optical image of mechanically exfoliated W Se 2 indicating in the green square the flake on which the characterization was performed.Figure 2.13(b) shows the obtained image after AFM measurement. The lateral profile is obtained along a single line cut shown on the AFM image. The thickness of the W Se 2 is identified in this particular case to be ∼ 3.5 nm, which corresponds to a 5-layers film. The surface roughness of W Se 2 is of the same order

Figure 2 .

 2 Figure 2.14(a) shows an AFM image obtained on a hBN -based device with 50 nm thick encased metallic contacts (see the appendix 2.4 for details). From the cut indicated on figure2.14(a) the profile of figure 2.14(b) is obtained. It shows a 12.5 nm thick flake that is characterized by very low surface roughness compared to the roughness of the SiO 2 substrate (∼ 1 nm) of less than 0.5 nm, which is in agreement with the results obtained in other works[START_REF] Dean | Boron nitride substrates for high-quality graphene electronics[END_REF].

Figure 2 .

 2 Figure 2.14: (a) Atomic force microscope image obtained in tapping mode on a hBN -based device. The profile in (b) is obtained along the line cut indicated on the AFM image. The thickness of the flake is measured to be ∼ 12.5 nm (for the line in (a) drawn from right to left).

Figure 2 .

 2 Figure 2.15: (a) Raman spectrum performed on a multilayered W Se 2 flake with a laser of λ = 633 nm. Resonances attributed to A 1g , E 1 2g and 2LA are identified by red, green and yellow lines respectively. Unassigned resonances are marked in blue. (b) Figure extracted from [Zhang et al., 2016]: Raman spectra of W Se 2 , GaSe, CuS, GeSe and Bi 2 T e 2 S under 633 nm. (c) Figure extracted from [Terrones et al., 2015]: Raman spectra of W Se 2 as a function of the number of layers under 633 nm excitation.

Figure 2 .

 2 Figure 2.16: (a) Raman spectra of a multilayered hBN under 532 nm light source excitations. (b) Figure extracted from [Zhang et al., 2016]: Raman spectra of N bSe 2 , graphite and hBN under 633 nm and 532 nm excitations.

Figure 2 .

 2 Figure 2.17: (a) Photoluminescence spectra (P = 0.1 mW and λ exc = 514 nm) of a multilayer W Se 2 flake deposited on a SiO 2 substrate. The indirect band gap peak is centered around ∼ 1.37 eV and the direct band gap peak is centered around ∼ 1.6 eV . (b-c) Figures extracted from [Cadiz et al., 2017]: Typical PL spectra for different monolayers TMDs when deposited directly onto SiO 2 and when capped with hBN (b) at T = 300 K and (c) at T = 4 K

Figure 2 .

 2 Figure 2.18 shows a SEM image of etched areas of hBN for different etching times.The etching is not uniform and some spots of residues might remain in the etching windows. Those residues are caused by the interaction between the SF 6 plasma with the 2D material and not with resist residues from previous steps. Moreover, it is possible to differentiate two sorts of residues in the zoom of figure2.18: small grains of few tenth of nanometers diameter, and circles of few hundreds of nanometers diameter. The grains might be correlated with the BF 3 molecules remaining on the surface when SF 6 reacts with hBN . On the other hand, the circles are more probably areas of hBN not yet etched. Although it is possible to get rid of this roughness in the etched areas through focused ion beam etching (FIB)[START_REF] Stanford | Tungsten Diselenide Patterning and Nanoribbon Formation by Gas-Assisted Focused-Helium-Ion-Beam-Induced Etching[END_REF], this part was not studied during my PhD and will not be discussed here.

Figure 2 .Figure 2 .

 22 Figure 2.18: SEM image of the etched areas of hBN for different etching times. The zoom illustrates etched areas for t = 18 s and t = 21 s respectively. Defects due to the etching process can be differentiated in the zoomed image

Figure 2 .

 2 Figure 2.20: SEM image of a two-stacks heterostructure after etching the area in the yellow square.hBN sheet (white polygon) is the lower layer while graphene (in black) is the upper layer of the stack. The area of hBN protected by graphene remains intact.

Figure 2 .

 2 Figure 2.21: (a) Schematics encased contacts for stress-free 2D materials based device with weakly sticking metallic contacts. (b) SEM image of etched hBN with fit in P t contacts.

Figure 2 .

 2 Figure 2.22: (a) Schematics of lateral contact designed for fully encapsulated heterostructures. (b)

Figure 2 .

 2 Figure 2.23: Figure extracted from [Novoselov, 2011]: (a) Graphene transfer on a TEM grid. (b) Final result of the 2D material on the grid.

Figure 2 .

 2 Figure 2.24: (a) TEM image of a graphene flake on a grid with visible Moiré effect. (b) Zoom of a clean area of graphene. the beam was very intensely applied to determine the number of layers of the flake. The numbers in the figure indicate the number of the layers in each area.

Figure 2

 2 Figure 2.24(a) shows a TEM image of a few layers graphene flake disposed on a sample support grid thanks to the pick-up technique (as seen in figure2.23(a)). The circles correspond to areas where the 2D material is suspended and could be measured. The

Figure 3

 3 Figure 3.1: (a) Three-dimensional atomic force image of a device made of a multilayer W Se 2 flake of 3.5 nm thick with four T i (5 nm)/Au (95 nm) electrodes. Two different voltage sources are used to apply a voltage between the source/drain contacts (V SD ) and to the gate (V G ). (b) Equivalent circuit of the device in (a). R cn represents the contact's n resistance and R W Se2 is attributed to the channel resistance of the 2D semiconducting flake.

Figure 3

 3 Figure3.1(a) shows an AFM image of a device made of a 5 layered W Se 2 of typical lateral size of ∼ 10 µm. The metallic contacts serve as source and drain electrodes, while the gate voltage is applied to the Si back-gate. The device was fabricated as described in chapter 2. Both 280 nm and 100 nm SiO 2 dielectric thicknesses were used for the measured devices presented in this chapter. The thickness of the oxide will be

Figure 3 . 2 :

 32 Figure 3.2: Figure edited from [Liu et al., 2016b]: Left columns show the electron affinity and ionization potential of semiconductors. Right bars show the work function of metals.

  Figure 3.3: Figure edited from [Schulman et al., 2018]: (b) Ideal transfer characteristics (I DS versus V GS ) of a 2D-FET with the inset showing the modulation of the conduction band (CB) and valence band (V B ) via the applied gate voltage (V GS ). (a) p-type, and (c) n-type output characteristics (I DS versus V DS ) of a 2D-FET for different V GS values.

Figure 3

 3 Figure3.3(a) and 3.3(c) show p-type and n-type output characteristics respectively for different applied gate voltages. V SD shifts the Fermi energy of the metallic contacts making it possible for the carriers in the high-energy contact to flow through the 2D channel towards the low-energy contact, depending on the sign of V SD and the nature of the carriers. The saturation region is a consequence of the fact that above a certain V SD the energy difference in each contact is high enough to allow a free flow of the carriers. Note that figure3.3 shows the characteristics of an ideal FET, where transport of both electrons and holes is possible depending on the gate bias. This is called ambipolar FET, and is in reality very challenging to achieve for 2D materials.
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 34 Figure 3.4: Figure extracted from [Rhoderick, ]: Formation of a barrier between a metal and a semiconductor (a) neutral and isolated, (b) electrically connected, (c) separated by a narrow gap, (d) in perfect contact.
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 35 Figure 3.5: Figure extracted from [Allain et al., 2015]: Schematic and corresponding band diagrams of (a) a typical metal/bulk semiconductor interface, (b) a metal/2D semiconductor interface with VdW gap and (c) a metal/2D semiconductor interface with hybridization. A, B, B' and C represent different regions in the current path from the metal to the semiconductor.
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 36 Figure 3.6: Figure extracted from [Schulman et al., 2018]. Schottky barrier height for (a) electrons and (b) holes, depending on the work function of the metal and the doping of the semiconductor.

Figure 3 . 7 :

 37 Figure 3.7: Figure extracted from [Schulman et al., 2018]: Characteristics of Schottky barrier field effect transistors (SB-FETs). (a) Transfer characteristics of a typical SB-FET. The colored circles correspond to the thermionic regime (red), flat band condition (blue), OFF state tunneling dominated region (brown), and ON state tunneling dominated region (purple) with the corresponding band diagrams shown in (b).

Figure 3

 3 Figure 3.7(a) shows those two components for a typical Schottky contact. Each colored area of the FET's characteristics corresponds to a different injection regime.When in OFF state, the charge injection can be dominated by either the thermionic regime indicated by the red circle with the flat band condition in blue, or a tunneling regime in brown. The ON state is tunneling dominated (purple). The corresponding band diagrams are shown in figure3.7(b). Indeed, the electronic bands position depends on the applied gate voltage of the FET, thus modulating the shape of the SB.
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 38 Figure 3.8: Figure extracted from [Dimoulas, 2016]: (a) Qualitative temperature dependence of log (I SD ) versus V G . (b) Trend of 'apparent' barrier height φ b as a function of V G , the different transport regimes and the extraction of the 'real' SB height.
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 39 Figure 3.9: Figure edited from [Fathipour et al., 2016]: Schematic showing the lowering of one barrier in a two-barriers system (of a W Se 2 based FET with P d contacts) when applying bias voltage.
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 3 Figure 3.10: Figure extracted from [Prakash et al., 2017]: Illustration of the two-path model for back-gated SB-FETs with the two injection paths.

Figure 3

 3 Figure 3.11: Figure extracted from [Schulman et al., 2018]: Dependence of the thermal and tunneling current on (a) the SB height φ SB-n , (b) the width of the tunnel barrier λ SB and (c) the temperature T . γ is the inverse band movement factor
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 312 Figure 3.12: Figure extracted from [Rhoderick, ]: Metal-semiconductor contact with surface states.

Figure 3 . 13 :

 313 Figure 3.13: Figure extracted from [Das et al., 2013]: (a) Expected line-up of metal Fermi level with the electronic bands of M oS 2 . (b) The cartoon of expected transfer characteristics based on (a). (c) Transfer characteristics of back-gated 6 nm thick M oS 2 transistor with Sc, T i, N i, and P t metal contacts. The inset shows the actual line-up based on the experimental data. (d) Extracted true Schottky barrier height for those metals. The dotted line is a guide to the eyes.
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 3 Figure 3.14: Figure extracted from [Bampoulis et al., 2017]: Current cross sections recorded with C-AFM at dark depressions induced by defects within the first (red) and second (black) trilayer, respectively. Inset: C-AFM image indicating the defects. (b) The extracted Schottky barrier height map of the surface obtained by the I(V ) curves.
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 315 Figure 3.15: Figure extracted from [McDonnell et al., 2014]: (a) I -V characteristics measured on a single piece of M oS 2 with a tungsten probe directly contacting the 2D flake. (b) Three-dimensional STM image showing a high tunneling current from a defect of a 13.6 x 13.6 nm 2 on a M oS 2 surface. The higher conductivity of certain defects on the surface is attributed to metallic clusters.

Figure 3

 3 Figure 3.16: (a) Figure extracted from [Cui et al., 2015]: Schematic of the hBN -encapsulated M oS 2 multi-terminal device. The exploded view shows the individual components that constitute the heterostructure stack. Bottom: Zoom-in cross-sectional schematic of the metal-graphene-M oS 2 contact region. (b) and (c) extracted from [Guimarães et al., 2016]: (b) Two-probe resistance as a function of L for M oS 2 (black circles) and W S 2 (blue triangles) with one dimensional graphene contacts. The y-intercept of the linear fits gives 2R c (contact resistance) , and the slope gives the sheet resistance. (c) R c values for different devices at high carrier density. The solid circles (solid squares) represent their M oS 2 (W S 2 ) based devices with one dimensional graphene contacts . The gray diamonds represent R c for their two dimensional metallic contacts (T i -M oS 2 ). Devices with two dimensional graphene contacts from refs[START_REF] Ling | Parallel Stitching of 2D Materials[END_REF] and[START_REF] Cui | Multi-terminal transport measurements of MoS2 using a van der Waals heterostructure device platform[END_REF] are denoted by the open triangle and open circle, respectively.

  created longitudinal heterostructures, with graphene edge contacts on TMDs. They both showed very promising results (see figure 3.16(c)) and low contact resistances despite the small surface contact. Cui et al. placed graphene on the edge of M oS 2 creating thus both edge contacts on the interface and a micron long top contact (see figure 3.16(a)). Guimaraes et al. grew graphene directly in contact with either M oS 2 or W S 2 with almost no overlap for over few tenth of nanometers (see figure 3.16(b)).
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 317 Figure 3.17: Figure extracted from [Schulman et al., 2018]: Schematic of a top contact to a 2D semiconductor with a thin interlayer between the metal and semiconductor. (b) Band diagrams showing the effect of interlayer tunnel barrier thickness on the Fermi level pinning and current injection.
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 318 Figure 3.18: Figure extracted from [Lee et al., 2016]: Measured specific contact resistivity (for T i/Au contacts) ρ c as a function of T a 2 O 5 dielectric thickness for M oS 2 based FET.
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 319 Figure 3.19: Figure extracted from [Wang et al., 2016]:PDOS of W and Se electron orbitals, for monolayer W Se 2 , ML W Se 2 -Sc, -Al, -Ag, -Au, -P d, and -P t systems, respectively, in the absence of SOC.

Figure 3 .

 3 Figure 3.20: Figure extracted from [Kang et al., 2014]: Summary of metal-TMD top-contact electron injection efficiency, in terms of orbital overlap, Schottky barrier, and tunnel barrier.

Figure 3 . 21 :

 321 Figure 3.21: Figure extracted from [Kang et al., 2014]: Optimized geometries of top contacts to W Se 2 with Au, In, P d, T i and W . W and Se atoms in W Se 2 are in blue and orange respectively.

  2 through Pd contacts Smyth et al. argued that evaporated P d contacts on W Se 2 have been widely used to obtain high performance FETs[START_REF] Smyth | Engineering the Palladium-WSe 2 Interface Chemistry for Field Effect Transistors with High-Performance Hole Contacts[END_REF]. However, a huge fluctuation in the size of the SB and in the quality of the contacts can be noted. This is due to the chemistry and the structural properties of the P d -W Se 2 interface. To understand the chemistry of the interface, Smyth et al. applied several characterization techniques after annealing at different temperatures, in gas assisted and vacuum environments. They showed that the metallization of the interface by the formation of a P dSe x layer is responsible of the variation in the size of the Schottky barrier and the Ohmicity of the contacts.
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 322 Figure 3.22: Figure edited from [Smyth et al., 2019]: Interfacial reactivity gauged by the ratio of the P dSe x to the total P d after annealing (a) in ultra high vacuum (UHV) and (b) in forming gas (FG) at different temperatures. (c) Electron and hole Schottky barrier heights and the corresponding W Se 2 band gap extracted from P d -W Se 2 FETs after fabrication and subsequent annealing in either UHV or FG.

Figure 3 .

 3 Figure 3.22(a) shows that under ultra high vacuum (UHV), the metallization of the W Se 2 surface only starts around 300 • C and the P d -Se/T otal P d rate attains ∼ 25%, and around 30% when annealed at 400 • C. This leads to a drop of the holes SB for these
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 323 Figure 3.23: Figure extracted from [Kim et al., 2016]: (a) Schematic of atomic structures with metal P d-semiconducting W Se 2 (MS) junction and mixed layer containing N bSe 2 /W x N b 1-x Se 2 /W Se 2 Van der Waals (M-VdW) junction. (b) TEM images obtained at interfaces these two junctions. 3D images of surface potentials from Kelvin probe force microscopy (KPFM) measurements and the extracted Schottky barrier heights with various gate voltages for (c) MS junction and (d) M-vdW junction. The insets show the statistical distributions of contact potential differences from electrode to channel.
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 324 Figure 3.24: Figure extracted from [Fang et al., 2012]: (a) I DS -V GS characteristics of P d (red curve) and T i (black curve) contacted W Se 2 . (b) Qualitative energy band diagrams for those metals.

Figure 3

 3 Figure 3.25: Figure extracted from [Das and Appenzeller, 2013]: Output characteristics of the W Se 2based transistor and the associated energy band diagram showing the relative Schottky barrier heights for the electron and the hole injection from (a) N i and (b) P d contact to W Se 2

Figure 3

 3 Figure 3.26: (a) Optical image of a P d/W Se 2 /P d device supported on hBN with a few layers graphene back gate. (b) Conductivity as a function of the gate voltage measured at 300 K. The linear fit indicated by the red line gives a mobility of 21 cm 2 /V.s. This value is a lower bound because the measured conductivity is lowered due to the contact resistance (2-terminal device).

Figure 3

 3 Figure 3.27: (a) Room temperature I SD vs V SD characteristics obtained at zero gate voltage and (b)I SD vs V G characteristics measured for V SD = -2 V at 3 K on devices with T i (black), Co (red) and P d (blue) contacts.

Figures 3 .

 3 Figures 3.27(a) and 3.27(b) show the transport characteristics in several few layered W Se 2 -based devices for different metallic contacts.Figure3.27(a) shows a two-terminal I SD -V SD characteristics with no gate voltage, measured at room temperature for T i (black), Co (red) and P d (blue) contacts. As a consequence of this specific measurement configuration, the signal includes contributions of both the contacts and the channel resistances. For T i contacts, the current level is very weak reaching a few hundreds of pA, while a current up to 20 nA is observed for the device with Co contacts at |V SD | > 2 V . On the other hand, the blue curve shows for the P d contacts a current two orders of magnitude higher than that measured in the device with Co contacts.

Figure 3

 3 Figure 3.28: I SD -V SD characteristics obtained at different gate voltages on a device with (a) P d and (b) Co contacts over a 280 nm and 100 nm SiO 2 substrates respectively, and for temperatures of 200 K (up), 100 K (middle) and 3 K (down).

Figure 3 .

 3 Figure3.28 shows a non-linear current to voltage characteristics for both Co and P d contacts based devices at different temperatures and applied gate voltage. From these curves, one could extract the Richardson plots shown in figures 3.31 and 3.30. These plots were deduced for an applied bias voltage V SD > 0.5 V in order to measure only one barrier height (could be compared to other works[Prakash and Appenzeller, 2017,Wang et al., 2015b]). In fact, the current measured in the two terminal device shown in figure3.1 is impacted by the 2D channel resistance and the contact resistance of both the source and the drain. As mentioned in section 3.2.2.3, applying a high enough V SD would allow to lower one of the two barriers in order to measure only the other one.

Figure 3

 3 Figure 3.29: (a) Zoom in a reduced bias window of the data for P d contacts presented in Figure 3.27(b), for V G = 0 V and different applied temperatures. (b) and (c) are measurements on two different samples with P d contacts obtained at room temperature and for different gate voltages.

  Figure 3.29 shows a zoom in applied voltage (|V SD | < 0.2 V ) of I SD -V SD characteristics of 3 samples with P d contacts, both in temperature (figure 3.29(a)) and in gate voltage at room temperature (figure 3.29(b) and 3.29(c))

Figure 3 .

 3 Figure 3.30(a) shows for the P d-based device an asymmetric behavior at room temperature (blue curve) due to the presence of a negative differential resistance (NDR) signature at negative gate voltage. NDR has already been reported in W Se 2 -based FET with P t

Figure 3

 3 Figure 3.30: (a) I SD -V SD characteristics in logarithmic scale measured at zero gate voltage at four different temperatures ranging from 50 K to 295 K for the P d-based device. (b) to (e) are Richardson plots performed at V G = 0 V , -11 V , -22.5 V and -32 V respectively over a 280 nm thick SiO 2 .

Figure 3 Figure 3 . 32 :

 3332 Figure 3.31: (a) I SD -V SD characteristics in logarithmic scale measured at zero gate voltage at four different temperatures ranging from 50 K to 295 K for the Co-based device. (b) to (e) are Richardson plots performed at V G = 0 V , -4 V , -8 V and -12 V respectively over a 100 nm thick SiO 2 .

Figure 3 .

 3 Figure 3.32(a) shows the evolution of the calculated injection barrier φ b for holes as extracted by performing the analysis described in section 3.2.2.2 in the whole explored gate

Figure 3 .

 3 Figure 3.33: Holes injection barrier φ b (in meV ) as a function of the work function (in eV ) of different materials. Calculated hole injection barriers (purple dots from Wang et al. [Wang et al., 2016] and pink triangles from Ouyang et al. [Ouyang et al., 2018]) and measured hole injection barriers (red dots from Prakash et al. [Prakash et al., 2017], light pink triangles from Kim et al. [Kim et al., 2016] and the pink diamonds from this work) are represented. The standard Schottky-Mott rule is plotted (red dotted line) for reference.

Figure 4 .

 4 Figure 4.1: (a) Schematics of the SHE followed by a spin accumulation on sides of a metallic contact. (b) Spin transistor fabricated during this PhD.

Figure 4 .

 4 Figure 4.1 shows the operation of the SHE-based spin transistors used in my PhD. The SHE is induced in P d bars where spin selection and accumulation is expected to occur on the surfaces of the metallic electrodes (see figure 4.1(a)). Two Pd electrodes are fabricated on a W Se 2 2D flake. The accumulated spins at the interface propagate in the semiconductor and are detected by a second P d electrode by ISHE. The detection is performed through a non-local voltage measurement across the detecting contact as shown in figure 4.1(b).
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 42 Figure 4.2: Figure extracted from [Inoue, 2005]: (a) Ordinary Hall effect. H denotes the external applied magnetic field (b) Anomalous Hall effect. M stands for the magnetization of the material (c) Spin Hall effect. The motion of few carriers is indicated by the red arrows.

Figure 4 . 3 :

 43 Figure 4.3: Figure extracted from [Nagaosa et al., 2010]: Illustration of the three mechanisms that give rise to SHE. (a) Intrinsic, (b) side-jump and (c) skew scattering contributions.

Figure 4 . 4 :

 44 Figure 4.4: Figure extracted from [Guo et al., 2008]: (a) (left curve) Band structure of fcc P t with (solid lines) and without (dotted lines) SOC. (right curve) Extracted spin Hall conductivity. (b) Berry curvature for individual bands (lower curves) and all combined bands (upper curve).

Figure 4 . 5 :Figure 4 . 6 :

 4546 Figure 4.5: Figure extracted from [Tanaka et al., 2008]: Intrinsic spin Hall conductivity calculated from several 4d and 5d transition metals.

Figure 4 .

 4 6(a) shows the dependence of the current (red curve) and the longitudinal resistance (black curve) as a function of the gate voltage. The sketch of the sample, presenting the way the measurement is performed, is shown in the inset.

Figure 4 .

 4 6(b) shows the variation of the carriers density as a function of the renormalized gate voltage.

  In 1971, Dyakonov and Perel were the first to predict a theory of the SHE in solid state systems as a consequence of extrinsic parameters, as the Mott scattering [D'Yakonov

Figure 4 . 7 :

 47 Figure 4.7: Figure extracted from [Sinova et al., 2015]: SHE (left) and ISHE (right) wired as proposed by Hirsch (1999).

Figure 4

 4 Figure 4.8:Table edited from [Hoffmann, 2013]: Charge conductivities σ c
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 49 Figure 4.9: Figure extracted from [Gradhand et al., 2010]: The spin Hall angle α for different substitutional impurities in (a) Cu host and (b) Au host.

Figure 4 .

 4 Figure 4.10: Figure extracted from [Fert and Levy, 2011]: Skew scattering (squares) and side-jump (triangles) contributions to the spin Hall angle (Φ H ) as a function of the number of the d electrons for 5d impurities in Cu.

Figure 4 .

 4 Figure 4.11: Figure extracted from [Valenzuela and Tinkham, 2006]: (a) atomic force microscope image of the Al based Hall cross. (b) Top: Schematics of the spin Hall measurement where the current I is injected out of one ferromagnetic contact into the Al film and away from the Hall cross. The spin Hall voltage is measured between two Hall probes at a distance L SH from the injection point. Bottom: Spacial dependence of the spin-up and spin-down electrochemical potential and the associated spin current J s .

Figure 4 .

 4 Figure 4.12: Figure extracted from [Valenzuela and Tinkham, 2006]: (a) Spin Hall resistance R SH versus perpendicular field B ⊥ , for t Al = 12 nm and L SH = 860 nm (top), L SH = 590 nm (middle) and L SH = 480 nm (bottom). The top panel inset is a scheme of the device and the measurement. In the bottom panel, the linear background was subtracted from the data in the inset. For comparison, the measured value of sin(θ) (θ is indicated in figure 4.11(b)) is shown in each panel (black line). (b) Overall change of the spin Hall resistanc (∆R SH ) between large negative and large positive B ⊥ . ∆ SH is extracted from the data in (a). Solid lines are best fits for equation 4.5. Blue squares (red circles) are for Al thickness t Al = 12(25) nm.
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 2 .1 SHE experiment in gold Hall bar structure Mihajlovic et al. performed the first attempt to achieve an H-bar SHE -ISHE device [Mihajlović et al., 2009], however, they failed to observe a SHE measurable signal. The aim of this section is to present the physical explanations Mihajlovic et al. attributed to the mechanisms behind transport in such devices. I will focus on this particular work since it is particularly suited to understand the results I will present in section 4.4.

Figure 4 .

 4 Figure 4.13: Figure extracted from [Mihajlović et al., 2009]: (a) SEM image of gold Hall bars. Schematics of the mechanisms leading to (b) positive R c nl , (c) positive R SH nl and (d) negative R nl . Arrows indicate the direction of the electron flow.

Figure 4 .

 4 Figure 4.14: Figure extracted from [Kajiwara et al., 2010]: A schematic illustration of a spin-wave spin current: spin angular momentum carried by collective magnetic-moment precession.

Figure 4 .

 4 Figure 4.15: Figure extracted from [Cornelissen et al., 2015]: (a) Optical image of a device with parallel platinum contacts used to inject and detect spin current. The scale bar represents 20 µm. (b) First (top) and second (bottom) harmonic signal and the corresponding Schematics. The top schematic image shows the generation of spin accumulation in the injector producing non-equilibrium magnons that diffuse in the materials and create charge current in the detector owing the the ISHE. The bottom schematic image shows that the Joule heating can excite magnons that then diffuse in the device and are detected by the second contact through ISHE.

Figure 4 .

 4 Figure 4.16: Figure extracted from[START_REF] Lebrun | Tunable long-distance spin transport in a crystalline antiferromagnetic iron oxide[END_REF]: Spin transport at 200 K for platinum wires along x. (a) When a magnetic field is applied parallel to the wires, the non-local signal R el (blue circles, left axis) is zero at small fields, exhibits a sharp peak at the spin-flop field H c and is non-zero above H c . (b) When the magnetic field is perpendicular to the wires, the field-induced magnetization m is parallel to the spin accumulation µ and perpendicular to the Néel order n. R el remains zero and R th increases with the field. The schematics of the experiments (above the plots) show the relative orientations of µ, n and m.

Figure 4 .

 4 Figure 4.17: Figure extracted from [Liu et al., 2014]: Calculated (solid lines) Gilbert damping of

Figure 4 .

 4 Figure 4.18: Figure extracted from [Gupta et al., 2020]: A fully polarized spin-current j s injected at 300 K from the left Au lead into a Au(50 atomic layers)/P t(140 atomic layers) bilayer sandwiched between Au leads. (Top inset) Schematic of the scattering region. (Middle and bottom insets) Temperature dependence of the interface parameters δ (yellow) and interfacial resistance AR I (purple) for a Au/P t interface (circles). The corresponding parameters for Au/P d at 300 K are included (diamonds). (b) Calculated spin current injected from Au to P t with a sharp interface (gray), a Au/P t bilayer interface (yellow) and a four layers Au/P t interface

Figure 4 .

 4 Figure 4.19: (a) Schematics of SHE in a metallic contact showing the spin accumulation on various facets [Fert, 2019]. (b) Schematics representing the samples fabricated in this PhD. The bottom of the contacts is where the spin accumulated and from where they diffuse into the sample before being detected as an in-plane polarization by ISHE. (c) and (d) The sign of the measured voltage at the detecting contact weather it played the role of a receptor (in the case of an Ohmic contribution for example, where the electromotive force is zero) or a generator (in presence of ISHE generating an electromotive force in the wire). The black arrows indicate the direction of a positive measured voltage depending on whether the wires play a role of a receptor or of a generator.
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 42 Measurements of non-local signals in the Pd/WSe 2 /Pd lateral devices 4.4.2.1 WSe 2 on SiO 2

Figures 4 .

 4 Figures 4.20(a) and4.20(c) show optical images of two different measured samples for the SHE experiment in W Se 2 on SiO 2 . The P d contacts are evaporated as thin bars on the W Se 2 flake and they are then connected through T i leads covered with Au.For SHE_s16, the injecting contact is ∼ 600 nm large and has a linear resistance R injector ∼ 1 kΩ, while the detector is ∼ 1000 nm large with R detector ∼ 450 Ω. The distance between the contacts is ∼ 250 nm.For SHE_s66, the injecting contact is ∼ 600 nm large and has a linear resistance R injector ∼ 1.3 kΩ, while the detector is ∼ 1100 nm large with R detector ∼ 1.15 kΩ. The distance between the contacts is ∼ 200 nm.
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 4 Results: Spin injection and transport in W Se 2 based heterostructures through SHE and ISHE in P d contacts 109 swipe of the applied current. The curve in figure 4.20(b) shows a decreasing voltage at room temperature as a function of the applied current, leading to a negative non-local resistance R nl . The measured signal is very stable and reproducible.

Figure 4 .

 4 20(d) also shows a linearily decreasing behavior, although a little less stable than sample SHE_s16 of figure4.20(a).

Figure 4 .

 4 Figure 4.20: (a)-(c) Optical images of samples with W Se 2 on SiO 2 substrate. The 7/2 nm P d/Au contacts are connected with T i/Au leads. (b)-(d) Non-local voltage as a function of the applied current at room temperature. The colored arrows show the direction of the variation of the applied current. (a)-(b): Sample SHE_s16. (c)-(d): Sample SHE_s66.

Figure 4 .

 4 Figure 4.21 shows the results obtained on the sample SHE_s4, one of the first measured encapsulated samples. The P d contacts here are thicker than the ones presented in the all other samples of this manuscript. They are made of 15 nm thick P d covered with 20 nm Au and are connected through T i/Au leads. The injecting and the detecting contacts are both ∼ 300 nm large. The distance between the contacts is ∼ 250 nm.

Figure

  Figure 4.21(a) shows an optical image of the measured sample before covering the whole device with a top hBN flake. The curve in figure 4.21(b) shows a decreasing

  2 generated and detected through SHE and ISHE respectively in P d contacts. The samples presented here (SHE_s16, SHE_s66 and SHE_s4) all show a nearly pure negative electric non-local resistance. Somehow, no other components are detected here. In devices presented in the following, other types of measured non-local signals such as thermal or resistive components are detected. Although these components can be the unique measured signal because only the corresponding phenomenon occur or because other signals are hidden in the noise of the dominant one, coexistence of signals of different physical origins can also take place in the non-local voltage measurement. The results will be shown in the following.

Figure 4 .

 4 Figure 4.21: Sample SHE _s4: (a) Optical image of a sample with W Se 2 encapsulated in hBN . The image was taken before covering the whole device with a top hBN flake. The 15/20; nm P d/Au contacts are connected with T i/Au leads. (b) Non-local voltage as a function of the applied current at room temperature.
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Figure 4 .

 4 Figure 4.22: Sample SHE_s20: (a) Colored SEM image of the encapsulated W Se 2 sample in hBN with 7 nm thick P d contacts covered with 2 nm Au. The palladium contacts are connected with T i leads. (b) Non-local voltage as a function of the applied current and the temperature. Signal separation into (c) an electric component and (d) a thermal component. (e) correspond to the thermal R th resistance, the non-local electric resistance R nl is not calculated since the non-local electric voltage mostly show noise. The error bars in (e) derive from the standard error resulting from the linear fitting of the curve in (d).

Figure

  Figure 4.22(a) shows a SEM image of the measured sample before covering the whole device with the top hBN layer. The data treatment of the non-local voltage in figure4.22(b) gives rise to a noisy electric voltage signal that oscillates around zero presented in figure4.22(c) and a linear thermal signal shown in figure4.22(d). In its absolute value, this signal increases with the increase of the temperature of the environment. We still have to explain the origin of the thermal signal, its relationship with a classical Seebeck effect occurring in P d contacts and why is it enhanced by the presence of hBN flakes encapsulating the device. Control measurements performed by repeating the same experiment on hBN and SiO 2 in absence of W Se 2 are presented in section 4.4.5. Standard Seebeck measurements are presented in section 4.4.5.1 to investigate the rise of the temperature and its gradient between the injector and the detector in the experimental geometry used.

Figure 4 .

 4 Figure 4.23: Sample SHE_s46: (a) Colored SEM image of the W Se 2 sample on SiO 2 with 7 nm thick P d contacts covered with 2 nm Au. (b) Non-local voltage as a function of the applied current and the gate voltage over a 100 nm thick SiO 2 , at room temperature.

Figure 4 .

 4 Figure 4.24: Sample SHE_s46: Non-local voltage at room temperature signal separation into (a) an electric component and (b) a thermal component. (c) corresponds to the electrical R el resistance. The error bars in (c) derive from the standard error resulting from the linear fitting of the curves in (a).

Figure

  Figure 4.25 shows the data of a sample in which thermal transport dominates but is mixed with a measurable resistive increasing component.Figure 4.25(a) shows a SEM image of the sample used to obtain the data in (b). The colored blue flake corresponds to the W Se 2 layer. the black background refers to the SiO 2 wafer on which the hBN flake (white background) is deposited. The image is taken before covering the whole device with a top hBN layer. For this sample SHE_s22, the injecting and the detecting contacts have the same width of ∼ 600 nm. They are distant of ∼ 200 nm.

Figure 4 .

 4 Figure 4.25: Sample SHE_s22: (a) Colored SEM image of encapsulated W Se 2 in hBN sample with 7 nm thick P d contacts covered with 2 nm Au. The palladium contacts are connected with T i leads. (b) Non-local voltage as a function of the applied current and the temperature. Signal separation into (c) an electric component and (e) a thermal component. (d) and (f) correspond to the electrical R el and the thermal R th resistances respectively. The error bars in (d) and (e) derive from the standard error resulting from the linear fitting of the curves in (c) and (e).
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Figure 4 .Figure 4 .

 44 Figure 4.26: Sample SHE_s40: (a) Colored SEM image of the W Se 2 sample on SiO 2 with 7 nm thick P d contacts covered with 2 nm Au. (b) Non-local voltage at 4K as a function of the applied current and the gate voltage over 100 nm thick SiO 2 .

Figure

  

Figure 4 . 30 :

 430 Figure 4.30: Control sample SHE_s8_hBN: (a) Optical image of the hBN sample on SiO 2 . (b) Nonlocal voltage as a function of the applied current and the temperature. (c) and (d) Thermal non-local voltage V th and resistance R th respectively. The error bars in (d) derive from the standard error of the linear fit of (c).
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Figure 4 .

 4 Figure 4.31: Control sample SHE_s3_hBN: (a) Colored SEM image of the hBN sample on SiO 2 . (b) Non-local voltage as a function of the applied current and the temperature. (c) and (d) Thermal non-local voltage V th and resistance R th respectively. The error bars in (d) derive from the standard error of the linear fit of (c).

Figure 4 .

 4 Figure 4.32: Colored SEM image of a control sample for the Seebeck measurement. The heater and the two nanowires used for the measurement of ∆T are indicated on the figure.
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Figure 4 .

 4 Figure 4.33: (a) and (b) calibration of the temperature of nanowires 1 and 2 respectively as a function of the applied current to the heater. (c) ∆T as a function of the applied current.

  . Thus for a heating of ±0.01 mK, |∆V | ∼ 0.3 µV . This value is finally less important than what is typically measured in my experiments (see figures 4.31(b) and 4.30(b)) but one should take into account the fact that the contacts are more distant here than that of the control sample fabricated for SHE. It is possible that in the W Se 2 based samples a Seebeck effect may occur in the W Se 2 itself. However, even in the samples where a gate dependence of the thermal component such as in SHE_s40 was obtained, one could not extract the Seebeck coefficient of W Se 2 because of this non-local nature of the measurement. If a thermal component is measured into hBN and SiO 2 (to be shown in the following) based devices, then there is no doubt that the effect includes a contribution of the P d contacts.

Figure 4 .

 4 Figure 4.34: Control sample SHE_SiO 2 : (a) Colored SEM image of a control sample on SiO 2 with 7 nm thick P d contacts covered with 2 nm Au. (b) Non-local voltage as a function of the applied current. The colors correspond to the back and fourth measurements

Figure 4 .

 4 Figure 4.35: Control sample SHE_s14_Graphene: (a) Optical image of a graphene sample on SiO 2 with 7 nm thick P d contacts covered with 2 nm Au. The palladium contacts are connected with T i/Au leads. (b) Non-local voltage as a function of the applied current. The direction of the swipe of the current is indicated by the arrays with the corresponding color to the colored curve.

Figure

  Figure 4.35(a) shows the measured sample SHE_14_Graphene, with few-layers graphene flake. The injecting contact is ∼ 950 nm large and has a linear resistance R injector ∼ 1.2 kΩ, while the detector is ∼ 600 nm large with R detector ∼ 1.6 kΩ. The

Figure 4 .

 4 Figure 4.36: Control sample SHE_s2_Graphene: (a) Optical image of a graphene sample on SiO 2 with 7 nm thick P d contacts covered with 2 nm Au. The palladium contacts are connected with T i/Au leads. (b) Non-local voltage as a function of the applied current. The curve is obtained for a measurement between two contacts of 1µm distance.
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 2 device with P d contacts on SiO 2 . The non-local electric resistance shows 130 Non-local transport in W Se 2 based lateral devices

  Experimental investigation of charge and spin transport in W Se 2 connected with palladium contacts.
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  Avsar et al. and Luo et al. worked on heterostructure devices based on a monolayer graphene partly crossing a monolayer TMD. Luo et al. first used M oS 2 as a TMD flake [Luo et al., 2017] while Avsar et al. used W Se 2 , with the whole device located on a hBN flake that isolates it from the SiO 2 substrate [

  A statistical study characterizing by AFM the thickness of several etched areas obtained with identical etching parameters but with different exposure times was carried out to evaluate the etching rate of both W Se 2 and hBN under SF 6 plasma. Figure2.19 illustrates the thickness (in nm) of 2D materials removed as a function of the exposure time to the SF 6 plasma. Error bars are given by the statistical dispersion among the samples, incremented by the AFM uncertainty related to the surface roughness. The etching rate is evaluate to be 0.50 ± 0.07 nm/s for a statistics of 8 hBN samples (figure2.19(a)) and 0.31 ± 0.15 nm/s for a statistics of 10 W Se 2 samples (figure2.19(b)). The rate found is very low, and thus controllable to a few nanometers. However, due to the non-uniformity of the etching process in addition to the uncertainty, this protocol does not allow to master a layer by layer etching.
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  Table edited from [Hoffmann, 2013]: Charge conductivities σ c

xx , spin Hall conductivities σ s xy and spin Hall angles Θ SH from experimental measurements.

  4.4 Results: Spin injection and transport in W Se 2 based heterostructures through SHE and ISHE in P d contacts 105 4.4 Results: Spin injection and transport in W Se 2 based heterostructures through SHE and ISHE in P d contacts As explained in the first part of this chapter, my samples were based on W Se 2 with P d contacts as spin injectors and detectors (see figure 4.1(b)). P d was used because in addition to its strong spin-orbit coupling allowing a large spin Hall angle (see table 4.8), it showed very transparent contact properties as demonstrated in chapter 3. The aim behind the non-local measurement is to deduce the value of the non-local resistance and its sign to understand the origin of the measured signal and if it is correlated to spin transport. The objective of this experimental section is to investigate spin diffusion in this prototype 2D material.

  4.4 Results: Spin injection and transport in W Se 2 based heterostructures through SHE and ISHE in P d contacts 123 Figure 4.34(a) shows a colored SEM image of one of the devices with P d contacts on SiO 2 (control sample SHE_SiO 2 ). The measured non-local voltage in figure 4.34(b) is obtained at room temperature between the closest contacts to the right of the device, which are less than 200 nm far from each other. All the contacts are ∼ 600 nm wide.
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Non-local transport in W Se 2 based lateral devices Note that the signal for R el here is stronger than the one shown in figure 4.24(c). It is complicated to compare those two values of the non-local resistance since not originated from the same physical phenomenon. However, one could indeed expect the spin Hall angle in the P d contacts to be larger when the temperature is lowered. In the semiconducting channel, two phenomena could come into competition in terms of the dependence of the spin diffusion to the temperature. The first phenomenon is expected to enhance the measured signal since when temperature is lowered, the spin lifetime is increased, and thus the accumulated spins on the detector are also increased. The second phenomenon is expected to decreased the measured signal when temperature is lowered because the number of populated states by conducting carriers is decreased in the semiconducting channel. The sample shows a clear non-zero thermal component in addition to the electrical one. Figure 4.28(a) shows very linear curves of V th as a function of I 2 . In 4.28(b), the dependence of R th as a function of V G shows a constant behavior ∼ 0.14 V A -2 for V G < 10 V and a drop of R th to ∼ 0.03 V A -2 for V G > 10 V . I lack a sharp explanation for this phenomenon, but a possible hypothesis lays in the fact that at very high positive gate voltage, the density of carriers in the W Se 2 flake decreases, leading not only to a reduced electronic and spintronic diffusion in the material, but also to a weaker thermal conduction [START_REF] Cutler | Observation of Anderson Localization in an Electron Gas[END_REF] However, a pure thermal component can theoretically be measured in these devices. Indeed, when the exact SHE experiment was reproduced in a device with only P d contacts on hBN , and in absence of W Se 2 , the results showed identical behavior as in the sample represented in figure 4.22. All the hBN based samples (more than 25) gave very comparable results. Figures 4.30 and 4.31 show the results of these measurements on two different samples with the same structure. The injecting and detecting contacts of