Introduction

Layered materials, such as graphite, are composed of bi-dimensional (2D) layers of atoms covalently bound, stack on top of each other and hold by van der Waals interaction. Being able to isolate one of these 2D layer has been a challenge ever since we understand the crystalline structure of those layered compounds. Bottom-up and top-down approaches have been tried to reach this goal. The bottom-up approach consists of combining molecular precursor together to finally get the 2D crystalline layer. One of these techniques is the Chemical Vapour Deposition (CVD) growth, in which methane molecules are decomposed into carbon and hydrogen at high temperature. Carbon atoms then precipitate on a copper surface to form the 2D graphite layer called graphene. In contrary, the top-down approach starts from a bulk layered compound that is then peeled off "layer by layer" to obtain the monolayer compound. Even though such an approach seems tedious, it is universal and works for any layered compound. This technique has been successfully applied to a wide range of layered compound such as graphite, boron nitride and transition metal dichalcogenide [START_REF] Ks Novoselov | Two-dimensional atomic crystals[END_REF], using tape to peel bulk crystals off. This has been a major breakthrough that lead to Geim and Novoselov's Nobel prize in 2010.

Bulk layered materials have been extensively studied and people already knew which type of materials they can isolate (Fig. 1.1). 2D materials can be insulator such as hexagonal boron nitride, semimetal like graphene (Gr), semiconductor as a subset of transition metal dichalcogenide (TMD) (Fig. 1.1). Moreover, they could also be superconductor or metallic. 2D materials are therefore a great tool kit that allows people to study the effect of strong vertical confinement on such physical properties.

In addition, TMD are subject to polytypism, for instance semiconducting hexagonal (2H) MoTe 2 becomes metallic when its crystalline structure becomes distorted octahedral (1T'). Interestingly, MoTe 2 can be switched from one structure to the other, which brings us to the main interest of the 2D materials, their tunability. Graphene electrical and optical properties can be tuned by an electrical field and MoS 2 undergoes an electrical field induced superconducting transition. Since those systems are 2D electron gas directly in contact with their environment, changing the latter will modify material physical properties. In addition, most of 2D materials can sustain quite strong strain. 

History of 2D materials

In 2010, Mak and co-workers exfoliated a MoS 2 monolayer and demonstrated that it is a direct gap semiconductor [START_REF] Mak | Atomically Thin MoS 2 : A New Direct-Gap Semiconductor[END_REF]. Even though its multilayer structure is a semiconductor. The intense Lorentzian Photo-Luminescence (PL) peak displayed by the MoS 2 monolayer indicated an excitonic nature the emission and room temperature stable excitons. However, the presence of excitons has been demonstrated experimentally only in 2014 [START_REF] Chernikov | Exciton Binding Energy and Nonhydrogenic Rydberg Series in Monolayer WS 2[END_REF] with the observation of the excitonic Rydberg series, proof of the excitonic nature of the PL emission in TMD. In addition, for excitons to be stable at room temperature, their binding energy have to be larger than k b T (30 meV). Even though the exact binding energy of TMD excitons remains a partially opened question, recent work brings valuable information in this topic using magneto-PL measurement [START_REF] Stier | Magnetooptics of exciton rydberg states in a monolayer semiconductor[END_REF].

The strong spin-orbit coupling alongside with the TMD crystal symmetry properties lead to the splitting of the spin sub band in TMD. This splitting gives the TMD the ability to emit PL with the same polarization as the excitation light. This effect has been both theoretically predicted and experimentally observed in 2012 [6,[START_REF] Mak | Optical spectroscopy of graphene: from the far infrared to the ultraviolet[END_REF]. Moreover, the band splitting gives rise to a complex excitonic manifold with different optical selection rules for different excitons. To observe this complex manifold, one needs narrow emission peak and clean optical signature from the TMD. However, such high quality optical response from TMD have been obtained only recently in BN capped TMD samples. This approach has been developped by Cadiz and co-workers [START_REF] Cadiz | Excitonic linewidth approaching the homogeneous limit in MoS 2 -based van der waals heterostructures[END_REF]. Finally, in such system, people have been able, in 2017, to find optical signature of the dark exciton which can actually couple to an electric field perpendicular to the TMD plane [START_REF] Robert | Fine structure and lifetime of dark excitons in transition metal dichalcogenide monolayers[END_REF][START_REF] Zhang | Magnetic bright-ening and control of dark excitons in monolayer wse 2[END_REF][START_REF] Zhou | Probing dark excitons in atomically thin semiconductors via near-field coupling to surface plasmon polaritons[END_REF]. Interestingly, these three groups use three different methods to brighten the dark exciton. In [START_REF] Zhang | Magnetic bright-ening and control of dark excitons in monolayer wse 2[END_REF], the authors make use of an in plane magnetic field to couple bright and dark exciton leading to the detection of PL coming from the dark exciton. In [START_REF] Zhou | Probing dark excitons in atomically thin semiconductors via near-field coupling to surface plasmon polaritons[END_REF], the dark exciton is coupled in the near field to a surface plasmon that is then decoupled into the far field using a scatterer into the metallic film. Lastly, in [START_REF] Robert | Fine structure and lifetime of dark excitons in transition metal dichalcogenide monolayers[END_REF] the authors bring an electric field perpendicular to the sample by using a side excitation instead of the usual normal excitation.

Another key feature of the excitons is their lifetime. Even if their room temperature lifetime is long and therefore easy to measure, it has been tricky to get their intrinsic radiative lifetime. It has been done in 2016 [START_REF] Robert | Exciton radiative lifetime in transition metal dichalcogenide monolayers[END_REF] and the authors report a 1.8 ps radiative lifetime for MoSe 2 . Finally, the TMD optical properties have been well characterized and one of the biggest question that remains open is the exciton creation mechanism.

One of the strength of 2D materials is their lack of out of plane dangling bonds. This allows us to stack various 2D materials together to form the so called van der Waals heterostructure. Technique that provides sharp and atomically clean interfaces between different materials have been reported in 2014 [START_REF] Zomer | Fast pick up technique for high quality heterostructures of bilayer graphene and hexagonal boron nitride[END_REF], attracting a lot of interest. Giving the large variety of physical properties of those materials, van der Waals heterostructures are an interesting playground. Several devices have been demonstrated using van der Waals heterostructure. In 2014, a photodetector based on MoS 2 /graphene heterostructure has been achieved [START_REF] Zhang | Ultrahigh-Gain Photodetectors Based on Atomically Thin Graphene-MoS 2 Heterostructures[END_REF]. They demonstrated a photogating effect even at low photon flux. In 2016, another photodetector has been demonstrated with a picosecond time response consisting of a TMD slab (from 100 nm to one monolayer) sandwich between two graphene layers [START_REF] Massicotte | Picosecond photoresponse in van der Waals heterostructures[END_REF]. In the monolayer case, a strong quenching of the PL emission has been recorded showing the strong interaction between the TMD monolayer and the graphene.

However, this interaction has not been characterized yet.

Furthermore, strong light matter coupling has been demonstrated between a Fabry-Pérot cavity and a MoS 2 monolayer in 2015 [START_REF] Liu | Strong light-matter coupling in two-dimensional atomic crystals[END_REF]. This brings the attention of the nano-photonic community on 2D materials. In 2017 strongly-coupled WS 2 monolayer displays valley polarized excitation up to room temperature even though those properties were vanishing above 200 K for monolayers.

People then started to use TMD multilayer as chiral emitters to study directional coupling between chiral optical mode and chiral TMD excitation [START_REF] Gong | Nanoscale chiral valley-photon interface through optical spin-orbit coupling[END_REF]. The same kind of directional coupling has been demonstrated just before using a WS 2 monolayer [START_REF] Chervy | Room temperature chiral coupling of valley excitons with spin-momentum locked surface plasmons[END_REF].

Finally, in ten years, TMD photophysics has been extensively studied. Even though a few questions remain on the exciton formation mechanism, the exciton radiative lifetime has been measured, their binding energy has been characterized and the exciton manifold has been unveiled. Optical control of the exciton valley number has been demonstrated. However, protecting these properties up to room temperature is still a challenge which has been partially overcome only within the strong coupling regime. But if the coupling with a cavity is not an option, getting room temperature valley polarized exciton remains a challenge.

With the rise of van der Waals heterostructures, many devices have been demonstrated and most of them use graphene as an electrode either to contact TMD slabs or as backgate [START_REF] Back | Realization of an electrically tunable narrow-bandwidth atomically thin mirror using monolayer mose 2[END_REF]. The most important paper for this work are highlighted in red and illustrated on the right side. From bottom to top, topics have been covered in those references: 2005 [START_REF] Ks Novoselov | Two-dimensional atomic crystals[END_REF], 2010 [START_REF] Mak | Atomically Thin MoS 2 : A New Direct-Gap Semiconductor[END_REF][START_REF] Cory R Dean | Boron nitride substrates for high-quality graphene electronics[END_REF], 2012 [6,[START_REF] Mak | Optical spectroscopy of graphene: from the far infrared to the ultraviolet[END_REF], 2013 [START_REF] Ross | Electrical control of neutral and charged excitons in a monolayer semiconductor[END_REF], 2014 [START_REF] Chernikov | Exciton Binding Energy and Nonhydrogenic Rydberg Series in Monolayer WS 2[END_REF][START_REF] Ceballos | Ultrafast charge separation and indirect exciton formation in a MoS 2 -MoSe 2 van der Waals heterostructure[END_REF], 2015 [START_REF] Rivera | Observation of long-lived interlayer excitons in monolayer MoSe 2 -WSe 2 heterostructures[END_REF][START_REF] Srivastava | Valley zeeman effect in elementary optical excitations of monolayer wse 2[END_REF][START_REF] Lui | Observation of interlayer phonon modes in van der waals heterostructures[END_REF], 2016 [START_REF] Robert | Exciton radiative lifetime in transition metal dichalcogenide monolayers[END_REF], 2017 [START_REF] Cadiz | Excitonic linewidth approaching the homogeneous limit in MoS 2 -based van der waals heterostructures[END_REF][START_REF] Robert | Fine structure and lifetime of dark excitons in transition metal dichalcogenide monolayers[END_REF][START_REF] Raja | Coulomb engineering of the bandgap and excitons in two-dimensional materials[END_REF][START_REF] Onga | Exciton hall effect in monolayer mos 2[END_REF][START_REF] Wang | In-plane propagation of light in transition metal dichalcogenide monolayers: Optical selection rules[END_REF], 2018 [START_REF] Stier | Magnetooptics of exciton rydberg states in a monolayer semiconductor[END_REF][START_REF] Back | Realization of an electrically tunable narrow-bandwidth atomically thin mirror using monolayer mose 2[END_REF]. From bottom to top, topics have been covered in those references: 2011 [START_REF] Radisavljevic | Single-layer mos 2 transistors[END_REF], 2013 [START_REF] Cr Dean | Hofstadter/'s butterfly and the fractal quantum hall effect in moire superlattices[END_REF], 2014 [START_REF] Zomer | Fast pick up technique for high quality heterostructures of bilayer graphene and hexagonal boron nitride[END_REF][START_REF] Zhang | Ultrahigh-Gain Photodetectors Based on Atomically Thin Graphene-MoS 2 Heterostructures[END_REF][START_REF] Mak | The valley Hall effect in MoS 2 transistors[END_REF][START_REF] Tsai | Monolayer mos 2 heterojunction solar cells[END_REF][START_REF] Lee | Atomically thin p-n junctions with van der Waals heterointerfaces[END_REF], 2015 [START_REF] Liu | Strong light-matter coupling in two-dimensional atomic crystals[END_REF][START_REF] Withers | Lightemitting diodes by band-structure engineering in van der Waals heterostructures[END_REF][START_REF] Shi | Superconductivity series in transition metal dichalcogenides by ionic gating[END_REF], 2016 [START_REF] Massicotte | Picosecond photoresponse in van der Waals heterostructures[END_REF][START_REF] Onga | High circular polarization in electroluminescence from mose 2[END_REF], 2017 [START_REF] Zhou | Probing dark excitons in atomically thin semiconductors via near-field coupling to surface plasmon polaritons[END_REF][START_REF] Avsar | Optospintronics in graphene via proximity coupling[END_REF][START_REF] Sun | Optical control of room-temperature valley polaritons[END_REF] 2018 [START_REF] Chervy | Room temperature chiral coupling of valley excitons with spin-momentum locked surface plasmons[END_REF].

However, the interaction between TMD and graphene has not been well characterized yet.

Manuscript organization

Most of devices based on 2D materials rely on the interaction between the different materials. However, such interactions are poorly characterized and very little is known about them. In the following we will focus on the monolayer TMD/monolayer graphene heterostructure. The different interactions between 2D materials are mainly interlayer energy transfer, interlayer photoinduced charge transfer or charge transfer from the TMD to the graphene presented in (Fig. 1.4). Each of these interactions are present but their relative amplitude remains unknown.

Chapter 2 introduces the physical properties of graphene and TMD that are relevant in our work. We will also introduce in this chapter the doping measurement protocol we have followed to characterize graphene Fermi energy based on Raman spectroscopy.

Chapter 3 is focusing on the interlayer interactions in the monolayer TMD/monolayer graphene heterostructure. We carried out photoluminescence as well as Raman spectroscopy measurements to unveil and characterize a photoinduced net charge transfer from TMD to graphene.

To better understand the interlayer energy transfer, we measure the TMD exciton dynamics in TMD/graphene heterostructure. Finally, we will monitor the TMD native doping in such structure.

Chapter 4 is dealing with the TMD/graphene heterostructure valley properties using a comprehensive polarimetric setup: the Mueller matrix measurement. We will also show that exciton valley properties can be protected by coupling the TMD layer to a plasmonic cavity. In this system we show evidence of spin momentum lock PL emission from the TMD.

Chapter 5 brings the conclusion and some perspective to this work.

2 Selected properties of 2D Materials

Graphene

Electronic and optical properties

Graphene is a 2D crystal made of sp2 hybridized carbon atoms meaning that each carbon atom will form three localized σ-bonds and one delocalized π-bond. The carbon atoms σ-bonds are arranged in a honeycomb lattice with two inequivalent sites, namely S A and S B (Fig. Adapted from [START_REF] Castro Neto | The electronic properties of graphene[END_REF].

Electronic properties are determined by the band structure and the Fermi level. Due to the cone shape of the electronic dispersion and the absence of gap at K, it is therefore easy to tune graphene electronic properties via electric field effect (Fig. 2.2 a). Since optical properties depend on the electronic properties, graphene optical properties are also gate tunable (Fig. [START_REF] Geim | The rise of graphene[END_REF]. b) Graphene optical conductivity with respect to the incident photon wave-number. Increasing graphene Fermi level forbid some interband transitions adapted from [START_REF] Li | Dirac charge dynamics in graphene by infrared spectroscopy[END_REF].

Optical absorption

Optical absorption in graphene is mainly due to interband and intraband transitions. However, for photon energy above 50 meV, interband transitions are the dominant absorption processes, for momentum conservation reasons. This optical absorption is mediated by in plane electrical dipole excitation.

Optical absorption coefficient is defined by the incident power over absorbed power ratio. The incident power for a normal incidence is given by W i = c |Θ| 2 /4π with θ the electric field.

Moreover, the absorbed power can be written as W a = η ω with η the photon absorption rate. η can be calculated with Fermi golden rule, η = (2π/ )|M | 2 D with M the matrix element of the 2D Dirac electron light matter interaction Hamiltonian [START_REF] Castro Neto | The electronic properties of graphene[END_REF][START_REF] Rahul Raveendran Nair | Fine structure constant defines visual transparency of graphene[END_REF] and D the density of state for graphene. The density of state in graphene can be written as D = ω/π 2 v 2 F . Finally the matrix element M can be written as

|M | 2 = |Θ| 2 e 2 v F 2 8ω 2 (2.1)
We can now express the absorbed power W a as

W a = 2π |Θ| 2 e 2 v F 2 8ω 2 ω π 2 v 2 F ω = e 2 4 |Θ| 2 
(2.2)

A = W a W i = e 2 |Θ| 2 4 4π c|Θ| 2 = πα ≈ 2.3% (2.3)
with α the fine structure constant. In first approximation, graphene absorbs 2.3% (Fig. 2.2 b) of the incoming light in this MIR to UV range but this is actually qualitatively valid only from near infra-red to optical wavelength. The low graphene absorption combined with its high conductivity, makes it an interesting gate or contact electrode especially for other 2D materials because it can make ohmic contact with them [START_REF] Marcos | Atomically thin ohmic edge contacts between two-dimensional materials[END_REF]. It is worth mentioning that nowadays, the 2D materials community tends to use graphite back gate instead of the usual silicon gate electrode defined by the substrate because the former is more efficient than the latter [START_REF] Eich | Spin and valley states in gate-defined bilayer graphene quantum dots[END_REF]. In addition, such graphite back gates can be easily insert in a van der Waals heterostructures.

Transition Metal Dichalcogenides

Transition Metal Dichalcogenide (TMD) is a vast materials family with various crystalline structures and physical properties. Those materials present mostly an hexagonal (2H), octahedral (1T) or distorted octahedral (1T') crystalline phase. Some of those materials (e.g. MoS 2 ...) can undergo a chemically induced phase transition from 2H to 1T which also changes their semiconductor character to a metallic one. This allows to make low resistance contacts [START_REF] Kappera | Phase-engineered low-resistance contacts for ultrathin MoS 2 transistors[END_REF] On the electronic point of view, they can be metallic such as NbS 2 or semiconductor as 2H MoSe 2 .

They could present superconductivity (NbSe 2 ) at low temperature, charge density wave (TaSe 2 )... 2D materials have many different properties and are definitely an interesting playground for a physicist. In addition, all those materials could be exfoliated down to the monolayer; inducing a strong vertical confinement in all those systems.

Giving the wide range of physical phenomenon present in TMD, we will focus on a particular set of TMD: the 2H semiconductors especially MoS 2 , MoSe 2 , MoTe 2 , WS 2 and WSe 2 . We choose them because they are all semiconductors with a rich photophysics that we will detail in the following. 

Band structure
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From now on, we will refer to the sole subset of transition metal dichalcogenide that we have studied as TMD. 2H-TMD present the same honeycomb lattice as graphene. However, the A and B site of the lattice are occupied by different atoms, breaking the inversion symmetry and reducing the principal rotation symmetry axis from C 6 to C 3 (Fig. 2.

3).

Those TMD undergo an indirect (in multilayer) to direct bandgap (in monolayer) transition (Fig. 2.4). Therefore, a TMD monolayer becomes a 2D electron system analogue to the III-V quantum well. The reduction of the PL intensity between a mono-and a bi-layer TMD is the smoking gun evidence of the indirect to direct bandgap transition but we will develop this later. In (Fig. 2.4 a) we present a MoS 2 dispersion relation without spins. However, due to the massive transition metal atoms in those systems, a strong spin-orbit coupling will occur in TMD.

Spin-orbit coupling, the band fine structure

Spin-orbit interaction H SO couples the angular momentum L with the spin momentum S by H SO ∝ L.S. Since L could be rewritten as L = r × k, the spin-orbit interaction couples the electron wavevector k with its spin as

H SO ∝ r × k.S (2.4) 
From (Eq. 2.4) we find opposite effect for opposite spins or k vector giving

H SO (k, ↑) = H SO (-k, ↓) = -H SO (k, ↓) = -H SO (-k, ↑) (2.5) 
Those relations, combined with the lack of inversion symmetry imply E(K, ↑) = E(K, ↓). This lead to a spin splitting at the K point and the opposite one at the -K point. In (Fig. [START_REF] Kormányos | Spin-orbit coupling, quantum dots, and qubits in monolayer transition metal dichalcogenides[END_REF].

TMD are then separated in two classes, the so-called bright and dark TMD. This nomenclature comes from optical properties that will be discuss later. A bright TMD presents the same spin splitting order in the conduction and valence band while a dark TMD presents an opposite spin splitting in conduction compared to valence band. The different spin splitting are summarized in Table 3.1

It seems that Molybdenum based TMD are bright unlike Tungsten based that are dark. However, recent work from Molas and co-workers [START_REF] M R Molas | Brightening of dark excitons in monolayers of semiconducting transition metal dichalcogenides[END_REF] brings debate on the bright character of MoS 2

which is predicted to be bright in tight binding or DFT calculation but only with a few meV energy difference between both spins. Interband transitions in electronic band structure define absorption lines. Such interband absorption relies on free carrier absorption. However, TMD absorption is dominated by excitonic effect instead of free carrier absorption. band induced by spin orbit coupling. Those data are taken from [START_REF] Koperski | Optical properties of atomically thin transition metal dichalcogenides: observations and puzzles[END_REF] and [START_REF] Kośmider | Large spin splitting in the conduction band of transition metal dichalcogenide monolayers[END_REF]. We indicate in the last line the bright or dark character of each TMD. B and D stands for bright or dark character of the TMD.

Optical properties

Absorption

TMD band structure, especially the splitting in the valence band due to the spin-orbit coupling, gives rise to two different electronic transitions. These two transitions therefore lead to two different optical absorption bands, the A and B ones. The A optical absorption line corresponds to the lowest energy transition while the B one is the highest energy transition (Fig. 2.6). [START_REF] Li | Measurement of the optical dielectric function of monolayer transition-metal dichalcogenides: MoS 2 , MoSe 2 , WS 2 , and WSe 2[END_REF]. These data have been taken on free standing samples.

From reflectivity measurement, we can extract the absorption coefficient for each material.

The reflectivity is linked to the real part of the refractive index by the Snell Descartes laws.

Using the Kramers-Kronig relation on the real part of the refractive index n, we get access to the imaginary part of the refractive index κ. In addition, the refractive index allows us to compute the imaginary part of the dielectric function ε with ε = 2nκ. Finally, using the dielectric function imaginary part ε and the refractive index real part, we can compute the absorption α as

α(ω) = ω n(ω)c ε (ω) (2.6)
with ω the incoming photon frequency and n(ω) the frequency dependent refractive index.

The light absorption of TMD layer strongly depends on the photon energy and presents several peaks (Fig. 2.6 c). Each peak corresponds to an excitonic transition which comes from the spin band structure. Actually, each exciton is related to an electronic transition in the conduction band however, the absorption for an exciton occurs below the electronic gap energy (Fig. 2.6 a).

Emission

On one hand, the TMD PL emission is dominated by the A exciton (Sect. 2.4) at room temperature. On the other hand, A exciton as well as its charged counterpart, the trion and defect related emission dominate at low temperature (Fig. 2.7). However, BN encapsulation gives sharper and cleaner emission peaks getting rid of the defect emission. BN encapsulated TMD A exciton emission width even approaches the homogeneous limit (Fig. 2.7) [START_REF] Cadiz | Excitonic linewidth approaching the homogeneous limit in MoS 2 -based van der waals heterostructures[END_REF][START_REF] Back | Realization of an electrically tunable narrow-bandwidth atomically thin mirror using monolayer mose 2[END_REF][START_REF] Scuri | Large excitonic reflectivity of monolayer mose 2 encapsulated in hexagonal boron nitride[END_REF]. The effect is particularly impressive on MoS 2 since the width is divided by 4 when encapsulated in BN and the intensity is roughly one order of magnitude higher. This highlights the cleaning effect induced by the encapsulation, further confirmed by the absence of defect related emission at low energy. On WS 2 and WSe 2 , the prominent emission peak usually assigned to the trion emission merged with some defect emission finally reveals a complex structure of many different peaks. The reproducibility and steadiness of those emission peak energies suggest a phonon assisted emission from momentum indirect exciton [START_REF] Lindlau | Identifying optical signatures of momentum-dark excitons in transition metal dichalcogenide monolayers[END_REF][START_REF] Lindlau | The role of momentum-dark excitons in the elementary optical response of bilayer wse 2[END_REF].

We will come back to the difference between exciton and free electron hole pair in section 2.4.

Before going any further, we will introduce the 2D materials vibrational properties.

Phonons in 2D materials

Generalities

In a crystal, vibrations can be decomposed on a normal mode basis, each normal mode being called phonon. The number of phonons N ph depends on the number of atom per unit cell N in the crystal as N ph = 3N . Each phonon has its own frequency that depends on the material weight since mechanical resonator frequency ω depends on its spring constant k, which depends on the phonon mode and its mass m as ω ∝ k m . In addition, the spring constant can be changed by strain effect, depending on the considered mode.

Interestingly, vibrational properties of a crystal depend on the electronic properties via electron phonon coupling. This gives rise to the temperature dependent electronic properties and to the doping dependence of the phonon frequencies which is modulated by the environmental condition, doping.

Phonons in graphene

With two atoms per unit cell, graphene hosts 6 different phonon modes. Their frequencies are changed by 3% per % of strain in the material. Therefore, such effect can be used as a probe for the strain if the phonon frequency is high enough to get measurable shifts. Phonon frequencies have been calculated [START_REF] Yanagisawa | Analysis of phonons in graphene sheets by means of hreels measurement and ab initio calculation[END_REF] and we report their dispersion relation in (Fig. The highest frequency phonons are the iLO and iTO modes ranging from 1200 to 1600 cm -1

giving shifts up to 45 cm -1 per strain% which is easily measurable [START_REF] Metten | Alloptical blister test of suspended graphene using micro-Raman spectroscopy[END_REF].

For graphene, the influence of the doping on the phonon frequency is typically 1% per 10 13 cm -2 which induced measurable 15 cm -1 shift of the iTO and iLO modes in graphene [START_REF] Froehlicher | Raman spectroscopy of electrochemically gated graphene transistors: Geometrical capacitance, electron-phonon, electron-electron, and electron-defect scattering[END_REF]. Therefore, iTO and iLO frequency could be a useful probe to monitor doping in graphene. However, to achieve this goal, we need an experimental technique that can be sensitive to iTO and iLO phonons.

Phonons in transition metal dichalcogenides

TMD vibrational properties are similar to the graphene ones. However, with 3 atoms per unit cell, one transition metal and two chalcogene for a monolayer, a monolayer TMD hosts 9 different vibrational modes (Fig. 2.10). Since TMD atoms are much heavier than graphene ones, the TMD phonon frequencies are lowered compared to graphene ranging from 150 (19meV) to 500 cm -1 (62 meV) for MoS 2 optical phonons [START_REF] Peng | Thermal conductivity of monolayer mos 2 , mose 2 , and ws 2 : interplay of mass effect, interatomic bonding and anharmonicity[END_REF]. Furthermore, accoustic phonon range from 0 to 150 cm -1 (19 meV). Depending on the TMD composition, the upper bounds could be changed. We also show the atomic displacement involved by each phonon at the Γ point where in plane modes are doubly degenerated. Adapted from [START_REF] Peng | Thermal conductivity of monolayer mos 2 , mose 2 , and ws 2 : interplay of mass effect, interatomic bonding and anharmonicity[END_REF].

Finally, for both graphene and TMD, increasing the number of layer, increases the number of atoms per units cells and hence the number of phonons.

Introduction to Raman scattering

Raman spectroscopy is an optical spectroscopy technique that gives access to the phonon frequencies and therefore to the doping strain environmental condition ... In a semi-classical picture, it relies on the inelastic light scattering of photons by the crystal giving rise to peaks that are shifted by the phonon frequency from the incident laser frequency (Fig. 2.10 a). The incoming phonon creates a virtual electron hole pair that interacts with a phonon before recombining radiatively emitting a photon at a different frequency. Adapted from [START_REF] Loudon | The raman effect in crystals[END_REF].
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The quantum description of the Raman process is as follows. An incident photon is absorbed, creating a virtual electron-hole pair that absorbs or creates a phonon via electron-phonon coupling. Finally, the electron-hole pair recombines radiatively, emitting a photon shifted compared to the excitation light frequency (Fig. 2.10 b). Such process is in general inefficient and only one photon per million undergoes inelastic scattering. For Raman interaction, a phonon needs to satisfy conditions on the dipole it induced. If this condition is fulfilled, the phonon is said Raman active. This activity can be calculated from group theory calculations developed in [START_REF] Dresselhaus | Group theory: application to the physics of condensed matter[END_REF].

On the one hand, the dipolar condition state if a given phonon can interact with the electromagnetic field or not. On the other hand, the momentum conservation imposes other conditions on the phonons. For first-order processes (i.e. involving only one phonon), the momentum conservation is written

k i ± q = k s (2.7)
with k i , k s the incident and scattered photons wavevectors and q the phonon wavevector. The maximum phonon momentum is roughly q max = a -1 = 3 × 10 9 m -1 with a the lattice constant.

To compare with the photon momentum which is roughly λ -1 = 2 × 10 6 m -1 . Since q max k s it becomes clear that we have only access to the lowest momentum phonon in lattices meaning that we are probing the phonon dispersion relations in the vicinity of the Γ point.

This analysis is valid for first order Raman processes. However, for n-th order processes (i.e.

involving n phonons) the momentum conservation law becomes

k i + n j=1 q j = k s (2.8)
Finally, the momentum matching condition becomes n j=1 q j ≈ 0. Therefore, higher order Raman processes are sensitive to phonons within the whole phonon dispersion as long as the sum over all their momentum is vanishing.

Raman spectroscopy of graphene

G-mode and 2D-mode

Phonon frequencies are sensitive to the doping and hence to the Fermi energy. Therefore, we will probe graphene Fermi energy using the two prominent features of the graphene Raman spectrum, the so called G-and 2D-mode (Fig. 2

.11).

The G-mode is a first order process which has been described above and corresponds to iTO and iLO doubly degenerated phonon mode at Γ . However, the 2D-mode is peculiar. It is a second order Raman process, which involves phonons at the K point. Moreover, both excitations and desexcitations have to be resonant to get a finite intensity [START_REF] Ferrari | Raman spectroscopy as a versatile tool for studying the properties of graphene[END_REF].

Theoretical modelling of the G-mode feature

A combination of theoretical and empirical modeling [START_REF] Froehlicher | Raman spectroscopy of electrochemically gated graphene transistors: Geometrical capacitance, electron-phonon, electron-electron, and electron-defect scattering[END_REF][START_REF] Pisana | Breakdown of the adiabatic born-oppenheimer approximation in graphene[END_REF][START_REF] Lazzeri | Nonadiabatic kohn anomaly in a doped graphene monolayer[END_REF][START_REF] Yan | Electric field effect tuning of electron-phonon coupling in graphene[END_REF][START_REF] Das | Monitoring dopants by Raman scattering in an electrochemically top-gated graphene transistor[END_REF] gives a protocol to extract the graphene Fermi level from its Raman characterization using both G-and 2D-mode features.

The G-mode features are theoretically described but the 2D-mode features is more complicated to described theoretically and its behavior with strain and doping is known empirically. In first approximation, the G-mode FWHM Γ G is inversely proportional to its lifetime. Since this phonon energy is roughly 0.2 eV, it can decay into an electron-hole pair as long as this mechanism is not Pauli-blocked. Therefore, the neutral graphene G-mode is wider compared to the doped graphene G-mode. The variation of the G-mode width ∆Γ G due to this effect can be written as 

∆Γ G = Γ G -Γ 0 = λ Γ 4 ω 0 G f - ω 0 G 2 -E F -f ω 0 G 2 -E F (2.9)
with ω 0 G the G mode frequency at zero doping, f (E) the Fermi-Dirac distribution and λ Γ the dimensionless parameter that reflects the electron-phonon coupling. Γ 0 takes into account every sources of broadening except the doping. Hence, it is the G-mode FWHM at high doping, when Γ G is vanishing.

We can define in the same way the difference between the G-mode frequency induced by doping ∆ω G . However, this quantity can be separated into two different contributions: ∆ω G = ∆ω A G + ∆ω NA G . ∆ω A G corresponds to the so called adiabatic frequency shift which takes into account the change in the graphene equilibrium lattice parameters due to the doping. However, this term brings negligible correction for small doping (E F < 1 eV). Moreover, ∆ω NA G is the non-adiabatic frequency shift that takes into account the phonon energy renormalization due to the phonon interaction with virtual electron-hole pair. This renormalization will be larger when the electron density increases. Finally, ∆ω NA G could be expressed as

∆ω NA G = λ Γ 2π - +∞ -∞ [f (E -E F ) -f (E)] E 2 sgn(E) E 2 -( ω 0 G /4) dE (2.10)
with -the Cauchy principal value. The solid and dashed lines correspond to a fit based on (2.10) and (2.9) for the hole and electron doped graphene respectively. Adapted from [START_REF] Froehlicher | Raman spectroscopy of electrochemically gated graphene transistors: Geometrical capacitance, electron-phonon, electron-electron, and electron-defect scattering[END_REF].

Data from (Fig. 2.12) have been recorded using an ionic top gate to control the Graphene Fermi energy and the theory agrees well with those data. Finally, the last tool is semi-empirical.

The G-mode frequency correlation with the 2D-mode frequency gives insights on the nature of the dopant and on the graphene strain. The slope described by this correlation gives this information (Fig. 2. [START_REF] Zomer | Fast pick up technique for high quality heterostructures of bilayer graphene and hexagonal boron nitride[END_REF] In a nutshell, an increase of the G-mode frequency alongside a decrease of its width indicates a doping of the graphene. The 2D-mode, G-mode frequency correlation allows us to determine the nature of the graphene dopant. Finally, the fitting of the G-mode width against frequency correlation using Eq. (2.9) and (2.10) allows us to quantitatively measure the graphene Fermi energy. Even though this protocol cannot be adapted to TMD, Raman spectroscopy can give insight on its doping level. For the same reason we can measure graphene doping level thanks to Raman spectrosocpy. 

Raman spectroscopy of TMD

Layer number determination using Raman spectroscopy

We have thoroughly studied the N-layer Raman response of different TMD [65? ], especially the N-layer MoTe 2 Raman response for N=1 to 12 and the bulk [START_REF] Froehlicher | Unified description of the optical phonon modes in N -layer MoTe 2[END_REF]. From the 4 Raman active modes in the monolayer, each duplicate following the the Davidov splitting while new low frequency mode appearing below 40 cm -1 in the multilayer samples. These low frequency modes consist of the movement of one layer with respect to the other as a whole (Fig. 2

.14).

To go further, we modelize the TMD slab as a finite linear chain of coupled mechanical oscillators. Each atom is represented by a material point linked to its nearest and second nearest neighbour by a spring. We use four different spring constant within the bulk, two for the nearest neighbours and two for the second nearest neighbour. The edge effects are taken into account by two additional spring constants (Fig 2 .15 a) Using this model, we were able to fit with the same force constant for each mode (Fig. 2.15 bd). Even though we present only the data on the out-of-plane modes, the model fits also in-plane modes [START_REF] Froehlicher | Unified description of the optical phonon modes in N -layer MoTe 2[END_REF]. However, different force constants have to be used. In the following, we will focus on the oX and iMX phonon modes since they are at relatively high frequencies and intensity for any TMD.

Doping dependence of TMD Raman modes

To characterize doping in TMD, we will make use of the oX mode (A 1 ) Raman mode [START_REF] Miller | Photogating of mono-and few-layer MoS 2[END_REF][START_REF] Chakraborty | Symmetry-dependent phonon renormalization in monolayer MoS 2 transistor[END_REF] (Fig. injecting 1.5×10 13 cm -2 dopant density in the MoS 2 layer. This gives a 0.5% frequency shift per ×10 13 electron per cm 2 .

𝑬 𝒈 (R) 𝐸 𝑢 (IR) 𝑬 𝟏𝒈 (R) 𝐸 2𝑢 (⋆) oX 𝑨 𝟏 ′ (R) 𝑨 𝟏𝒈 (R) 𝐴 2𝑢 (IR) 𝑨 𝟏𝒈 (R) 𝐵 1𝑢 (⋆) 1L 𝐴 2 ′′ (IR) oMX 𝑨 𝟏𝒈 (R) 𝐴 2𝑢 (IR) 𝐵 2𝑔 (⋆) 𝐴 2𝑢 (IR) 𝑬 ′ (R,IR) iMX 𝑬 𝒈 (R) 𝐸 𝑢 (IR) 𝑬 𝟐𝒈 (R) 𝐸 1𝑢 (IR)

Photodoping in TMD

Once the doping dependence of the A 1 mode frequency has been characterized, the photodoping of MoS 2 can be unravelled by measuring Raman spectra at different photon fluxes. By doing so, a decrease of the A 1 frequency has been revealed (Fig. 

Excitons in transition metal dichalcogenides

Introduction

Let us now differentiate the free carrier absorption from the excitonic absorption in a direct gap semiconductor. In the free carrier absorption, the photon energy is transferred to an electron lying in the valence band, promoting it to conduction band and leaving a hole in the valence band.

This absorption can only occur for photon energy at least equal to the electronic bandgap. Before going any further, we would like to emphasize that the electronic gap energy E g corresponds to the single particle gap E gs renormalized by the electron electron interaction E e-e . Therefore, the electronic gap is higher than the single particle gap and could be written as E g = E gs + E e-e .

For photon energy higher than the electronic gap E g , electrons (hole) will quickly decay to the bottom (top) of the conduction (valence) band by interaction with phonon before recombining radiatively (excluding non-radiative mechanism) from this position. Since holes and electrons do not interact with each other, they can be represented in a one particle representation (Fig. 2.17 a). This process has a rather flat absorption spectrum since the absorption is proportional to the density of state which is constant for 2D system, with parabolic dispersion. We described free carrier absorption but electrons and holes have opposite charge and therefore, they can attract each other's by Coulomb interaction. If this interaction is strong enough, an electron-hole bound state could arise. At this point, the electron hole pair cannot be considered as two different particles anymore but the pair should rather be considered as a single quasi-particle, the exciton. The exciton properties are defined by its constituents and then, the exciton centre of mass is the electron-hole centre of mass. The exciton momentum is K = k e + k h with k e (k h ) the electron (hole) momentum and its mass is M = m e + m h with m e (m h ) the electron (hole) effective mass. An exciton is a strong dipole and hence it can absorb light efficiently and its absorption is peaked around the energy E exc = E g -E b with E b (E g ) the binding (electronic gap) energy (Fig. 2.17 b). The lowest exciton energy E exc is called optical gap. The binding energy E b also defines the exciton stability with respect to the temperature. Hence in order to get a finite absorption at room temperature the binding energy has to verify E b > k B T .

Excitons Rydberg series

As hydrogen atoms, excitons have Rydberg series. The lowest energy state is the 1s and the equivalent of the ionization energy is the electronic bandgap since an ionized exciton is actually a free electron hole pair. In addition, the quasi-particle has its own dispersion relation which depends quadratically on its momentum K(Fig. 2.17 b). The binding energy is an important characteristic for an exciton. They are usually not stable at room temperature, so let us approximate this value for TMD.

Assuming a 2D hydrogen model with a homogeneous effective dielectric constant, the exciton binding energy for each exciton Rydberg state E n b is written as follows [68]

E n b = e 2 8πε eff a 0 • 1 n + 1 2 2 (n ∈ N). (2.11) 
with e the electron charge, a 0 the exciton Bohr radius and eff the effective dielectric constant averaging the dielectric constant outside and inside the TMD. The binding energy is then E 0 b . However, to properly estimate this energy, we first need the exciton Bohr radius which could be written as

a 0 = 4πε eff 2 µe 2 (2.12)
with µ the exciton reduced mass. The effective electronic and hole mass in a TMD is roughly half of the electron rest mass and then µ is around 0.25 electron rest mass [START_REF] Berkelbach | Theory of neutral and charged excitons in monolayer transition metal dichalcogenides[END_REF]. The exciton Bohr radius will strongly depend on the coulomb interaction intensity which in return depends on the dielectric screening. Lesser screening implies stronger Coulomb interaction and then smaller Bohr radius. Here, we consider that the layer is surrounded by vacuum. Giving the monolayer dielectric constant > 10 0 [START_REF] Molina-Sánchez | Phonons in single-layer and few-layer MoS 2 and WS 2[END_REF] we estimate the effective dielectric constant to 5 0 . Finally, this gives an exciton Bohr radius around 1nm and then an exciton binding energy E 0 b = 0.5eV which leads to stable exciton at room temperature. For comparison, we report in (Table 3.2) the reduced mass µ, the surrounding dielectric constant ε eff , the exciton binding energy and Bohr radius for three dimensional III-V semiconductor (GaAs), AlGaAs/GaAs quantum well and finally TMD We can now write the full exciton dispersion relation for any exciton state and momentum (Fig. 2.17 b). To test the 2D hydrogen model and measure the exciton binding energy, we need to access the exciton Rydberg series up to the highest principal quantum number possible. Each transition of the exciton series absorbs light. Therefore, the energy of the exciton level could be accessed by Photo Luminescence Excitation experiment (PLE). This experiment consists of sweeping the excitation energy across the different optical resonances. Since absorption is higher when the excitation is resonant with an excitonic state, this will induce a larger, lowest lying exciton, PL intensity [START_REF] Heather | Observation of excitonic rydberg states in monolayer mos 2 and ws 2 by photoluminescence excitation spectroscopy[END_REF].

E n exc = E g + 2 K 2 2M -E n b . ( 2 
Since each exciton state absorbs light, it could be recorded via direct absorption measurement. Higher Rydberg states have also larger Bohr radii, but this is already taken into account in the 2D hydrogen model. Furthermore, a larger Bohr radius implies that electric field lines generated by the exciton dipole leak more and more outside the TMD layer (Fig. 2.17 c). Finally, the effective dielectric screening affecting the electron hole pair is decreasing while the Bohr radius increases. This effect is not taken into account in the 2D hydrogen model and leads to the hydrogen model breakdown. To take this effect into account, a new Hamiltonian [START_REF] Berkelbach | Theory of neutral and charged excitons in monolayer transition metal dichalcogenides[END_REF] was proposed using Keldysh potential [START_REF] Lv Keldysh | Coulomb interaction in thin semiconductor and semimetal films[END_REF] describing the interaction between charges in a 2D electron gas with high dielectric contrast. This is typically the case of a TMD layer in contact with air. Even though this potential allows us to described qualitatively the exciton rydberg series, the potential describing quantitatively the screening effect in TMD excitons has not been found yet Interestingly, from those data, we can extract the exciton binding energy and therefore the electronic gap, 2.4 eV for WS 2 in air supported on SiO 2 . It is important to specify the dielectric environment for characteristic value such as gap energy because it is possible to tune those parameters by changing the dielectric environment. From Eq. 2.11 and 2.12, we found that increasing the dielectric screening reduces the exciton binding energy and therefore it should increase the emission energy. However, increasing the dielectric screening actually reduces the emission energy by roughly 10meV. This could be explained by the effect of the screening on the electronic bandgap itself, since in Eq. 2.13 both term E g and E b are affected by the dielectric screening and both by a reduction. At the end of the day, the effect on the electronic gap is larger than on the binding energy, reducing the TMD emission energy (Fig. 2.20 a). Finally, it is the energy difference ∆ 2s-1s between the 1s and 2s exciton state that will undergo the largest change in the optical properties.

The same type of measurements has been carried out recently on TMD encapsulated in BN since this encapsulation leads to sharper optical resonances. Sharper excitonic resonance should

give us an easier access to the exciton Rydberg series as presented in (Fig. 2.18). In [START_REF] Stier | Magnetooptics of exciton rydberg states in a monolayer semiconductor[END_REF] Stier and co-workers carried out magnetoabsorption experiment. A given exciton state energy E(B) will depend on the magnetic field as E(B) = E 0 +∆E dia +g ν µ B B where the last term takes the Zeeman splitting into account with µ B the Bohr magneton and g ν the exciton valley g-factor.∆E dia the exciton diamagnetic shift which depends quadratically one the magnetic field B.

∆E dia = e 2 8µ r 2 ⊥ B 2 (2.14)
The quadratic dependence with magnetic field gives access to the root mean-square of the exciton radius while the linear one gives access to the exciton Landé factor (Fig. 2.

19).

Keldysh potential takes into account non isotropic dielectric function. Therefore we can extract both binding and electronic gap energy: 1.890eV for BN capped WSe 2 .

In (Fig. 2.20 b) we report the energy difference ∆ 2s-1s for different dielectric environments.

TMD layers are usually supported on SiO 2 which has a dielectric constant of 3.9. On the other hand, boron nitride which is extensively used nowadays as substrate for TMD, has a slightly higher dielectric constant, 5.09 [START_REF] Wang | Layers dependent dielectric properties of two dimensional hexagonal boron nitridenanosheets[END_REF]. Therefore, ∆ 2s-1s for WSe 2 supported on SiO 2 is roughly [START_REF] Raja | Coulomb engineering of the bandgap and excitons in two-dimensional materials[END_REF], [B] come from [START_REF] Stier | Magnetooptics of exciton rydberg states in a monolayer semiconductor[END_REF] and [C] from [START_REF] Han | Exciton states in monolayer mose 2 and mote 2 probed by upconversion spectroscopy[END_REF]. The last value comes from our work.

10meV higher than WSe 2 on h-BN. However, adding a graphene monolayer with its high dielectric function changes the splitting ∆ 2s-1s by 40meV for a sole monolayer.

Within the 2D hydrogen model, the binding energy of the 2s state E 1 b can be written as E 1 b = 1 9 E 0 b with E 0 b the 1s binding energy. Therefore, the 1s state binding energy can be written as E 0 b = 9 8 ∆ 2s-1s . However, using the Keldysh potential based Hamiltonian, the 1s state binding energy becomes, empirically E 0 b = 2∆ 2s-1s [START_REF] Chernikov | Exciton Binding Energy and Nonhydrogenic Rydberg Series in Monolayer WS 2[END_REF][START_REF] Raja | Coulomb engineering of the bandgap and excitons in two-dimensional materials[END_REF].

Charged excitons (trions)

We introduced excitons which are bound states between electron and hole. In addition, three charges bound state could also exist and are called trions. It is worth mentionning that for high electron density compare to the exciton density, the existing bound state are attractive and repulsive polaron instead of trion and exciton respectively. However, we will refer to this species as trion and exciton. Even bi-excitons and charged bi-excitons have been reported in TMD recently [START_REF] Barbone | Charge-tuneable biexciton complexes in monolayer wse 2[END_REF]. Trions can be seen at room temperature, however bi-excitons are stable only at low temperature. Trions have a binding energy around 30 meV for any TMD which is sufficient to be stable at room temperature (Fig. 2.21 a). A strong trion emission and absorption at higher doping is shown in (Fig. 2.21 c-d). The neutral PL exciton intensity decreases when doping increases while charged excitons PL intensity increases. It is then interesting that doping can be measured by reflectivity or trion PL intensity.

However, it is in general difficult to find on a sample a perfectly neutral area and most of the time a residual doping induces a residual trion emission even without sizeable trion absorption in the neutral regime. Finding ways to regulate doping in TMD is then important.

Excitons dynamics

Excitons formation

Exciton creation mechanism is an active research field and several mechanisms have been discussed depending on the excitation energy and excitation intensity. At low intensity, photons can be absorbed in linear processes. However, high excitation intensity can lead to non linear absorption processes. Therefore, it can perform second harmonic generation or two-photon absorption, two non linear processes. In the following we will discuss TMD linear absorption mechanisms.

Since TMD present roughly a 500 meV exciton binding energy, the A1s excitonic absorption is 500 meV below the free electron hole pair absorption. Therefore, it is easy to excite the TMD above the A1s absorption but below the free carrier absorption. Moreover, the exciton creation mechanism remains unclear when exciting in between different exciton rydberg state. However, there will always be some residual absorption coming from the different excitonic state. Therefore, we should create excitons. Finally, exciting between the optical and electronic gap should induce the direct creation of higher lying exciton that will then cascade via exciton phonon interaction to the A1s state. However, we do not know which phonon is involved in this mechanism neither its efficiency.

Furthermore, a TMD excited above the electronic gap should create free electron-hole pairs that will then form bound states and decay non radiatively to the A1s state. Such creation mechanism should be slower than the direct exciton creation since the exciton is not created directly. However, it has been demonstrated that exciton creation time from a population of unbound electron hole pairs happen within a sub-picosecond timescale [START_REF] Steinleitner | Direct observation of ultrafast exciton formation in a monolayer of wse2[END_REF].

Once the electron hole-pair decays to the A1s exciton state, it will live a given time before decaying.

Recording the A exciton PL time trace can give insight on the exciton creation mechanism, creation time and exciton lifetime.

Excitons dynamics

To study the intrinsic exciton lifetime we need a time resolved technique. Among them, femtosecond transient absorption spectroscopy (pump probe) has the smallest temporal Instrumental

Response Function (IRF), 100 fs resolution for a commercial system. However, transient absorption and more broadly non-linear spectroscopy rely on high fluence pulses. Therefore, monolayer TMD could perform two photon absorption or second harmonic generation since it is non centrosymmetric crystal. These effects will blur the excitation energy. In addition, high fluences also imply large exciton density leading to exciton-exciton interactions that end up in a very complex dynamic. This is why we will not use this type of technique.

Contrary to the non-linear spectroscopy, Time Resolve Photo-Luminescence (TRPL) needs a detector with a time resolution and then high frequency (THz) electronic which is uncommon and tricky to realize for direct detection with Avalanche Photo Diode (APD) (cf Appendix B).

Detection with a streak camera is different and relies on the same principle as oscilloscope (cf.

Appendix B). TRPL has therefore a 500 fs temporal IRF at best with a state of the art streak camera. But more commonly it has a ∼5 ps IRF. The relatively long IRF is compensate by the possibility to maintain a linear excitation to record PL time trace.

To get insights into a material radiative lifetime, it is better to perform TRPL measurements at low temperature to avoid any temperature effects on the TRPL dynamics. However, at low temperature the TMD exciton dynamics is very fast and below the standard 5 ps resolution [START_REF] Korn | Low-temperature photocarrier dynamics in monolayer mos2[END_REF].

Hence it is only recently that low temperature dynamics has been uncovered [START_REF] Robert | Exciton radiative lifetime in transition metal dichalcogenide monolayers[END_REF] using state of the art TRPL setup. Those measurements have been performed on MoSe 2 at different temperatures, from 4K up to room temperature. In (Fig. 2.22) the extracted exciton lifetime on MoSe 2 is 1.8ps. The exciton lifetime is different from the exciton radiative lifetime in general. However, each decay time involves a new exponential decay in the PL time trace. The absence of any longer decay time in their data, the rise of a secondary longer time around 100 K (Fig. 2.23) and the temperature independence of the exciton lifetime below 40K give them arguments to consider this short decay time to be the radiative decay time τ 0 rad . It is then reasonable to think that they have measured radiative decay time even if there is no indisputable evidence of this. In addition, this short decay time combined with the excitation energy below the free carrier absorption indicate that the emission comes from a non-thermalized exciton population at low momentum. We have to emphasize now that an exciton can emit a photon only if it fulfills a momentum matching condition with the photon dispersion relation ω ph = ck ph . If the exciton momentum is too high, it will not couple to light and therefore it will not emit light.

Between 40K and 100K, the exciton lifetime starts to decrease due to the exciton-phonon inter-action that kicks exciton out of the light cone. This should induce a second longer decay time but the population that leaves the light cone is too small to be detected. Finally, above 100K this population is large enough to be recorded (Fig. 2.23) and gives rise to a PL time trace with a short and a long decay time. The short decay time corresponds to a non-thermalized emission while the longer one corresponds to the thermalized population.

At this point, we have to emphasize that rising time (the time needed to reach the time trace maximum) is not resolved on the time trace. Therefore, the exciton creation time is below the IRF, giving a 0.5 ps upper bound to the exciton creation time. Increasing the temperature increases the thermalized over non-thermalized population ratio as well as the effective radiative lifetime τ eff rad corresponding to the thermalized population radiative decay rate. This lifetime increases because the exciton Boltzmann distribution explores larger K when temperature increases. In addition, the escape time outside of the light cone becomes shorter and shorter. Finally, the effective radiative lifetime is

τ eff rad = 3k B T 2E 0 τ 0 rad (2.15)
with k B the Boltzmann constant and E 0 the maximum kinetic energy for an exciton to couple to light (Fig. 2.23 a,b) [START_REF] Robert | Exciton radiative lifetime in transition metal dichalcogenide monolayers[END_REF]. Eq.(2.15) gives a linear dependence of the exciton effective radiative lifetime due to the thermalization. Therefore, the lifetime should increase with temperature above 100 K. However, with increasing temperature, excitons diffuse more and more. Hence, they are more likely to collide with each other. This could induce exciton-exciton annihilation (EEA) also known as Auger recombination.

Controlling exciton dynamics

Before going further, we have to mention that recent TRPL measurements on BN encapsulated MoSe 2 layer bring new insights on the excitonic dynamics in TMD monolayers [START_REF] Fang | Control of the exciton radiative lifetime in van der waals heterostructures[END_REF]. First we need to emphasize that the radiative lifetime τ 0 rad depends on the dielectric environment as

τ 0 rad = εm e E g k 0 E X 0 e 2 a 2 0 (2.16)
with E X 0 the exciton emission energy and k 0 = E X 0 √ ε/ c the light wavevector in the dielectric environment. From (2.16) we found that radiative lifetime increases with the dielectric screening.

However, BN defines an optical cavity (Fig. 2.24 a) that impacts the radiative lifetime through Purcell effect.

For practical reason, when people perform such TRPL experiment, the excitation laser energy is most of the time off resonant. Therefore, a photon has to be absorbed while a phonon is created in the material (Fig. 2.24 b) to finally create an exciton. These leads to the formation of a high momentum exciton population which are not optically active since such exciton are outside of the lightcone. Such high momentum population will form a reservoir. Excitons in the reservoir will be bring to the bottom of the exciton dispersion relation via exciton-phonon interaction at a rate Γ relax . Once inside the lightcone, an exciton can desexcite radiatively at a rate Γ X . Solving the rate equation model presented in (Fig. 2.24 c) gives the time dependent population of the optically active state n X (t)

n X (t) = n 0 R τ relax -τ X exp -t τ relax -exp -t τ X (2.17)
with n 0 R the population in the exciton population in the reservoir at t = 0, τ X and τ relax the characteristic time associated with Γ relax and Γ X respectively. Remarkably, Eq. (2.17) depends only on | τ relax -τ X | as shown in (Fig. 2.24 d). in addition, a bare TMD layer supported on SiO 2 , has a τ relax much below the experimental sensitivity and cannot be resolved. Therefore, in this condition, the time trace is a mono-exponential decay with a characteristic time τ X .

However, when encapsulated into BN, the exciton phonon coupling is soften and τ relax can be measured. For BN encapsulated samples, the relaxation time becomes actually larger than the exciton desexcitation time and has been measured in (Fig. 2.24 e). Finally, by modulating the bottom BN thickness, the cavity can be tuned on and off resonant modulating the radiative lifetime of the exciton (Fig. 2.24 f).

Non linear effect: Auger recombination

Auger recombination is a non linear process involving two different excitons that interact together.

One of them decays non radiatively by transferring its energy to the second via dipole/dipole interaction. Therefore, the second becomes a free electron hole pair (Fig. 2.25). Auger recombination will be more likely to happen at high exciton density, but also for highly diffusive exciton. Since an exciton that diffuses more is more likely to interact with another one.

The exciton-exciton annihilation is a non linear effect that depends on the square of the exciton population. Therefore, EEA can be brought to light by increasing the photon flux. A non linear behavior with respect to excitation intensity is the indubitable proof of exciton non linear decay mechanism such as Auger recombination.

The Auger effect has been studied in detail in [START_REF] Kulig | Exciton diffusion and halo effects in monolayer semiconductors[END_REF], extracting from their experiment the exciton diffusion coefficient (Fig. 2.26 a).

Interestingly, the time trace reported in (Fig. 2.26) shows a dip appearing at sufficiently high excitation energy density. In real space this corresponds to a ring shape emission pattern. Such pattern is due to the increase of the diffusion coefficient thanks to the Auger effect (excitonexciton annihilation). The effective diffusion coefficient modified by the Auger effect is D eff = D + R A n 0 w 2 0 /16 with R A the Auger coefficient, n 0 and w 0 the initial peak density and width of the exciton distribution. Exciton-exciton annihilation will occur between two near excitons and diffusion could bring them close together. On the other hand, an Auger recombination will give a kick to the exciton increasing its momentum and therefore its diffusion coefficient. This is how this effect is understood.

We have a picture of the exciton decay mechanism and dynamics, but many questions about the exciton creation mechanism and dynamics remain unanswered. The exciton creation time is shorter than one ps. However, this is just an upper bond and there is no clear exciton creation mechanism yet. In addition, given the high exciton binding energy, exciting below or above the free carrier absorption could change the exciton formation mechanism and finally very little is known about this.

Spin-valley locking and valley excitons

Selection rules

We already emphasized the effect of the valence band splitting that lead to the energy difference between A and B exciton (cf Section 2.2.3). However, we did not discuss yet the effect of the conduction band splitting. Since this splitting is small, both transitions could be possible leading to different exciton split by few tens meV. However, the total angular momentum has to be conserved. Therefore, an optical selection rule rises for photon incidence perpendicular to the TMD plane.

m h + m e = m ph mod 3 (2.18)
with m e (m h ) the electron in the conduction band (hole in the valence band) angular momentum and m ph = ±1 the photon total angular momentum. The mod 3 takes into account the three fold rotation symmetry of the system [START_REF] Liu | Electronic structures and theoretical modelling of two-dimensional group-vib transition metal dichalcogenides[END_REF]. The valence (conduction) band angular momentum has been calculated to be 2 (0) [START_REF] Kośmider | Large spin splitting in the conduction band of transition metal dichalcogenide monolayers[END_REF][START_REF] Sallen | Robust optical emission polarization in MoS 2 monolayers through selective valley excitation[END_REF]. Combined with the electron spin, we end up with the total angular momentum given in (Fig. 2.27). We remind that total angular momentums are given for electrons in the valence and conduction bands. However, holes in the valence band have Before going further, we would like to emphasize that valley selectivity in monolayer TMD should not be present in any multilayer sample. By a simple symmetry argument, we can show that even number of layers TMD should not display valley polarization. However, odd numbers of layers present this polarization. This is due to the presence or absence of an inversion center. Since its presence, in even number of layer TMD samples, imposes that spin up sub-band energy at K

E(K, ↑) = E(-K, ↑).
This should unprotect the valley polarization and destroy valley properties. However, reports of robust valley polarization in bilayer TMD exist [START_REF] Zhu | Anomalously robust valley polarization and valley coherence in bilayer ws2[END_REF]. Such polarized emission could be explained by extrinsic factors such as defect or strain that locally break the inversion symmetry of the system. It could also rise from the intrinsic physics of the spin-orbit coupling [START_REF] Liu | Intrinsic Circular Polarization in Centrosymmetric Stacks of Transition-Metal Dichalcogenide Compounds[END_REF] that has been predicted to give circularly polarized PL emission for bilayer TMD up to 93%. 
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Valley polarization and coherence

Using circularly polarized light, it is possible to create an exciton population in a given valley giving rise to the valley pseudo-spin ±1. Let us define an exciton with ±1 pseudo-spin as |±1 , a right or left polarized photon as |σ ± and finally a vertically (horizontally) polarized photon as |V (|H ). We can use Jones formalism to map any perfectly polarized states on a two dimension vector space, usually people use the {|V , |H } basis but |σ + , |σ -basis could be used instead of the previous one 1 . In this basis we can express the vertically and horizontally polarized photon as follow,

|V = i √ 2 |σ + -|σ - (2.19) |H = 1 √ 2 |σ + + |σ -. ( 2 

.20)

A linear polarization is then a sum of both circular polarizations with a fixed phase relation between them, which is by definition a coherent superposition of circularly polarized photons.

Therefore, using linear polarization to excite the A exciton, results in the creation of a coherent superposition of exciton at + and -K valley. This superposition for vertical or horizontal polarizations is then written as

|V ←→ i √ 2 (|+1 -|-1 ) (2.21) |H ←→ 1 √ 2 (|+1 + |-1 ) (2.22)
Excluding every spin relaxation and decoherence mechanisms for excitons, the photon absorbed by the excited state will then be re-emitted as it was absorbed i.e. circularly polarized for a exciton in a given valley and linearly polarized for a coherent superposition of excitons.

But there is obviously spin relaxation and decoherence mechanism that will be discussed in the following.

Exciton pseudo-spin relaxation and decoherence

Spin relaxation mechanisms in transition metal dichalcogenide is still an active topic and the question « what are the spin relaxation mechanisms? » has no clear answer yet, but there is few mechanisms that are discussed in the literature.

First, the electron phonon interaction could give rise to a spin flip and could have enough momentum to change electron valley number however, this phonon mediated process is likely to happen for a single charge but unlikely to happen for a whole exciton because electron and hole has to be scattered at the same time. Due to its phononic nature, this process should be thermally activated.

Second, the Coulomb exchange interaction could also play a key role here. Since excitons in 2D system present large binding energy and small Bohr radii, the exchange interaction will be important in TMD. Such interaction will link the + and -K valley together via dipole-dipole interaction. This process is somewhat similar to a Förster energy transfer and should vanish at K = 0 [START_REF] Maialle | Exciton spin dynamics in quantum wells[END_REF][START_REF] Wang | Colloquium: Excitons in atomically thin transition metal dichalcogenides[END_REF]. In the end, it is rather complicated to determine an analytical form of those decay mechanism. Most of the time an effective model and rate equations are used to describe this physics.

Rate equations for the exciton pseudo-spin relaxation

Even though it is complicated to understand which mechanism is destroying the valley polarization, by performing polarization resolve measurement in the steady state, we can extract the valley lifetime by using rate equations that give the dynamics of population with a given spin n ± .

First the observable is the contrast ρ between emitted light intensity in both circular polarization for a given circular excitation (I σ+ (σ ± )), and is defined by, Once a valley is optically pumped, the created exciton could either decay from this valley or first be exchanged to the other valley and then decay. The rate equation governing the exciton pseudo-spin population dynamic, and moreover the exciton population dynamics, could be written as [START_REF] Mak | Control of valley polarization in monolayer MoS 2 by optical helicity[END_REF] 

ρ = I σ+ (σ + ) -I σ+ (σ -) I σ+ (σ + ) + I σ+ (σ -) = n + -n - n + + n - . (2.23) +K K q 1 q 2 +K K a) b)
  ṅ+ = Aφ + Γ s n --Γ s n + -Γ d n + ṅ-= Γ s n + -Γ s n --Γ d n - (2.24) 
with A the TMD absorption, Γ s the exchange rate between the exciton pseudo-spin up and down and Γ d the total (radiative and non-radiative) decay rate. In the steady state, the time variation disappears and Eq. (2.24) becomes,

       Γ s n + + Γ d n + = Aφ + Γ s n - Γ s + Γ d Γ s n -= n + .
(2.25)

Combining Eq. (2.23)) and (2.25) allow us to rewrite the contrast ρ in terms of decay and exchange rate as follow,

ρ = 1 1 + 2Γs Γ d (2.26)
However, Eq. (2.26) stands for excitation that creates population in a given valley. This is valid for purely resonant excitation. Furthermore, such measurements are most of the time done slightly of resonant and therefore, it could be possible in the exciton creation mechanism to marginally populate the second valley. Therefore, we can introduce a ρ 0 < 1 term that will takes this effect into account transforming eq.(2.26) into

ρ = ρ 0 1 + 2Γs Γ d (2.27)

Rate equation for the exciton decoherence

We can measure the coherence in the steady state, the same way we measure the polarization defining a new ratio γ which depends on the co (I XX ) and cross (I XY ) polarization intensity.

γ = I XX -I XY I XX + I XY .
(2.28)

The same way we express ρ with respect to population, we will express γ with respect to the coherent (n c ) and uncoherent (n u ) populations. Let us assume that no pure dephasing mechanisms are at work here. If a coherent state undergoes an intervalley scattering, it will lose its coherence but a coherent state will not be retrieved after an intervalley scattering of an uncoherent state (Fig. 2.29 b). The copolarized intensity contain the whole luminescence emitted by the coherent population by definition but also half of the incoherent population since incoherent light has fifty percent photons with a given polarization and fifty percent in the orthogonal polarization (i.e. 50%

A� � d � d � s a) b) n + n - A� � d � d � s n c n u
vertically and 50% horizontally polarized photons). The copolarized intensity could be written

as

I XX = n c + 1 2 n u .
For the same reason, I XY contain only half of the incoherent population emission and I XY = 1 2 n u . The valley coherence could be written as,

γ = n c n c + n u . (2.29)
The rate equations in the steady state are

       Aφ = Γ s n c + Γ d n c n u = Γ s Γ d n c .
(2.30)

The valley degree of coherence γ, by combining Eq. (2.29) and (2.31), then becomes,

γ = 1 1 + Γs Γ d (2.31)
This shows that coherence is longer lived than the spin population as long as no other dephasing mechanisms are present.

State of the art

Valley contrast have been tracked in many different samples. The first report of valley polarization has been done in 2012 [START_REF] Mak | Control of valley polarization in monolayer MoS 2 by optical helicity[END_REF] and valley coherence in 2013 [START_REF] Jones | Optical generation of excitonic valley coherence in monolayer WSe 2[END_REF]. monolayer PL emission at 30 K excited with a vertical polarization analysed on a vertical (blue) and horizontal (green) polarization basis. Adapted from [START_REF] Jones | Optical generation of excitonic valley coherence in monolayer WSe 2[END_REF].

On MoS 2 , the PL emission is perfectly circularly polarized (Fig. 2.30 a). However, the same year and for the same material (MoS 2 ) at least three different values has been reported: 100% [START_REF] Sallen | Robust optical emission polarization in MoS 2 monolayers through selective valley excitation[END_REF][START_REF] Mak | Control of valley polarization in monolayer MoS 2 by optical helicity[END_REF], 50% [START_REF] Cao | Valley-selective circular dichroism of monolayer molybdenum disulphide[END_REF] and 32% [START_REF] Zeng | Valley polarization in mos2 monolayers by optical pumping[END_REF]. Those data then need to be taken cautiously. Moreover, the PL emission of WSe 2 when excited with a linear polarization is linearly polarized even if it is not perfectly polarized. Here, a 35% valley coherence degree have been reported (Fig. However, report of room temperature valley polarization have been done but they all rely on defective samples [START_REF] Lagarde | Carrier and polarization dynamics in monolayer MoS 2[END_REF][START_REF] Mccreary | Understanding variations in circularly polarized photoluminescence in monolayer transition metal dichalcogenides[END_REF]. Since highly defective sample are short lived, they could display non vanishing valley polarization contrast. However, the valley coherence is fragile and can be destroyed by scattering on any defects. Therefore, low quality samples do not display valley coherence which remains elusive at room temperature. The protection of these properties up to room temperature stills a challenge. We will go back to this problematic in Chapter 4.

Van der Waals heterostructures 2.5.1 Introduction

Semiconductor heterostructures have been grown for decades, using 3D semiconductor grown on top of each other (e.g. GaAs/AlGaAs). Even if each semiconductor slab can be grown as thin as it is needed, out of plane dangling bonds will remain as the signature of their 3D nature. Therefore, the dangling bonds of the two semiconductors will form covalent bonds. Hence, such structure could be called covalent heterostructure. For thick semiconductor layer, the strain will relax within a µm. However, to get thin heterostructure, the dangling bonds impose drastic conditions on lattice mismatch. Since few percent lattice mismatch between the two semiconductors could lead to cracks in the atomic structure with dramatic effect on the electronic and optical properties of the 2D system.

In addition, 2D materials have no-out-of plane dangling bonds and can therefore be stacked together without lattice mismatch problem. Since there are no covalent bounds, the 2D materials are held together by van der Waals interaction and virtually any 2D material can be stack on a together. Therefore, such structures are called van der Waals heterostructure. In the following, we will make use of different 2D materials to realize those heterostructure. The optical dielectric constant is taken perpendicular to the layer for BN , the optical gap value is taken from [START_REF] Watanabe | Direct-bandgap properties and evidence for ultraviolet lasing of hexagonal boron nitride single crystal[END_REF]. The dielectric constant values comes from [START_REF] Laturia | Dielectric properties of hexagonal boron nitride and transition metal dichalcogenides: from monolayer to bulk[END_REF].

Even with lattice mismatch as high as 44%, the crystalline structure of the 2D materials will be minimally altered in such structure. Beside their easy implementation as compared to covalent heterostructures, van der Waals heterostructures allow us to improve 2D materials properties. A TMD encapsulated in BN get sharper optical resonance (cf Sect. 2.4) [START_REF] Cadiz | Excitonic linewidth approaching the homogeneous limit in MoS 2 -based van der waals heterostructures[END_REF].

More interestingly, those structures can form moiré pattern that can give new properties such as superconductivity in twisted bilayer graphene [START_REF] Cao | Unconventional superconductivity in magic-angle graphene superlattices[END_REF] (Fig. 2.31 a). Giving the large range of properties covered by layered compound, Van der Waals structure allows us to create sharp and clean interfaces between different 2D electron gas, tune the distance between them and study interactions between them in a way that was not possible before.

The simplest case of van der Waals heterostructure is the encapsulation in hexagonal boron nitride (BN). BN is an interesting layered material, insulator with a dielectric constant of 4 slightly higher than the silicon dioxide one in the visible range. It could be exfoliated down to a monolayer giving a very nice tool to control the distance between two materials. As a [START_REF] Withers | Lightemitting diodes by band-structure engineering in van der Waals heterostructures[END_REF]. Graphene layers are contacted to be used as electrodes.

substrate, BN is perfectly flat and crystalline and when stacked with other TMD or graphene, usual assembly technique allows to agglomerate dirt and dust in big pocket leaving perfectly flat and clean interface (Fig. 6.6) behind [START_REF] Zomer | Fast pick up technique for high quality heterostructures of bilayer graphene and hexagonal boron nitride[END_REF][START_REF] Pizzocchero | The hot pick-up technique for batch assembly of van der Waals heterostructures[END_REF][START_REF] Ks Novoselov | 2D materials and van der Waals heterostructures[END_REF]. BN encapsulation removes all the adsorbate on both side enhancing 2D material properties. Graphene encapsulation enhances its mobility to the state of the art suspended graphene mobility [START_REF] Cory R Dean | Boron nitride substrates for high-quality graphene electronics[END_REF][START_REF] Bolotin | Temperature-dependent transport in suspended graphene[END_REF]. [START_REF] Wang | One-dimensional electrical contact to a two-dimensional material[END_REF].

b) AFM topography of the graphene region. No bubbles or residue can be seen. c) TEM image of a cut normal to the substrate. BN is present between white dashed lines and graphene between the red dashed lines. No residue can be seen. Figure adapted from

In (Fig. 6.6 b) the AFM image shows a flat landscape except three bubbles highlighted in blue aside the graphene layer highlighted in yellow. The TEM image of the stack along the stacking direction also shows no adsorbate between the BN and the graphene (Fig. 6.6 c). This cleaning effect can be observed on any 2H-TMD, graphene or BN interface.

Transition metal dichalcogenide hetero-bilayer

Despite its effect on optical or electronic properties, the effect of BN is to remove any adsorbate from the layer it encapsulates and by this mean enhance the layer properties. However, the BN itself do not interact with the material it encapsulates. It is the BN flatness, its layered character and finally its crystalline structure: hexagonal with a given lattice parameters that impact the capped layer. Even in the case of Moiré lattices, it is only the lattice constant that matters.

Even though BN does not interact with TMD nor graphene layers, a TMD layer can interact with another one in heterobilayer. Each TMD can host strong dipole due to excitonic effect and they can interact together leading to Förster Energy transfer. Semiconductor can be doped and therefore charges can be exchange between the two layers. It is also possible to define pn junction in such system. Moreover, TMD always form type 2 heterojunction (Fig. 2.33) with top valence band in one material while the lowest conduction band is in the other one. This will lead to various effects that we will discuss in the following. With such alignment, the exciton momentum will vanish leading to the interlayer exciton light emission. However, as the angle between TMDs crystalline axis tends to 30 • , the interlayer exciton PL intensity decreases. In this case, the PL reduction is due to the misalignment between the crystalline axis that increase the exciton momentum until it gets out of the light cone. At this point, the exciton is no more able to decay radiatively (Fig. 2.34 a,c).

It is also interesting to note that TMD neutral exciton PL intensity is always reduced. The quenching factor range from 40 with perfectly aligned bilayer (θ = 60 • ) to 20 for perfectly misaligned bilayer (θ = 30 • ). This suggests that, charges can circumvent the momentum mismatch for misaligned hetero-bilayer [START_REF] Zhu | Interfacial charge transfer circumventing momentum mismatch at 2D van der Waals heterojunctions[END_REF] via electron defect scattering. Alternatively, it could also be the smoking gun of an energy transfer from a TMD to the other [START_REF] Kozawa | Evidence for fast interlayer energy transfer in MoSe 2 /WS 2 heterostructures[END_REF].

Transition metal dichalcogenide/Graphene heterostructure

To further study the interaction between two dimensional layers, we study the TMD/Graphene heterostructure. Graphene is a semimetal, easy to contact on which local technique to study doping and strain have been developed (cf. Chapter 3). Graphene is usable as an electrode to create ohmic contact with TMD. A TMD monolayer displays large exciton PL intensity. However, when interfaced with graphene the TMD PL yield drops dramatically (Fig. 2.35), with a quenching factor of 300. This highlights the strong interaction between those two materials. The interactions between TMD and graphene are basically the same as TMD/TMD. The PL quenching can originate from a charge transfer from the TMD to graphene, or it could also be the signature of an energy transfer since graphene. Since graphene has been demonstrated to be a good Förster energy transfer at least for semiconductor quantum dot or nano platelet [START_REF] Federspiel | Distance dependence of the energy transfer rate from a single semiconductor nanostructure to graphene[END_REF].

In the following, we will only consider photoinduced charge transfer. We will completely overlook static charge transfer of the native TMD doping to graphene. Even though it could occur, it will take place as soon as the graphene layer touches the TMD one. Therefore, we will not be able to study this.

Here charge transfer refer to any mechanism that increase the Fermi energy of graphene in our case. The charge transfer from TMD to graphene could be extrinsic (slow and mediated by defects, adsorbate...) or intrinsic, induced by charge separation and is a much faster process [START_REF] Massicotte | Picosecond photoresponse in van der Waals heterostructures[END_REF]. However, both mechanisms are photo-induced. The extrinsic effect could be (among many different scenarios) desorption of electronegative species such as water or dioxygen molecule. Such electronegative molecule attract electrons to them and hole-dope the graphene layer, shining light on the stack will desorb molecules and release electrons they was trapping into the graphene (Fig.

b).

Moreover, The intrinsic mechanism relies on the light excitation of excitons in the TMD that will transfer one of their charges into graphene, electron or hole, depending on the out of plane hopping term for the two species and the band alignment between TMD and graphene (Fig. 2.36 a). The charge transfer from TMD to graphene is a tunnel process and hence its efficiency decays exponentially with the interlayer distance.

Finally, both extrinsic and intrinsic charge transfer are reversible in air but the desorption of molecule is not reversible in vacuum.

Energy transfer process consists of transferring an excitation from a donor to an acceptor. 

Such transfer could be mediated by many different process such as dipole-dipole interaction called

Förster type energy transfer (Fig. 2.37 a) or Dexter type energy transfer that regroup dipolemultipole, multipole-multipole interaction and charge exchange (Fig. 2.37 b). The former is relatively long range and can be efficient up to 10 nm while the latter has 1 nm range.

Both Förster and Dexter type energy transfer are non radiative processes. On the first hand, Dexter energy transfer is a short range process depending on the wave functions overlap between donor and acceptor and its efficiency decay exponentially with the distance between donor and acceptor. On the other hand, Förster type energy transfer is quite long range and depends on the spectral overlap between the donor luminescence and the acceptor absorption and their dipole relative orientation. For point like donor and acceptor at a distance larger than 2 nm, the Förster transfer rate Γ F ∝ R -6 with R the distance between donor and acceptor. Being extensively used in biology, this configuration of energy transfer has been largely studied both experimentally and theoretically but in our case, the distance between donor and acceptor is short, around 7 Å and both donor and acceptor are 2 dimensional. Therefore, the distance dependence of the Förster energy transfer rate should be Γ F ∝ R -4 . This case has not been studied in depth experimentally mainly because it is difficult to find a model system. However, van der Waals heterostructure could be an interesting platform to study this high dimension Förster energy transfer. Few pioneer works exist already though [START_REF] Froehlicher | Charge versus energy transfer in atomically thin graphene-transition metal dichalcogenide van der waals heterostructures[END_REF][START_REF] Selig | Theory of optically induced förster coupling in van der waals coupled heterostructures[END_REF]. Since graphene is used in various devices, the interlayer interaction between TMD and graphene has already been studied using several experimental techniques. Spectroscopists make use of pump probe experiments [START_REF] He | Electron transfer and coupling in graphene-tungsten disulfide van der Waals heterostructures[END_REF][START_REF] Yuan | Photocarrier generation from interlayer charge-transfer transitions in ws2-graphene heterostructures[END_REF], while other groups make use of electrical measurement in TMD/graphene based devices [START_REF] Zhang | Ultrahigh-Gain Photodetectors Based on Atomically Thin Graphene-MoS 2 Heterostructures[END_REF].

The pump probe experiments bring insights into the TMD dynamics when interfaced or not with graphene (Fig. 2.38). Those experiments have been carried out at room temperature.

As stated before, pump probe experiment needs high fluence to get a measurable signal.

Therefore, the exciton lifetime for the bare WS 2 layer, 21 ps, is rather short compare to usual ns lifetime [START_REF] Robert | Exciton radiative lifetime in transition metal dichalcogenide monolayers[END_REF][START_REF] Lorchat | Room-temperature valley polarization and coherence in transition metal dichalcogenide-graphene van der waals heterostructures[END_REF] of the WS 2 measured by TRPL (Fig. 2.38 a). However, this time becomes even shorter when WS 2 is interfaced with graphene, highlighting the effect of graphene on the WS 2 excitons (Fig. 2.38 c). The similar results on graphene on SiO 2 and graphene on WS 2 when pumped below the optical gap further confirm that electron hole pair are transfered to graphene and the massive PL quenching (fator 200) (Fig. 2.38 b,d,e,f). The interlayer interaction has been assigned to a fast electron transfer from TMD to graphene with a ps -1 rate. However, energy transfer have been completely ignored in this work. Furthermore, a photoinduced net charge transfer has been demonstrated in an MoS 2 /graphene heterostructure [START_REF] Zhang | Ultrahigh-Gain Photodetectors Based on Atomically Thin Graphene-MoS 2 Heterostructures[END_REF]. The sample are made of cm 2 scale CVD grown MoS 2 and graphene.

In this work, the measure of the source drain with respect to the gate voltage gives a charge neutrality point for the graphene at V g = 5 V in air. On the other hand, when the sample is illuminated, the charge neutrality point is reached for V g = -20 V. This prove the net charge transfer from the MoS 2 to the graphene. Therefore, the author attribute the exciton lifetime shortening to this charge transfer. However, It appears that the charge neutrality point in the dark under vacuum is shifted to V g = -15 V, while it goes to V g = -20 V under illumination, same as in air. Such changes with the experimental conditions could be a hint of extrinsic charge transfer.

Finally, the effect of energy transfer even though it has been shown to play an important role in colloidal quantum dot graphene [START_REF] Federspiel | Distance dependence of the energy transfer rate from a single semiconductor nanostructure to graphene[END_REF] and in TMD/TMD heterostructure [START_REF] Kozawa | Evidence for fast interlayer energy transfer in MoSe 2 /WS 2 heterostructures[END_REF] is not discussed in any of these works. 

Conclusion

We overviewed graphene and TMD properties and introduce interlayer interaction in TMD/graphene heterostructure.

Graphene is a semimetal that absorbs 3% over a broadband from infra-red to visible range making it a good Förster type energy acceptor. On the other hand, its semimetalic character makes it a good Dexter type energy acceptor. Then we discussed the graphene vibrational properties, we introduced an optical technique relying on Raman spectroscopy to quantitatively measure the graphene Fermi level.

TMD, with their high spin-orbit coupling and the lack of inversion symmetry show a non spindegenerate band structure giving rise to the so called valley properties. The strong confinement inherent to their 2D nature allows strongly bound exciton to appear. Those excitons dominate the optical absorption spectrum and the luminescence comes mostly of the lowest energy exciton. We also review excitons properties, their valley pseudo-spin inherited from the TMD electronic valley properties and excitons selection rules. And lastly the decoherence and depolarization mechanism in TMD.

Finally, we gave some insights on different interaction mechanisms between graphene and TMD in van der Waals heterostructure: interlayer charge or energy transfers. we also emphasized the difference between Dexter and Förster type energy transfer their donor/acceptor distance dependence and underlying mechanism.

Since TMD graphene heterostructure are used to demonstrate new type of devices, it is mandatory to understand interlayer interaction in those systems. In order to do so, we will measure the graphene Fermi energy using Raman spectroscopy to characterize interlayer charge transfer in TMD/Graphene. Since we can control the interlayer distance with a BN spacer, we will also be able to get insight on the energy transfer especially Förster type energy transfer which can be relatively long range. Thanks to the trion emission, we can monitor the TMD doping level at low temperature to understand what happen to the TMD native doping. Finally, we will introduce some ways to recover TMD valley contrast at room temperature using TMD/graphene heterostructure or by coupling TMD to cavity.

Related publications

• G. 3 Interlayer coupling in TMD/Graphene heterostructures

Introduction

Graphene and TMD are basic building blocks for complex structures. For example, graphene is used as a very high quality back gate for electrical control of TMD monolayer or graphene bilayer properties [44][28]. However, interactions between TMD and graphene are poorly characterized even though the different types of interaction are well known. In such semiconductor/metal heterostructure, charge and energy transfer are the main interaction mechanism.

On the one hand, charge transfer will always modify the Fermi energy of both TMD and graphene.

This effect can be seen for any transfer rate. In addition, with a charge transfer rate comparable to the exciton recombination rate, charge transfer could lead to the reduction of the exciton lifetime. On the other hand, energy transfer, which consist in the transfer of an electron hole pair from an acceptor (e.g. TMD) to an acceptor (e.g. graphene) would lead to the emission of the acceptor. However, graphene is a semi-metal and therefore will not emit any light from this transfer since any electron hole pair in graphene decay non radiatively much faster than the radiative recombination. In addition as for the charge transfer, a fast energy transfer will result in a shorter excitonic lifetime in TMD.

All recent observations of modified exciton dynamics in TMD/graphene heterostructure have been attributed to charge transfer with a ∼1 ps -1 rate and no further discussion for the microscopic mechanism [111][110]. In addition, a photoinduced net charge transfer from TMD to graphene has been demonstrated [110][113]. However, it has also been shown in Graphene quantum dot heterostructures that graphene can be a good Förster energy transfer acceptor [107][114].

Since TMD exciton are very strong in-plane dipoles and graphene dipoles are in-plane as well, it is likely that Förster type energy transfer occur, since Förster energy transfer is dipole mediated (cf Chapter 2). Such interaction mostly affects TMD exciton dynamics and is rather long range.

A second type of energy transfer exists, the Dexter energy transfer. This transfer is mediated by electron and needs spatial overlap of the graphene and TMD electronic wavefunction to occur.

Finally, TMD could transfer charges to graphene and vice versa. This charge transfer can be photoinduced [START_REF] Zhang | Ultrahigh-Gain Photodetectors Based on Atomically Thin Graphene-MoS 2 Heterostructures[END_REF], a photoexcited exciton is broken to transfer one of its charges to graphene (cf chapter 2). For each electron transferred to graphene by this mechanism, a hole is left in the TMD. This charge transfer mechanism is also a non radiative decay mechanism. Such net charge transfer induces a change in the materials Fermi level and could be photoinduced or rely on native doping from the TMD layer.

To properly characterize interlayer interaction in TMD/Graphene heterostructures, we com- 

Experimental approach

To study interlayer coupling, we choose MoSe 2 /Graphene heterostructures as a model system.

First, we simply fabricate a monolayer MoSe 2 /Graphene heterostructure supported on SiO 2 . We characterize it using Atomic Force Microscopy (AFM) PL and Raman spectroscopy (Fig. 3.1).

From the AFM measurement, we found that in the area within the dashed line contour (Fig. 3.1 a), the graphene layer is only 6.5Åaway from the TMD while it is 2.2 nm away from TMD elsewhere. This is the difference between what we will call coupled and decoupled region respectively.

In (Fig. 3.1 d,f) we observe a 300 times quenching of the PL on the coupled region compared to the bare TMD which is a 99.7% quenching efficiency. This also suggests a lifetime reduction by the same factor. We will investigate the change in the TMD dynamics when interface with graphene in (Sect. 3.4). The quenching comes along with a minor red shift of the exciton emission energy ∼ 10meV (cf. Chapter 2). This shift is expected since graphene has a large dielectric constant and therefore modifies the exciton binding energy [START_REF] Raja | Energy transfer from quantum dots to graphene and MoS 2 : The role of absorption and screening in two-dimensional materials[END_REF]. In addition, the PL lineshape on the bare and decoupled TMD present a shoulder an the red side of the spectra. This shoulder can be attributed to the trion emission. However, this shoulder is absent on the heterostructure, suggesting the TMD neutralization by graphene. This effect is very small but we will come back to it in (Sect. 3.5)

The strong PL quenching goes along with modification of the graphene Raman spectra. The most striking is the 2D-mode increased frequency (Fig. 3.1 e,i) by 20 cm -1 . The 2D-mode frequency can be approximated [START_REF] Mafra | Determination of la and to phonon dispersion relations of graphene near the dirac point by double resonance raman scattering[END_REF] by

ω 2D = ω 0 2D + 2 v T O v F ω l (3.1)
with ω 0 2D the intrinsic 2D mode frequency (cf Chapter 2), v T O the transversal optical phonon velocity and v F the graphene Fermi velocity. The increase of the 2D-mode frequency could ei- 

f) Hyperspectral PL intensity map of the whole sample, the white dashed line corresponds to the coupled region. g-k) Hyperspectral Raman map for the G-mode frequency (g), G-mode width (h), 2D-mode frequency (i), 2D-mode width (j) and finally G-mode/2D-mode intensity ratio. All maps have the same scale bar as (a). Map have been recorded using cw 2.33 eV (532 nm

) laser excitation at a photon flux Φ ph = 2 × 10 19 and Φ ph = 2 × 10 22 cm -2 .s -1 for the PL map and the Raman map respectively. Figure reproduced from [START_REF] Froehlicher | Charge versus energy transfer in atomically thin graphene-transition metal dichalcogenide van der waals heterostructures[END_REF] ther come from the decrease of the Fermi velocity or from the increase of the transverse optical phonon velocity [START_REF] Forster | Dielectric screening of the Kohn anomaly of graphene on hexagonal boron nitride[END_REF]. Such change can be induced by the change of the dielectric screening when graphene is interfaced with TMD [START_REF] Berciaud | Probing the intrinsic properties of exfoliated graphene: Raman spectroscopy of free-standing monolayers[END_REF][START_REF] Neumann | Line shape of the raman 2d peak of graphene in van der waals heterostructures[END_REF]. However, there is no effect on the 2D-mode when graphene is decoupled from the MoSe 2 . In addition, the exciton emission energy is shifted due to the dielectric change induced by graphene for both coupled and decoupled spectra. Therefore, the change in the 2D-mode frequency is not well understood yet and deserves more studies to conclude on its origin.

The G-mode width reduction by ∼10 cm -1 alongside the G mode frequency increase by 8 cm -1 indicates a doping of the graphene layer (Fig. 3.1 e,g,h). Finally, the intensity ratio between the 2D-and the G-mode is also reduced on the heterostructure, additional proof of the graphene doping. This photoinduced doping will be characterized in the following section (Sect. 3.3) using this characterization method and the graphene doping measurement scheme present in Chapter 2. To properly characterize the graphene doping mechanism, we perform graphene Raman spectroscopy at different photon flux (Fig. 3.2) to get insight on the microscopic mechanism.

Photodoping

We extract fitting parameters from (Fig. 3.2) and report them in (Fig. 3.3). We found photo induced effect only on the coupled region while uncoupled or bare graphene region display photon flux independent behavior.

The increase of the G-mode frequency as well as the width reduction with the photon flux indicate a photoinduced doping of the graphene (Fig. 3.3 a,b). The 0.11 slope in the ω 2D , ω G correlation (Fig. 3.3 e) is the signature of an electronic doping (cf chapter 2). Finally, we perform these measurements increasing and then decreasing the excitation intensity. We record no difference in the Raman features proving the reversible nature of the photodoping effect in our measurement conditions. In (Fig. 3.3) we found that graphene Fermi energy seems to saturate.

In addition, even if graphene is known to photodope in presence of oxygen or moisture [START_REF] Ryu | Atmospheric oxygen binding and hole doping in deformed graphene on a SiO 2 substrate[END_REF], there [START_REF] Froehlicher | Charge versus energy transfer in atomically thin graphene-transition metal dichalcogenide van der waals heterostructures[END_REF] is no effect on graphene on SiO 2 . This highlight that MoSe 2 play a role in the doping mechanism.

Finally, we extract the flux dependence of the graphene photodoping. We display the results in (Fig. 3.4)

The Fermi energy saturates at 280 meV. Different scenarios can be imagine to explain this saturation. However, we should first get insights into the photodoping mechanism, extrinsic and mediated by desorption or intrinsic and due to exciton electron transfer to the graphene. To better understand this, we will monitor the photoinduced doping in the TMD layer, looking for a hole doping.

Photodoping in MoSe 2

Since the doping is efficient only when MoSe 2 is interfaced with graphene, we should find the trace of a hole doping in the TMD, since graphene is electron doped. It has been demonstrated that the A' 1 monolayer TMD Raman mode could be used as a doping probe [START_REF] Miller | Photogating of mono-and few-layer MoS 2[END_REF]. A' 1 mode frequency decreases and its width increases while it is doped by electron. Since A' 1 mode has a much lower frequency (240 cm -1 ) the absolute value of the shift will be much smaller.

In (Fig. 3.5 b), we found that A' 1 mode frequency is sharper and its frequency is higher at any photon flux. This suggests an electron transfer in the dark from the TMD to the graphene. Since pristine MoSe 2 is usually n-doped [START_REF] Ross | Electrical control of neutral and charged excitons in a monolayer semiconductor[END_REF], MoSe 2 is probably neutralized by graphene. However, the same trend is recorded for the coupled MoSe 2 /graphene region than for the other (decoupled and bare MoSe 2 ) indicating an electron doping in MoSe 2 . On the other hand, as the photon flux increase, the difference between the coupled MoSe 2 /graphene and the bare MoSe 2 A' 1 frequency (width) increases (decreases). This is the signature that MoSe 2 coupled to graphene is less photodoped with the photon flux, corresponding to a net hole transfer from the graphene to the MoSe 2 .

Reproducibility

We have well characterized the photodoping effect on one sample. However, before going further, we characterize several samples and extract their Fermi energy with respect to the photon flux In (Fig. 3.6) we uncover for each sample a saturation level within 250±50 highlighting the reproducibility of the photodoping mechanism. More interestingly, for the same photon flux, each sample displays a different doping. The different sensitivity of our heterostructures highlights the sample dependent efficiency of the net charge transfer process. The similarity in the saturation limit points toward an intrinsic doping saturation mechanism. However, the different efficiency of the doping mechanism is most likely due to the extrinsic nature of the doping mechanism. We will prove the extrinsic nature of the doping mechanism by performing the same measurement in different environments. The Raman mode frequency is decreasing while the width is increasing, sign of an electron doping for any region even though this effect is smaller for the coupled region. c) Correlation between the width and the frequency of the A' 1 . To compare what happens in the coupled with respect to the uncoupled region, we represent the difference between coupled and uncoupled region or coupled and bare MoSe 2 region. Figure reproduced from [START_REF] Froehlicher | Charge versus energy transfer in atomically thin graphene-transition metal dichalcogenide van der waals heterostructures[END_REF] In the following we will test the role of adsorbate by measuring the doping level in air and in vacuum. The doping should be reversible in air since desorption can be balance with absorption for a given flux while it should be irreversible in vacuum because no molecule can be reabsorb after desorption.

Because SiO 2 is much rougher than two-dimensional materials there could be adsorbate trapped in between the layered compound and the substrate. To get rid of those adsorbates, we will deposite a BN/TMD/Gr stack on SiO 2 and fully encapsulate one of our heterostructure in BN.

Finally, to check the role of band offset between the semiconducting layer and the graphene, we measure the phtodoping effect for differetn TMD. 

Environmental and substrate induced effects

Measurement in ambient air vs in vacuum

To check the effect of adsorbates in the photodoping effect, we measure graphene Fermi energy while sweeping the incident photon flux. We therefore carried out the same measurement under vacuum. Since changing environment is an easy way to verify the intrinsic character of an effect.

Under vacuum, the PL quenching is smaller than under ambient condition (Fig. 3.7 a). However, the B exciton is more prominent under vacuum than in ambient conditions. This is the smoking gun of a reduction of the A exciton lifetime which is probably due to an efficient nonradiative decay mechanism. Since there is less adsorbate at the surface under vacuum than in ambient conditions, exciton diffuses on larger distances. Finally, the Auger recombination will be more efficient under vacuum than in ambient conditions.

It is interesting to note that every G-mode characteristics are almost pined at their extreme value (Fig. 3.7 b-d). In addition, when we ramp up the photon flux, the G-mode frequency increases.

However, when we ramp down the power, the G mode frequency is pinned to its maximum value.

This shows that the net charge transfer mechanism is irreversible, meaning the absence of charge leaking channel.

We acquire Raman spectra on the fly after insulating the sample for the first time at t=0 and acquiring spectrum every 30 or 60 second, trying to get insight on the doping mechanism efficiency. Using a cw laser excitation, we record spectrum using high photon flux 8x10 23 cm -2 .s -1 (Fig. 3.8) to get a measurable signal within the 30 or 60 s camera exposure.

We found that G-mode frequency and therefore doping increase slowly while the sample is insulated. Given the absence of leaking channel that would allow the extraction of charges from the graphene, the net charge transfer is a slow process.

The net charge transfer mechanism could be related to desorption of electronegative molecule adsorbate at the surface. In ambient condition desorption can be quickly compensated by the absorption of another molecule. Therefore, an equilibrium between absorption and desorption give the doping level. However, under vacuum molecule will not be reabsorb easily, finally leading to a slow increase of the doping level up to the saturation value. To test our hypothesis, we choose to change substrate.

Substrate effects

We first choose to measure Raman characteristic of a Graphene/MoSe 2 heterostructure supported on Si/SiO 2 substrate (Fig. 3.9). The stacking order is then the following: SiO 2 /Graphene/MoSe 2 /air. We found that there is no difference between MoSe 2 /graphene and graphene/MoSe 2 heterostructures. However, both structure are directly in contact with air and SiO 2 . Since SiO 2 is a rough substrate, compared to the atomic flatness of 2D materials, adsorbate could also reside in between the bottom layer and the substrate.

To completely screen our structure from the outer world, we encapsulate it into BN. Since BN is atomically flat and presents the same cleaning effect as TMD interfaced with graphene, the interlayer distance in this case tends to zero. Hence, the interface is perfectly clean. In the encapsulated heterostructure, the G-mode frequency remains wide at 1582 cm -1 showing an undoped character and no more photodoping is visible (Fig. 3.10). The side peak on the G mode marked by an asterisk (Fig. 3.10 a) is the signature of a Moiré lattice between the top BN layer and the graphene layer underneath [START_REF] Eckmann | Raman study on defective graphene: Effect of the excitation energy, type, and amount of defects[END_REF]. It is present for angles between graphene and BN lattice vector smaller than 2 • . Since we do not give a particular attention to the alignment, we were first confused to find such a peak. However, it has been demonstrated that thermodynamically, graphene on BN is stable if the graphene/BN lattice vector angle is 0 • and metastable for a 30 • angle. If the stack is heated above 100 • C, it will spontaneously rotate to adopt one of the configuration [START_REF] Wang | Thermally induced graphene rotation on hexagonal boron nitride[END_REF]. Since we heat our sample up to 180 • during the fabrication process, we do expect the graphene to rotate and adopt the Moiré lattice configuration.

The PL lineshape is a bit broader under vacuum, this probably come from the sample inhomogeneity since both spectra have been taken on different sample region. Finally, the net charge transfer effect is absent when the heterostructure is encapsulated, pointing again toward a adsorbate mediated process.

In the previous experiment, we demonstrate that MoSe 2 play a role in the doping mechanism.

We recorded graphene photoinduce doping as long as MoSe 2 is in contact with SiO 2 or air.

Therefore, we do not expect to find doping if we remove the BN top layer to get an heterostructure that look like this: SiO 2 /BN/MoSe 2 /graphene. Since it is impossible to just remove the BN capping layer on our previous sample, we fabricate a new one to test this idea. As expected, graphene does not display any change of the graphene G-mode. This shows that doping is not photomodulated in graphene. In addition, a wide G mode (FWHM> 12) combined with its small frequency (ω G < 1583) indicates a neutral graphene (Fig. 3.11).

Photodoping in other TMD/Graphene heterostructures

The saturation Fermi level, if it relies on band alignment or intrinsic mechanism, should be different for different TMD. We then perform our characterization on various TMD/graphene heterostructure, starting with WSe 2 /graphene structure. Intriguingly, WSe 2 /graphene heterostructure has the same behavior than MoSe 2 /graphene. PL is quenched by two orders of magnitude.

Electrons are transferred to graphene, in a reversible manner in ambient condition while it is not under vacuum. Finally, the doping level saturate at ≈ 300 meV (Fig. 3.12).

We then go for WS 2 /graphene heterostructures with the same approach.

WS 2 PL emission occurs at 2 eV. In addition, graphene 2D-mode energy is ≈330 meV. Since we usually use a 2.33 eV (532 nm) laser excitation to record Raman response, the 2D-mode is drown in the WS 2 PL signal. Therefore, we are not able to record the 2D mode using 2.33 eV (532 nm) laser excitation. To get rid of this problem, we also use a slightly sub resonant excitation at 1.96 eV (633 nm). Using such excitation, we found the same increase (decrease) of the G-mode frequency (width) with increasing power (Fig. 3.13 b-d). The G-2D-mode correlation in ambient condition has a 0.08 slope indicating an electron doping. However, under vacuum the 2D-mode frequency is down shifted probably because the measurements have not been carried out on the same point. Hence strain could change the 2D-mode frequency.

We found on WS 2 the same doping behavior than on other TMD and again the same saturating value of the G-mode and therefore of the graphene Fermi level with respect to the photon flux.

We have again transfer electron to graphene )
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Energy (eV) Finally, MoS 2 /graphene heterostructure is the only heterostructure that behaves differently from the MoSe 2 /graphene one.

First, the quenching factor is only one order of magnitude on MoS 2 compare to the usual 2 order of magnitude. This is not that surprising since the B exciton on MoS 2 has a measurable intensity contrary to the MoSe 2 . This highlight the poor radiative decay efficiency compare to the non radiative one on the bare MoS 2 . The G mode frequency does not increase with the photon flux anymore. On the other hand, the G mode frequency (1586 cm -1 ) and width (≈ 10 cm -1 ) indicate a probable doping of the graphene layer (Fig. 3.14 b,d). Since we do not dope the graphene, it is impossible to make use of the 2D-, G-mode frequency correlation to get the ) nature of the dopant (Fig. 3.14 c). Interestingly, the PL intensity of MoS 2 present a shoulder on the red part of the spectrum which correspond to the trion emission. However, this shoulder is totally absent from the MoS 2 /graphene heterostructure. Therefore, it is probable that the slight non photoinduced doping in graphene is actually coming from MoS 2 neutralization by graphene. )
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Discussion

Results summary

We have evidence the graphene electron photodoping when interfaced with MoSe 2 in air. Since it is photo induced, the graphene Fermi energy depends on the photon flux and saturate at 300 meV at photon flux > 10 24 cm -2 .s -1 . Since TMD are known to be photodopable [START_REF] Miller | Photogating of mono-and few-layer MoS 2[END_REF][START_REF] Chakraborty | Layer-dependent resonant raman scattering of a few layer mos2[END_REF], we also demonstrate the TMD photodoping. However, this effect is less pronounced when the MoSe 2 is interfaced with graphene than for bare MoSe 2 confirming the electron transfer from the TMD to the graphene. This two photodoping effect are reversible in air. )
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Energy (eV) On the other hand, graphene Fermi energy saturate at any photon flux under vacuum as long as we insole the heterostructure long enough. We also demonstrate that even at 8 × 10 23 cm -2 .s -1 photon flux, the doping reach the saturation within five to ten minutes. In addition, once we reach the saturation level, turning off the light for one minute do not reduce significantly graphene doping level.

Going further, we completely screen the TMD/graphene heterostructure from the outer world by encapsulating it in BN flakes. In this structure, we found no evidence of doping meaning that graphene Fermi energy remain in between ±100 meV, since our doping measurement technique is not sensitive enough to measure such doping. Finally, we prepare a BN/TMD/graphene sample.

In this condition, the TMD layer still free from adsorbate thanks to self cleaning mechanism in van der Waals heterostructure. However, the graphene layer remain in contact with air so the heterostructure itself is not screened from the outer world. In this condition, we still not able to record any doping. We have summarized this results in the table 3 ior as the MoSe 2 /Gr heterostructure. Even though small photoinduced doping as already been observed in this system even at low photon flux [START_REF] He | Electron transfer and coupling in graphene-tungsten disulfide van der Waals heterostructures[END_REF][START_REF] Roy | Optically active heterostructures of graphene and ultrathin MoS2[END_REF].

Mechanism

We will discuss this results using a toy model to describe the temporal evolution of the graphene doping level ṅ.

ṅ = αΦ -Γ leak n (3.2)
With Φ the incident photon flux, α a coefficient that represent the photodoping efficiency and Γ leak the dopant leak rate from the graphene. Such model cannot reproduce the saturation except if α depends on the population n but we have no clue of this dependence.

First, the photodoping of the TMD has been attributed to desorption of electronegative species from the TMD [START_REF] Miller | Photogating of mono-and few-layer MoS 2[END_REF] that will release electron in the TMD. It is this free electron that will then be transferred to the graphene. This mechanism also suggest that native doping should be transferred to graphene leaving the TMD neutral (cf Sect. 3.5).

In air, the competition between the desorption and adsorption of molecules on TMD gives a nonvanishing Γ leak and leads to a steady state value for the graphene Fermi energy (E F ) at a given photon flux. Therefore, the saturation happen when the photon flux is high enough to desorb every molecule adsorb on the TMD surface leading to the maximum graphene doping level.

Contrary to measurement in air, under vacuum no molecule can be adsorbed on the TMD once they have been desorbed from the TMD. Therefore, Γ leak is vanishing leading to the saturation at any photon flux and the irreversibility we found under vacuum. The irreversibility under vacuum also demonstrate that Γ leak < 1 min -1 in eq.(3.2) since the doping level do not change over several minutes in the dark.

We have the same results for SiO 2 /MoSe 2 /Gr and SiO 2 /Gr/MoSe 2 samples, indicating that adsorbate are either at the air TMD interface, or at the TMD/SiO 2 interface, which is expected since SiO 2 is a rough substrate. However, removing adsorbate thanks to the self-cleaning effect in van der Waals heterostructure block graphene photodoping below our 100 meV sensitivity and most likely block completely this mechanism.

The doping is actually found only when TMD or graphene is in contact with SiO 2 . Therefore, this effect could also be induced by the interaction between TMD or graphene and SiO 2 . The saturation mechanism that lead to the same doping level for MoSe 2 , WSe 2 and WS 2 graphene heterostructure remain unclear. If each of these materials has the same adsorbate density or it could also be some kind of band alignment that underlies this effect. Finally, the MoS 2 /graphene heterostructure behavior also remain a mystery. Even though [START_REF] He | Electron transfer and coupling in graphene-tungsten disulfide van der Waals heterostructures[END_REF] using electrical measurement

shows that graphene doping density saturate below 10 12 cm -2 for 10 16 cm -2 .s -1 photon flux.

In this condition, our method could not be used since Raman spectrum integration time at 10 20 cm -2 .s -1 photon flux is already two hours. Therefore at 10 16 cm -2 .s -1 photon flux, we would have to integrate over years !

Conclusion

In conclusion, we have demonstrated a photoinduced net charge transfer from MoSe 2 , WSe 2 and WS 2 to graphene. However, we have not been able to show it in MoS 2 /graphene heterostructure.

We attribute this charge transfer to the desorption of electronegative species such as water or oxygen molecules that release electron into the TMD. Therefore, the photodoping is an extrinsic mechanism as well as a marginal effect even though it is easily measurable. It is marginal since the photon flux we are using are typically 10 23 cm -2 .s -1 while the transferred electron density is typically 5×10 12 cm -2

To further confirm our mechanism, we expect to recover photodoping as long as the TMD layer is in contact either with air or SiO 2 . Therefore we would like to perform our characterization on SiO 2 /TMD/Gr/BN and SiO 2 /BN/Gr/TMD samples. The presence of photodoping effect in these samples would confirm our hypothesis.

Exciton dynamics in MoSe 2 /graphene heterostructures

We have demonstrated that net charge transfer is a marginal effect. The accumulation of a finite charge density under laser illumination is slow and can not be the main quenching mechanism that removes 99% of the excitons at room temperature for any environmental conditions. Therefore it cannot explain the massive PL quenching. This could be the fingerprint of both, Dexter or Förster energy transfer (cf. Chapter 2). To differentiate all those effect, we choose to study the temperature and TMD-graphene distance dependence of the exciton dynamics in MoSe 2 /Graphene heterostructure. Even though the particular case of TMD/Graphene heterostructure has not been extensively studied theoretically, people start to address temperature and distance dependence of Förster energy transfer [START_REF] Selig | Theory of optically induced förster coupling in van der waals coupled heterostructures[END_REF].

Room temperature exciton dynamics

For high excitation intensity, non linear desexcitation mechanism arise (i.e. Auger effect) resulting in the sub-linearity of the PL intensity with the excitation photon flux. Therefore, we first perform steady state PL measurement at different photon flux in order to check the importance of non linear effect in the PL. The MoSe 2 PL intensity is highly sub-linear in air while it is weakly sub-linear at the lowest excitation intensity under vacuum before going linear (Fig. 3.15 a). This is most likely due to the removal of adsorbate under vacuum allowing exciton to diffuse more since there is less scattering center. Therefore, excitons are more likely to collide and undergo an Auger effect leading to the non radiative destruction of an exciton. Finally, exciton dynamic in bare TMD is mostly governed by Auger effect. In addition, the PL intensity on the heterostructure is linear. Therefore, the heterostructure exciton dynamics is governed by the graphene induced desexcitation rate.

To measure the exciton dynamics, we carried out TRPL measurements in collaboration with Xavier Marie's group at LPCNO in Toulouse.

To extract the exciton lifetime, we fit the time trace with a convolution of an hyperbolic secant (1/ cosh(x)) to take into account the IRF and an exponential decay. First, the exciton lifetime on the heterostructure is completely mixed up with the IRF. Therefore, we cannot extract exciton lifetime. However, the exciton lifetime is resolved on the bare TMD. Here we can extract a 63 ps and 36 ps lifetime for the exciton in air and under vacuum respectively. Compare to the 1 ns measured on bare MoSe 2 using a 633 nm (1.96 eV) excitation in [START_REF] Froehlicher | Charge versus energy transfer in atomically thin graphene-transition metal dichalcogenide van der waals heterostructures[END_REF] this 63 ps measured with a 705 nm (1.76 eV) laser excitation is rather odd. However, the latter present a quenching factor of only 20, highlighting either the reduction of the bare MoSe 2 quantum yield after cooling the sample down to 4K and bringing it back to ambient conditions or the signature of non linear effect such as Auger recombination (cf Chapter 2). In the other hand, we have already evidence such excitation energy dependent quenching factor for WS 2 (Fig. 3.13) with a 300 quenching factor excited at 532 nm (2.33 eV) while the quenching factor is only 20 for a 633 nm (1.96 eV) laser excitation.

For freshly exfoliated sample excited at 532 nm (2.33 eV) with a cw laser, the quenching factor depends strongly on the photon flux since Auger recombinations play a key role in the excitonic dynamic. Finally, we measure the quenching factor using 100 nW beam focalized on a µm 2 resulting in a 200 W.cm -2 power density. Using this excitation power, we extract the quenching factor in air for different TMD and we summarized it in table 3 Finally, it is hard to understand the influence of Auger recombination on the TMD photophysics. Therefore, it will be easier to measure intrinsic properties at low temperature. The exciton lifetime will be much shorter lived at 4K (∼1 ps) than at room temperature (∼1 ns)

forbidding the accumulation of exciton in the TMD and the rise of non linear recombination.

Temperature dependence

SiO 2 supported heterostructure

We perform the TRPL measurements on S3 samples on bare MoSe 2 and MoSe 2 /graphene region.

The exciton dynamics is the same on both regions below 80K. The only difference is a second longer decay time on bare MoSe 2 compared with the heterostructure. This faint longer lived population is probably due to exciton localization (Fig. 3.17).

We fit the experimental PL time trace using the same method described above and report them in Fig. 3.18.

The exciton dynamic from 14 to 80 K, Fig. 3.18, is in perfect agreement with previously reported 2 ps lifetime at 4 K measured in [START_REF] Robert | Exciton radiative lifetime in transition metal dichalcogenide monolayers[END_REF]. Interestingly the MoSe 2 lifetime is the same as the exciton lifetime on the heterostructure. Therefore, the new decay time τ G induced by the graphene has to be slower than the radiative decay time. This already puts a lower bound to τ G at 2 ps at 4 K. The lifetime then decreases with temperature to enter the IRF at temperature higher than 80 K for both MoSe 2 and heterostructure. To further characterize τ G we continue to sweep the temperature from 90 K to 250 K Fig. 3.19.

A long excitonic lifetime starts to rise on MoSe 2 at 90 K due to the thermalization of the exciton population. However, the excitonic lifetime on the heterostructure remains below the IRF. Since we show that τ G is larger than 2 ps at 14 K, and that graphene does not impact exciton lifetime from 14 K to 80 K, we expect to resolve the exciton lifetime above 90 K. Therefore, its absence denotes that τ G has been reduced when temperature increases. Or the decay mechanism is highly wavevector dependent since the long lived thermalized exciton population has large wavevector contrary to the short lived non thermalized excitation (cf Chapter 2). .17: Data taken on S3 (SiO 2 /MoSe 2 /Graphene). Upper panel, TRPL spectrum for MoSe 2 from 14 K (in dark red) to 80 K (in yellow). The grey line is the IRF of our system. The lower panel is dedicated to the MoSe 2 /Graphene heterostructure where no longer lifetime is seen. However the lifetime is above the IRF up to 80K and is comparable to the bare MoSe 2 lifetime. The excitation wavelength is 705 nm

Encapsulated heterostructure

To get better optical properties we choose to encapsulate our sample in boron nitride.

Encapsulation into boron nitride removes all the adsorbate at the TMD surface. Therefore, the relaxation time from a reservoir of high momentum exciton to the A exciton emissive state is increased (cf. 2.4.2.3). In (Fig. 3.20) we show that graphene reduce the MoSe 2 relaxation time when it is encapsulated in BN. On MoSe 2 both rise and decay time are resolved corresponding to the exciton recombination time and relaxation time respectively. Since the effective radiative lifetime τ eff 0 depends on the dielectric environment as τ eff 0 = √ ετ vac 0 with τ vac 0 the excitonic lifetime in vacuum, the MoSe 2 lifetime should increase when encapsulated in BN. Interestingly, The A exciton dynamic in MoSe 2 /graphene encapsulated in graphene is similar to the dynamic without encapsulation.

At higher temperature, the heterostructure behaves as the non encapsulated heterostructure On encapsulated MoSe 2 /graphene, we found again no clues of larger lifetime induced by the exciton population thermalization spreading exciton momentum outside of the light cone and therefore increasing the exciton lifetime at higher temperature (Fig. 3.21). This raises the ques- tion of the exciton thermalization. Most likely, the exciton population is not thermalized in the heterostructure since thermalized population has a much longer lifetime, only the non thermalized exciton can emit otherwise they are destroyed via non radiative decay through graphene.

However, if thermalized, the exciton population should not spill out of the light cone. Therefore the exciton population temperature has to be low.

Temperature dependent PL intensity

Exciton and trion are two independent populations meaning that trion is not formed from an exciton population eg. from the trapping of an exciton onto a trapped charge in the TMD.

Therefore, the oscillator strength is distributed between the exciton and the trion depending on the doping level. However, we have no control on the doping level of our samples and the quantum yield of the trion is not known. Since the doping level is not the same for MoSe 2 and for MoSe 2 /Graphene, (Sect. 3.5), there is an unknown offset in the exciton PL intensity which forbids us to conclude on the quenching factor. To exploit PL intensity data, the first thing is to compare the PL intensity at the same doping level. Therefore, charge adjustable sample are mandatory for such experiment. 

Distance dependent exciton dynamics

Graphene induces a new decay channel Γ gr which depend on the temperature and distance between TMD and graphene. From the room temperature exciton dynamics, we extracted Γ gr (d = 0, T = 300) ∼ 1 ps -1 . At 4K Γ gr (d = 0, T = 4) > 0.5 ps -1 . However, the temperature dependence of the excitonic lifetime does not bring valuable information to better understand the mechanism underlying Γ gr (d, T ). Hence, we fabricate samples consisting of an encapsulated MoSe 2 /Graphene heterostructure with a BN spacer in between TMD and graphene. To quantitatively measure the lifetime reduction induced by the graphene at a given distance, it is mandatory to have a reference on BN encapsulated MoSe 2 monolayer. However, none of the sample we fabricate has a proper reference. Since the BN capped MoSe 2 always emits less light with a shorter lifetime than the TMD/BN/graphene region. Even though we do not have proper reference on our sample, we were able to measure the decay time of the TMD distant of 5 nm from the graphene (Fig. 3.22 a). We compare our results to the sample S1 time trace. We use very low fluence to record the dark red exciton decay (Fig. 3.22 b) as well as the decay on the reference S1.

The exciton lifetime with 5 nm BN between the TMD and the graphene is slightly reduced compare to our reference. Such results point toward a relatively efficient long range decay channel as Förster energy transfer. However, at short distances, the Förster energy transfer is probably not the dominent mechanism since the excitonic lifetime is almost recovered at 5 nm from graphene.

Conclusion

A TMD interfaced with graphene undergoes a strong PL quenching. We try to characterize the mechanism responsible for this quenching. First, we demonstrate that charges were transferred from TMD to graphene when they were in contact. Raman spectroscopy allows us to unveil and study this net charge transfer. We determine the nature of the dopant, electrons, and we extract the Fermi energy of the graphene layer. This doping effect is seen in various experimental conditions, in air or under vacuum and for different TMD/Graphene heterostructures. However, its dynamics change drastically depending on the conditions, highlighting its extrinsic nature. Despite this extrinsic nature, a TMD layer is needed to achieve the high amplitude we observe and finally, the role of the TMD in this effect is not completely clear yet. Therefore, we need to perform new experiments on samples such as SiO 2 /BN/Graphene/TMD and SiO 2 /TMD/Graphene/BN to understand how the TMD layer dopes the graphene and the role of adsorbate in this mechanism.

However, we were able to show that this mechanism is a marginal effect with 10 12 electron.cm -2 transferred to graphene compare to the 10 22 photon.cm -2 photon flux used to excite the TMD. At this point, we still don't know how TMD excitons are quenched by graphene. To characterize the exciton decay mechanism, we perform PL and TRPL experiments. We demonstrate that whatever the PL intensity is, the exciton lifetime is not impacted by the graphene at low temperature. With increasing temperature, the exciton lifetime reduces but remains equal between the bare MoSe 2 and the heterostructure merging with the IRF (≈1 ps) at 80 K. However, around 100 K, a longer lifetime starts to rise on the bare MoSe 2 corresponding to the emission of a thermalized population with an effective lifetime much larger than the non thermalized exciton PL intensity. At this point, the heterostructure excitons remain short lived (< 1 ps). Therefore, we conclude that the graphene induced exciton decay mechanism is either very sensitive to the exciton momentum, since thermalized exciton have a much larger momentum distribution than the non thermalized exciton. Or it could also be the smoking gun of the temperature dependence of this effect expected for a Förster energy transfer between TMD and graphene [START_REF] Selig | Theory of optically induced förster coupling in van der waals coupled heterostructures[END_REF].

Finally, since Förster-type energy transfer is more efficient at room temperature, we perform TRPL with a BN spacer between the TMD and the graphene layer. However, a sample fabrication issue forbid us to get an intern reference on encapsulated MoSe 2 . Therefore, our results are difficult to interpret even if we can make use of an external reference. First, we found that exciton are long lived ≈ 0.5 ns for a TMD decoupled from the graphene by 5 nm BN. However, the exciton decay time induced by Förster energy transfer to graphene is calculated to be ≈ 10 ps [START_REF] Selig | Theory of optically induced förster coupling in van der waals coupled heterostructures[END_REF] pointing toward a non Förster mediated decay mechanism. On the other hand, comparing our results with the external reference, we found a lifetime reduction between them highlighting a probable effect of the graphene on the lifetime.

Graphene induced decay mechanism is most likely an energy transfer. However, giving its exact microscopic description remain an open question. The Förster-type energy transfer require strong in plan dipole which is one of the main characteristic of the TMD excitons. In addition, this transfer has been demonstrate in similar system. With 5 nm distance between the TMD and the graphene we expect a factor two quenching of the PL for a Förster-type energy transfer. The difficulty to have a proper internal reference make such small quenching difficult to be observed.

In addition, the PL intensity rise drastically with a 2 nm BN spacer. This probably indicates that at least a part of the quenching is due to a Dexter-type energy transfer which rely on a charge exchange between the TMD and the graphene. Giving the relative weight of each mechanism would be difficult. Though, we have demonstrate that energy transfer wether it is charge or dipole mediated process, play a key role in the exciton dynamics of TMD/Graphene heterostructures.

Neutralizing a TMD monolayer with graphene

Transition metal dichalcogenide are natively doped even if the exfoliation process is carefully carried out. This doping is strongly inhomogeneous and gives a hard time to an experimentalist to reach the sample neutrality point in a given region, and forbids us to achieve a fully neutral system over several microns. At the end of the day, the neutrality point can only be reached for small almost homogeneous regions which give rise to a "sweet spot" physics with huge reproducibility issue. This problem could be addressed by interfacing the TMD with graphene as long as it can act as a local charge reservoir to collect TMD charges (Fig. 

Room temperature hints of TMD neutralization

We observe already in section 3.3 some hints of the TMD neutralization when interfaced with graphene. The exciton trion energy difference is ≈30 meV for every TMD. Such energy difference is slightly higher than the room temperature thermal energy, 25 meV. Therefore the trion could be seen at room temperature even though it is weakly stable. In (Fig. 3.24) we report PL spectra for bare TMD and TMD/graphene heterostructure recorded using photon flux < 10 21 cm -2 and a 2.33 eV (532 nm) laser excitation. Bare MoSe 2 is recorded almost in the linear regime since the B exciton is not rising above the noise. Therefore, the A exciton is long lived, it undergoes very few Auger effect. However, a shoulder is visible on the red side of the A exciton (Fig. 3.24 a).

Hence, we fit the spectrum with two Lorentzians that appear to be separated by 30 meV. Thus we attribute the shoulder to the trion. The absence of such shoulder on the heterostructure is a hint that TMD is actually neutral or very weakly doped when interfaced with graphene. For MoS 2 (Fig. 3.24 b), we observe trion A exciton and B exciton. On the other hand, the trion is not visible on the red side of the exciton. Again this is a hint of the MoS 2 neutrality. The WS 2 presents only one peak, the A exciton. However, the A exciton presents a shoulder for the bare WS 2 PL spectrum which is not visible when interfaced with graphene (Fig. 3.24 c). Finally, we record the opposite behavior on WSe 2 which present a shoulder on the red side of the A exciton PL emission for both the heterostructure and the bare TMD. We have hints that MoS 2 , MoSe 2 and WS 2 are neutralized by graphene since we do not record, on the heterostructure, the shoulder we measure at the trion energy on bare TMD.

Characterization of MoSe 2 /graphene PL emission

Before going any further, we will demonstrate that PL emission from the heterostructure originates from the A exciton radiative decay whatever the temperature. Therefore, we record the temperature PL dependence of the heterostructure and reference TMD (Fig. 3.25). At 4K, We found only one peak on the heterostructure PL spectrum (Fig. 3.25 b). Since graphene has a large dielectric constant, we expect the exciton to redshift compared to the bare TMD exciton [START_REF] Raja | Coulomb engineering of the bandgap and excitons in two-dimensional materials[END_REF]. Since, the trion is also red shifted compared to the exciton this emission peak could also be the trion. However, the emission peak energy from the heterostructure is always more energetic than the trion and slightly less energetic than the exciton on the bare TMD at 4 K (Fig. 3.25 a). An emission coming from the TMD trion on the heterostructure would have been red shifted compare to the trion line on the bare TMD for the same dielectric constant reason.

Hence, we can attribute the PL emission of the heterostructure to the exciton since its emission energy is higher than the trion disqualifying it to be the origin of the sample PL. Finally, we extract the PL emission energy for the bare TMD exciton and trion and from the heterostructure peak. We report the results in (Fig. 3.25 c). We show the same behaviour for the three and the heterostructure emission energy remains in between the bare TMD exciton and trion. This gives a final proof to the excitonic nature of our PL emission.

The trion intensity is vanishing on the heterostructure, with a trion over exciton intensity ratio below 10 -3 . Hence, either the TMD is neutral when interfaced with graphene or the trion is completely quenched by the graphene. We carried out reflectivity measurement at 4K coupled with PL spectroscopy (Fig. 3.26) on BN encapsulated sample to get sharper optical resonance. The BN capped MoSe 2 display a strong trion emission slightly larger than the exciton emission. In addition we observe a small bump in the reflectivity at the trion energy plus a larger resonance at the exciton energy. This demonstrate the doping in MoSe 2 . On the other hand, the heterostructure display only one peak. In addition, the reflectivity measurements display only one sharp resonance at the excitonic resonance. This is prove of the TMD neutrality when interfaced with graphene.

Doping homogeneity in MoSe 2 /graphene heterostrucutre

The careful reader should also note that the A exciton PL intensity is quenched by roughly a factor of ten on the TMD/Graphene region compare to the TMD alone and this quenching factor becomes twice bigger if we consider the total photoluminescence signal. Because we pump above 

Those fits are used to extract the position intensity and width of each pixels of the hyperspectral map. d) Trion PL Intensity hyperspectral map, the intensity on the MoSe 2 /graphene area of the sample is vanishing. e) Exciton PL Intensity hyperspectral map, the intensity on the MoSe 2 /Graphene area, the PL intensity is ten times lower than in the MoSe 2 area. f) Trion over exciton intensity ratio hyperspectral map. g) Histogram of MoSe 2 and MoSe 2 /Graphene A exciton emission energy in blue and red, MoSe 2 charged A exciton emission energy in green extracted from fit of the hyperspectral above

the A exciton energy, we are creating either excited A exciton (i.e. 2s, 3s ...) or higher lying exciton (i.e. B exciton) that will then cascade non radiatively to either the 1s A exciton or the trion and emit from this state. Trion and exciton are independent [START_REF] Robert | Exciton radiative lifetime in transition metal dichalcogenide monolayers[END_REF], meaning that trion does not need an exciton first before being created. It is then mandatory to define the quenching factor with respect to the total trion plus exciton PL intensity instead of the sole A exciton intensity. This will also avoid any trouble with MoSe 2 and MoSe 2 /Graphene heterostructure on SiO 2 where the A exciton is more intense on the heterostructure due to the dominant trion on the sole TMD.

Finally, the radiative lifetime for MoSe 2 is around 2ps [START_REF] Robert | Exciton radiative lifetime in transition metal dichalcogenide monolayers[END_REF] and with a quenching factor around 20, it gives a lifetime of few hundreds of femtoseconds. This is not true since the exciton lifetime at 4K has been measured on this sample to be 2 ps. This shows again the difficulty to properly define the quenching factor at low temperature. In addition, this result shows that exciton formation rate is probably different in TMD/Graphene than in bare TMD.

Since trions need a charge to be formed, the trion over exciton intensity ratio gives us hints on the TMD doping level. In (Fig. 3.27 d) we found that trion has a vanishing intensity when interfaced with graphene. This highlights that MoSe 2 is probably neutral.

Interestingly, we also found that on one hand, with width ranging from 5 to 10meV (Fig. 3.27 c), we are far from reaching the state of the art width for the BN-encapsulated MoSe 2 A exciton which could be as narrow as 2meV, probably close from the homogeneous broadening. On the other hand, the A exciton width on the MoSe 2 /Graphene is reduced down to 4meV, which corresponds, if radiatively limited, to a few hundreds of femtosecond lifetime. This highlights the small, if existing, inhomogeneous broadening and therefore the good quality of our samples. TMD are also known to be photodopable [START_REF] Currie | Optical control of charged exciton states in tungsten disulfide[END_REF] with high photon flux even though the microscopic mechanism remains unclear, it could be Auger effect (i.e. exciton exciton annihilation)

or some extrinsic effect such as desorption. We try then to increase the trion over exciton ratio by increasing the power. By increasing the power we are able to grow the trion but also the 2s state of the A exciton (Fig. 3.28 a) but surprisingly, we also found a linear behavior of the A exciton photoluminescence intensity (Fig. 3.28 b). As stated before, in our experiments, the linearity of the PL should be define over the whole PL intensity (i.e. the sum of the A exciton and trion PL intensity) but we also found that the exciton/trion intensity ratio decrease and A exciton intensity remain linear while we increase the power. This is a hint of the supra linearity of the heterostructure photoluminescence intensity shedding light on the complex interplay between graphene and TMD.

Exciton and trion dynamics

To further investigate this interlayer coupling between TMD and graphene, we perform time 

In the low excitation power regime, only the A exciton can be seen. b) Same as (a) with an incoming power of 50µW, in this regime, the trion start to rise up. c) PL intensity spectra in log scale from the temporal integration of the TRPL image in (a) and (b), the dark red spectrum correspond to the low power excitation, only the A is visible while the red spectrum correspond high power excitation, the trion is the red shifted shoulder labelled X ± A . d) Trion (green) and exciton (red) PL decay and IRF (gray).

At 50µW a shoulder appears on the red side of the spectrum contrary to the low power one, this could be seen on the spectrum (Fig. 3.29 c) which is the integration over time of the image a) and b). At the same time we extract the PL decay time from the exciton and trion which are remarkably the same. Since trion on bare MoSe 2 has a 15 ps lifetime [START_REF] Robert | Exciton radiative lifetime in transition metal dichalcogenide monolayers[END_REF], the 2 ps trion lifetime measured for MoSe 2 /graphene indicates that graphene induced decay time is in the 2 ps range.

Generalization to other TMD

We have shown the neutralization of a MoSe 2 layer when interfaced with graphene. We will now prove that this effect is general for any TMD. For molybdenum based TMD, two main peaks are present: the trion and the exciton (Fig. 3.30). However, when interfaced with graphene the PL spectra of molybdenum based TMD, has only one peak since doping is vanishing. On the other hand, the effect is much impressive on tungsten based TMD. Bare WS 2 and WSe 2 display many different peak that have been attributed to charged excitons or phonon replica from momentum dark excitons [? ]. The absence of the charge exciton is the fingerprint of the TMD neutralization. On the other hand phonon assisted emission is inefficient. Therefore, dark exciton lifetime is high and when interfaced with graphene, such exciton level populations are completely quenched by the graphene.

Conclusion

In this chapter, we try to understand the interaction between TMD and graphene monolayer.

First, we show the massive PL quenching of the TMD photoluminescence at room temperature. Therefore graphene induce a new efficient decay mechanism for the TMD excitons that could be either charge or energy transfer. We demonstrate a net charge transfer to graphene in TMD/Graphene heterostructure at the sole exception of the MoS 2 /graphene heterostructure using Raman spectroscopy. This effect has been shown to be marginal with an extrinsic nature.

It is a reversible effect in air but irreversible under vacuum. Finally, changing the substrate block the charge transfer giving a final proof of the extrinsic nature of the net charge transfer. Actually, this process is efficient only when TMD is deposited on SiO 2 or in contact with air. Therefore, we suspect the photoinduced net charge transfer to be adsorbate mediated. The net charge transfer cannot be the efficient decay mechanism induced by graphene to destroy TMD excitons.

We then try to unveil an energy transfer in our structure. We studied the temperature dependent exciton dynamics but the fast dynamics makes it impossible to measure above 80K. The second possibility to investigate energy transfer is to separate spatially donor and acceptor. Looking at the energy transfer efficiency with respect to the donor acceptor distance gives valuable information on the mechanism. However, the donor acceptor separation is so short at the beginning (<1nm) that the usual R -4 dependence of the Förster energy transfer breakdown and become closer from an exponential dependence same as the charge mediated Dexter type energy transfer. The Difficulty to fabricate sample with a given distance between TMD and graphene and especially the lack of a proper internal reference forbid us to conclude definitively. However, our observation point toward a charge mediated process.

Finally, when performing low temperature TRPL, we observe a strange mono peak spectrum for MoSe 2 interfaced with graphene instead of the classic double peak consisting of the exciton and the trion. We investigate this effect by reflectivity spectroscopy as well as PL spectroscopy. Surprisingly, we found that TMD when interfaced with graphene is perfectly neutral. Moreover, this effect is the same on any TMD. Being able to neutralize a TMD on large scale, since the only limitation is the size of the graphene layer is an important result. Indeed, it has always been difficult to achieve smooth doping and spectral homogeneity in TMD samples. It would have been even better to demonstrate the modulation of the TMD doping level within this structure. This should be test latter. 

Related publication

Valley physics in TMD heterostructures

The TMD gap is at the corner of its Brillouin zone, the ±K points. The optical transition at these two points are polarized with opposite polarization, meaning that σ + photon are absorbed at the +K point while σ -photons are absorbed at the -K point (cf Chapter 2). Exciting a TMD with a given circular polarization creates a population of exciton in a given valley. The exciton can be therefore labeled by a valley number, a pseudo-spin. However, both + and -K valleys are coupled, resulting in the exciton pseudo spin relaxation (cf Chapter 2). The exciton spin relaxation times are in the picosecond range, 6 ps at 4 K for WSe 2 decreasing down to 1.5 ps at 120K [START_REF] Glazov | Spin and valley dynamics of excitons in transition metal dichalcogenide monolayers[END_REF], which is a weak temperature dependence.

To get information on the spin relaxation and decoherence time, we could either use polarization resolved TRPL or pump probe technique such as optical Kerr rotation experiments.

Unfortunately we do not have access to such experiments. We adopt then a cw measurement scheme. With polarization resolved steady state PL measurement, we can measure the steady state population in both ±K. Therefore, we can extract the polarization or coherence degree of exciton ρ (cf Chapter 2)

ρ = ρ 0 1 + 2 Γs Γ d (4.1)
with Γ s and Γ d the exciton spin relaxation rate and the exciton decay rate respectively and ρ 0 the initial population contrast between both valley. ρ 0 is comprised between 0 and 1. Even though the initial population is not perfectly valley polarized, meaning that ρ 0 < 1, we will assume a perfect initial polarization. Therefore, we will systematically underestimate the spin lifetime calculated from eq.(4.1).

From (4.1) we found that increasing Γ d or decreasing Γ s increases ρ. However, at room temperature, ρ is vanishing since Γ d is up to three orders of magnitude smaller than Γ d at 4 K while Γ s remains within the ps range. Being able to preserve valley polarization (ρ) and coherence (γ) at room temperature would be a major achievement.

In order to do so, we can increase Γ d while keeping Γ s constant. This is equivalent to filter the exciton population, since an exciton that lives a shorter time is less subject to spin relaxation process. Exciton decay rate can be separated into two different components, the radiative decay rate and the non radiative one. Even though it is possible to reduce the radiative lifetime within a cavity via Purcell effect [START_REF] Sun | Optical control of room-temperature valley polaritons[END_REF][START_REF] Chen | Valley-polarized exciton-polaritons in a monolayer semiconductor[END_REF][START_REF] Lundt | Observation of macroscopic valley-polarized monolayer exciton-polaritons at room temperature[END_REF], the easiest and most efficient way to increase exciton decay rate is to increase its non radiative part by increasing the defect concentration. Steady state, room temperature, valley polarization of defective monolayer TMD have been already demonstrated [START_REF] Mccreary | Understanding variations in circularly polarized photoluminescence in monolayer transition metal dichalcogenides[END_REF] in WS 2 . The authors show that in WS 2 grown by CVD, the PL is higher at the edge of the sample while the polarization degree is higher at the center of the flake. Unfortunately, this technique has many drawbacks, the first being the small PL yield. In addition, large defect concentration compromise electronic properties and destroy coherence. Since TMD graphene heterostructures have short excitonic lifetime, we have an ideal candidate for the filtering method.

Heterostructures still have poor quantum yields. However the PL linearity over a large range of excitation density can be used to bypass the poor quantum yield. In addition, transfer techniques to get TMD/Graphene heterostructure are minimally destructive keeping high quality TMDs and preserving valley contrast at best. The second possibility is to decrease Γ s in order to protect exciton from spin relaxation. This would be equivalent to weaken the exciton phonon coupling or the Coulomb exchange, which are the two spin relaxation mechanisms that we will discuss in the following. However, those interaction strengths are mostly intrinsic properties and it is therefore difficult to modify them.

In the following, we will introduce the Mueller polarimetry, a comprehensive polarimetric scheme. We will use this technique to explore the valley properties of TMD/graphene heterostructures, since their excitons are short lived (∼500 fs) we could recover valley contrast at room temperature in those systems. In addition, the exciton lifetime is weakly temperature dependent in the heterostructure. Therefore, we can discuss the temperature dependence of the exciton spin relaxation mechanism.

After achieving room temperature valley polarization and coherence, we will try to manipulate excitons via their valley pseudo-spin. Using an optical spin-orbit lattice, we will demonstrate room temperature directional coupling (Fig. 4.1).

Figure 4.1: Directional coupling of TMD emission routed by the spin-orbit lattice underneath (black lines). The TMD excited by σ + photons (red) emit to the right while the σ -photon (blue) excitation lead to emission to the left.

The directional coupling consists of the photon emission with a positive or negative wavevector depending on the exciton pseudo-spin. Finally, we will discuss the possibility to create countra propagating flows of coherent exciton in the system described in (Fig. 4.1).

The work presented in this chapter have been done in collaboration with the nanostructure lab at Institut de Sience et d'Ingénérie Supramoléculaires de Strasbourg (ISIS), especially with Cyriaque Genet, Stefano Azzini, Thibault Chervy and Thomas Ebbessen.

Valley Polarization and Coherence in TMD/Graphene van der Waals Heterostructures

In (4.1) ρ measure the ability of a medium to maintain a given polarization during the excitation lifetime before radiative desexcitation. In the following, we will define ρ = (n + -n -)/(n + +n -) as in Chapter 2. We will also define another quantity ρ eff as

ρ eff = [I σ+ (σ + ) -I σ+ (σ -)]/[I σ+ (σ + ) + I σ+ (σ -)].
In Chapter 2, we assume that ρ = ρ eff . However, it is not perfectly true and we will demonstrate this point using Mueller formalism.

Mueller algebra and Muller polarimetry

Mueller algebra deals with the description of photon population and their polarization: polarization states. In this formalism, a polarization state is described by a 4 dimensional vector S and the optical activity of a system is encoded on a 4×4 matrix M called Mueller matrix. The Mueller formalism is an input output formalism that link the output polarization state S out from a system with its input polarization state S in by S out = M.S in (4.2)

The Mueller vector is defined by The two linear polarizers (Fig. 5.2) can be considered to be perfect while the quarter waveplate cannot. Therefore we modelize quarter waveplate as homogeneous elliptical birefringent materials. Such elliptical birefringent materials are characterized by their energy dependent retardance and ellipticity. Each quarter waveplate characteristics have been measured by our collaborators at ISIS where this setup has been developped. In the end, the Mueller matrix measured without sample is truly the identity as expected. However, using the theoretical Mueller matrix of a quarter waveplate, the measurement without sample deviate significantly from the identity. The deviation from the identity is a smoking gun of the artefact induced by the imperfection of the optical element.

S =        S 0 S 1 S 2 S 3        =        I tot I V -I H I +45 • -I -45 • I σ + -I σ -        (4.
The first linear polarizer sets the excitation beam polarization to vertical while the last linear polarizer sets the signal polarization to horizontal. The last linear polarizer therefore keeps always the same polarization state before sending the beam into the spectrometer and camera. This to avoid artefact induced by the polarization response of the grating and CCD camera used for the detection. In order to reconstruct the sample Mueller matrix, we need at least 16 independent equations and therefore 16 measurements. However, 16 measurements give large variability of the system solution. Therefore, we use the following protocol [START_REF] Le | Utilization of mueller matrix formalism to obtain optical targets depolarization and polarization properties[END_REF]. We perform 64 measurements and use a pseudo-inversion algorithm to calculate the system solution since the equation system is over-determine. This method reduces the variability of the solution and gives better results. To perform these 64 measurements, we rotate each quarter wave plate fast-axis by 22.5 • step from 22.5 to 180 • and record S out 0 for each polarizer position.

Since we characterize each optical element and we can take their imperfection into account in their Mueller matrix. Therefore this method is free from artefacts induced by such optical imperfection. Interestingly, Mueller polarimetry is the rigorous way to measure ρ.

From (4.2) we can compute the quantity ρ eff = (I -I ⊥ )/(I +I ⊥ ) to compare ρ eff and ρ = m 33 .

ρ eff is measured by exciting the sample with a circularly polarized light and projecting the sample PL signal onto a circular polarization basis. Given the circular polarizer Mueller matrix

M CP σ ± M CP σ ± =        1 0 0 ±1 0 0 0 0 0 0 0 0 ±1 0 0 1        (4.6)
In this system, we can rewrite (4.2) as

S out ± = M CP σ ± .M.S in = M CP σ ± .M.        1 0 0 1        =        m 00 + m 03 ± m 33 ± m 30 0 0 ±m 00 + ±m 03 + m 33 + m 30        (4.7) 
The vector component S out 0± is the intensity we record on the camera in the end. We can therefore write ρ eff as The heterostructure lifetime is the same as the IRF in grey meaning that the heterostructure lifetime is not measurable by our photodiode. Figure reproduced from [START_REF] Lorchat | Room-temperature valley polarization and coherence in transition metal dichalcogenide-graphene van der waals heterostructures[END_REF] measure the spectrally dependent contrast.

ρ eff = I -I ⊥ I + I ⊥ = S out 0+ -S out
We record spectrally resolved Mueller matrix for both WS 2 and WS 2 /Graphene under different excitation condition. The excitonic resonance for WS 2 is at 2.00eV while the WS 2 /Graphene one is at 1.97eV. The excitation at 1.959 eV is almost resonant with the heterostructure A exciton resonance while the 2.065 eV is near resonant (Fig. 4.5 e-l). With both excitation, we record contrast that are clearly above zero on the heterostructure but remain at a flat zero for the WS 2 part.

To measure at 1.959 eV, we use BraggGrate filters consisting of three filters, one narrow bandpass to filter the laser to be as narrow as 5 cm -1 and two narrow notch filters with a FWHM of 5 This increase of valley contrast can be understood simply by a lifetime effect as shown in (Fig.

4.6).

Such model allows us to extract the spin relaxation time from the valley contrast together with the exciton lifetime. Injecting a valley polarization of 40% with a 0.5 ps lifetime in eq.(4.1) we extract a 0.7 ps exciton spin relaxation time. To benchmark our system, we decided to perform low temperature polarization resolved PL spectroscopy. For practical reason, we were not able to use the Mueller polarimetry together with our cryostat. Therefore, we use the usual polarimetry scheme, measuring PL intensity in co and cross polarization with respect to the excitation polarization. In order to do so, we use a Wollaston prism to record spectra at the same time In (Fig. 4.7) we can extract 60% valley coherence and 50% valley polarization. Graphene has the same quenching effect at 300K on MoSe 2 than on WS 2 . It is therefore reasonable to assume d) m 33 degree of valley polarization. e-h) Spectrally resolved Mueller matrix, the green curves represent data on the heterostructure while the blue one is the WS 2 data. We use an ultra narrow He-Ne cw laser at 1.959eV to excite our sample. Steep and narrow notch filters have been used to filtered out the laser light. The prominent peaks highlighted by * are Raman features. The gray band corresponds to the laser band highlighted by the symbol + i-l) same as e-h) except excitation done with a tunable pulsed laser centered at 2.065eV. Figure reproduced from [START_REF] Lorchat | Room-temperature valley polarization and coherence in transition metal dichalcogenide-graphene van der waals heterostructures[END_REF] the same effect at low temperature and a picosecond lifetime. Given the valley polarization of 50% and a exciton lifetime of 2 ps, we can extract from (4.1) an exciton spin lifetime of 4 ps. Given the strong lifetime reduction of TMD exciton when interfaced with graphene, it is reasonable to assume that graphene has a negligible effect on the exciton spin lifetime. Therefore, injecting the 10% valley polarization of BN-capped WS 2 in (4.1) we can extract the BN capped WS 2 lifetime: 18 ps. Since BN weakens the TMD exciton-phonon interaction, it gives rise to the population of an intermediate reservoir state that will slowly decay to the optically active exciton state (cf.

Chapter 2). Our approximation of the BN capped WS 2 lifetime is therefore probably too crude.

It will more likely correspond to the reservoir to optically active state decay time which has been measure in BN capped MoSe 2 sample to be 18 ps [START_REF] Fang | Control of the exciton radiative lifetime in van der waals heterostructures[END_REF]. 

Temperature dependence of valley contrast

The A exciton lifetime of a TMD interfaced with graphene is weakly temperature dependent, it is then interesting to study the temperature dependence of the valley properties to get insight on the spin relaxation microscopic mechanism. The two mechanisms found in the literature are the Maialle, Silva and Sham [START_REF] Maialle | Exciton spin dynamics in quantum wells[END_REF] mechanism based on the Coulomb interaction and phonon mediated spin-flip [START_REF] Molina-Sánchez | Ab initio calculations of ultrashort carrier dynamics in two-dimensional materials: Valley depolarization in single-layer WSe2[END_REF]. Originally derived for III-V Quantum well the coulomb exchange has been adapted

to TMD [START_REF] Glazov | Spin and valley dynamics of excitons in transition metal dichalcogenide monolayers[END_REF]. On the other hand, phonons can flip exciton spins by scattering it from a valley to the other.

We record temperature dependent valley contrast using a Wollaston prism (Fig. 4.8) to spatially separate both polarization contributions and record them at the same time on different regions of the CCD camera.

We use a 50/50 beam splitter (BS) to excite the sample. However, beam splitter usually have a different transmission T V for vertical and T H horizontally polarized light. It is not a problem for coherence measurement, since we just need to multiply one of the spectrum by the ratio T V /T H .

On the other hand, circular polarization will be elliptized by the BS transmission. In order to avoid this problem, we choose to set the quarter waveplate just before the objective (Fig. 4.8). By doing so, we are able to get a good circular polarization at the sample while avoiding polarization dependent transmission or reflection through optical element. A 50x objective with 0.65 numerical aperture and 1 cm working distance is used to focus the excitation beam on the sample and collect the PL signal. We needed to use a long working distance objective since the sample is inside a cryostat while the objective remains out of it. After collecting the PL signal, we send it through the BS to a Wollaston prism that separate spatially vertical and horizontal linear polarization.

Each part of the beam will be transmitted with a small, 1 by the lifetime reduction that undergoes the WS 2 layer when interfaced with graphene. Finally, a lifetime effect would be enough to recover valley properties at room temperature for any TMD that display valley contrast at low temperature. Since we have already studied in detail MoSe 2 we test our technique to recover valley contrast at room temperature on it.

Discussion

To further characterize the effect of graphene on TMD valley properties, we study encapsulated MoSe 2 /Graphene heterostructures because MoSe 2 has no valley contrast even at low temperature or only faint contrast below 5% [START_REF] Wang | Polarization and time-resolved photoluminescence spectroscopy of excitons in MoSe 2 monolayers[END_REF]. Surprisingly, this 5% valley polarization on the A exciton is obtained with excitation resonant with the B exciton. However, in the more common near resonant excitation, the A exciton valley polarization is lowered to 1% ±1.5%. Giving the 2 ps MoSe 2 A exciton lifetime at 4K [START_REF] Robert | Exciton radiative lifetime in transition metal dichalcogenide monolayers[END_REF] we can extract a spin relaxation lifetime ranging from 40 to 

590eV. e-h) Same as (a-d) with a laser centered at 1.775eV

larger than the polarization highlighting the high quality of our sample. Assuming 500 fs A exciton lifetime we get a spin relaxation time of 100 fs. Interestingly, the spin relaxation time that we extract from our data is smaller than the one measured at 4 K in the same excitation configuration. This could be understood either by an increase of the exciton spin lifetime or by a more selective pumping and therefore a higher initial valley polarization ρ 0 . B exciton is 200 meV higher in energy than A exciton, at 1.76 eV. Therefore, the excitation at 1.775 eV (Fig. 4.10 e-h) is resonant with the B exciton. However, we do not find larger A exciton valley polarization with this excitation scheme. On the other hand, we found large B exciton valley polarization and coherence, up to 40%. Since B exciton is wide: 100 meV FWHM, we are able to record the red tail of the B exciton and its valley contrast.

Assuming the same spin relaxation time for both A and B exciton, we can extract the lifetime ratio between the A (t d A ) and B (t d B ) exciton using Eq. (4.1)

t d A t d B = 1 -ρ A 2ρ A × 2ρ B 1 -ρ B (4.9)
with ρ A and ρ B the A and B exciton valley polarization. Inserting our experimental value in Eq. (4.9) we end up with a B exciton lifetime six times smaller than the A exciton lifetime. Given the A exciton lifetime between 100 and 500 fs at room temperature, it gives a B exciton lifetime from 17 to 83 fs which is rather short. However, this is consistent with the PL intensity ratio between A and B exciton which is comprised between 2 and 10. Finally, either the B exciton is short lived and our assumption is right or our assumption is false and the spin relaxation time for the B exciton is not so short. The latest gives us food for thought, because the A exciton in MoSe 2 is a bright exciton, however its B exciton is a dark one (cf. chapter 2) and its spin relaxation time is longer. It is possible then that valley contrast is closely related to the bright or dark character of the exciton. More work has to be done to confirm or deny this idea especially working on the MoS 2 B exciton since this TMD is the sole valley polarized TMD that has a B exciton in a reasonable energy range compared to the A exciton transition.

Conclusion

We make use of Mueller polarimetry to demonstrate that interfacing TMD with graphene allows to recover valley contrast even at room temperature. The spin relaxation time depends slightly on the temperature and decreases from 4 ps at 4 K to 700 fs at 300 K while the exciton lifetime varies from 2 ps to 500 fs. The much smaller contrast in BN capped WS 2 is understood as a smoking gun of the long decay time, 18 ps, from a reservoir to the optically active exciton state.

We also demonstrate the same effect on MoSe 2 /Graphene heterostructures and demonstrate room temperature valley contrast for a system known to display faint contrast even at 4 K. We record an exciton spin lifetime of 100 fs, higher than what is estimated on bare MoSe 2 at 4 K. We attribute this either to a more selective pumping or to a side effect of graphene that could increase somehow the spin valley lifetime.

Finally, thanks to the strong excitonic lifetime reduction, we demonstrate room temperature chiral emitter. We should be able now to use those systems to achieve directional coupling and by this mean manipulate the excitonic pseudospin degree of freedom. However, we are still looking for a way to recover valley contrast by increasing exciton spin lifetime instead of decreasing exciton lifetime. Both could be achieved by interfacing a TMD layer with a plasmonic cavity. Since cavity is known to increase TMD valley contrast and plasmonic cavity can be designed to get various properties especially directional plasmon launching.

Chiral Coupling of Valley Excitons with Spin-Momentum

Locked Surface Plasmons

Directional coupling has already been demonstrated in various systems [START_REF] Söllner | Deterministic photon-emitter coupling in chiral photonic circuits[END_REF][START_REF] Lodahl | Chiral quantum optics[END_REF]. The idea is to couple a chiral waveguide or optical mode with a chiral emitter. Unfortunately, usual chiral emitters are quantum dots that need a magnetic field to get polarized optical transitions and low temperature to avoid coupling between the two polarized states. However, we demonstrate that TMD can be a room temperature chiral emitter without magnetic field, simplifying the experimental setup.

The second ingredient for directional coupling is the chiral optical mode. Pigtail optical fiber, photonic crystal or ultra thin optical fibers are usually used for this purpose. However, optical cavities are known to enhance TMD valley properties. Since we want to use TMD as the chiral emitter, we will try to make a chiral optical resonator. We choose to use a plasmonic cavity as optical resonator, since it offers an efficient way to tailor the optical response.

In the following, we will briefly introduce few concepts of plasmonic and chiral optics to understand the properties of our cavity. We will then interface the plasmonic array with a TMD layer, looking for directional coupling.

Plasmonics in a nutshell

Plasmons are surface (or volume) charge density wave that take place at a positive/negative dielectric constant interface at a given frequency. This is typically a metal air interface in the optical range. Plasmons can also be described as electromagnetic wave confined at the interface [START_REF] Novotny | Principles of nano-optics[END_REF].

Surface plasmons

A surface plasmon is confined at the dielectric/metal interface. Therefore, its intensity decays exponentially out of plane while it can propagate in plane ( In the near field, plasmons increase the electro-magnetic field density of state, at the plasmon energy. Therefore, a dipole directly in contact with gold can transfer its energy to the plasmon. To get a better picture of the density of state enhancement, we need the surface plasmon dispersion relation. It can be calculated from Maxwell's equations and electro-magnetic wave properties and writes as

k SP = ω c ε m ε d ε m + ε d (4.10)
with ε m and ε d the dieletric function in the metal and the dielectric respectively. ω is the plasmon frequency and c the speed of light. Since the gold film is isotropic, the surface plasmon wavevector can be along any in plane axis. From (4.10) we found a divergence in the dispersion

relation for ε m (ω p ) = -ε d (ω p ), k SP → ∞. However, when ε m (ω) → ∞ then k SP → ω c √ ε d .
On the other hand, the photon dispersion is given by

k in = ω c √ ε d (4.11)
with k in the photon wavevector. Plasmon dispersion relation is always below the lightcone (Fig. 4.12) which means that surface plasmons do not couple to light. 

k SP L = k SP + 2π a nx + 2π b mŷ (4.12)
with a and b the lattice constant along the x and y axis respectively. Plasmonic grating can increase the density of state in the lightcone. Therefore they could be used as optical resonator.

The interest of plasmonic arrays resides in their tunability. Since different patterns give different dispersion relations, we can make the plasmon to be resonant with a TMD exciton energy. In addition, we can make use of geometrical phase to lock the plasmon propagation direction with the excitation photon helicity.

Geometrical phase in plasmonic array

A geometric phase comes from the coupling between the angular momentum of light and the rotation of coordinates. The angular momentum of light could be either orbital or spin momentum.

The spin angular momentum of light rises from the photon helicity. The magnetic and electrical field for a circularly polarized photon rotate in the plane perpendicular to the propagation direction. Therefore, a spin angular momentum appears collinear with the propagation vector. Its direction depends on the left or right character of the polarization.

To get the rotation of the coordinates, we decorate our plasmonic lattice. Instead of using square or circular slits, we mill rectangular shaped slits in the gold film. Each step of the lattice, we rotate the rectangle of φ = π/6 (Fig. 4.13 a). In such a configuration, the local coordinate of the lattice rotates with respect to the laboratory frame. with σ ± = ±1 for circularly polarized left or right photons and φ = π 6 the rotation angle between two adjacent rectangles (Fig. 4.13 a). Since the rotation of the rectangular slits takes place along the x-axis, the plasmon wavevector along the x axis is modulated by the geometrical phase.

k g = -σφ Λ x (4.14)
The OSO-lattice wavevector k SP OSO can be written as

k SP OSO = k SP + 2π a nx + 2π b mŷ + -σ ± φ Λ x (4.15)
Finally, we plot the dispersion relation in (Fig. 4.13 c). At a given energy, the plasmon wavevector is locked on the polarization excitation. Therefore, we can excite plasmon propagating only in one direction (Fig. 4.13 b). Spin Orbit lattice and the TMD exciton. We represent in blue and red the TMD exciton at the K and -K valley respectively. In green we show the OSO mode and with the color gradient we represent the hybridized mode, the polaritons P. The superscript u (l) stands for upper (lower) polariton. Ω R is the Rabbi frequency. Adapted from [START_REF] Chervy | Room temperature chiral coupling of valley excitons with spin-momentum locked surface plasmons[END_REF] They originate in the energy exchange between the cavity mode and the excitonic mode, the Rabi oscillations. The splitting between the two mode is the Rabi energy Ω R . Since the weak to strong coupling transition is continuous, a figure of merit has been developed to characterize if an absorber is strongly coupled to a cavity

Chiral coupling in a WS

C = 2Ω R γ ex + Γ cav (4.16)
with γ ex the exciton FWHM and Γ cav the cavity FWHM. If C ≥ 1 then the absorber is strongly coupled otherwise it is in the weak coupling regime.

We have designed an OSO lattice with OSO-modes resonant to the WS 2 A exciton at 2.0 eV and deposit a WS 2 flake onto it. We characterize it by angle resolved reflectivity measurements. Due to lattice imperfection, we found that our OSO lattice does not perfectly root the circular polarization. The directionality of the launched plasmons is actually small. It is given by

η = (n r σ + -n l σ + )/(n r σ + + n l σ +
) with (n r σ + the number of plasmon launched to the right for a σ + excitation. For this lattice η = 15% and could be seen in the low energy part of the image (Fig. We demonstrate the valley properties of our sample but can we create coherent superposition of polaritons, and how such a coherent superposition will evolve. In (Fig. 

Discussion

We measure F = 6% and γ = 8%. However, F is the contrast of the whole system while we try to characterize the valley polarization of the TMD. Therefore the valley polarization is the ratio between F and η the directionality of the plasmons. The TMD valley polarization degree ρ then become 40% at room temperature. To get an idea of the spin relaxation time, we perform time resolved PL measurement to have an idea of the excitation lifetime. The PL lifetime once deconvoluted from the IRF is 192 ps for WS 2 supported on the OSO lattice while it is 1.06ns for WS 2 on PDMS. Since it is not perfectly clear if WS 2 is strongly coupled to the cavity or not, we have to differentiate this two case. The simplest one is the weak coupling regime. In this regime, the TRPL time is the excitation lifetime. Therefore, we can extract the spin lifetime using the method of the previous section. in this case, t s = 256 ps. which is more than two order of magnitude larger than the spin lifetime in the WS 2 /Graphene heterostructure.

This time is the A exciton spin lifetime in the weak coupling regime.

On the other hand in the strong coupling regime, the measured lifetime is most of the time related to a reservoir and is not the direct measurement of the excitation lifetime. However, we still can modelize this system with a simple rate equation model (Fig. 4.19). We excite directly the exciton reservoir that will slowly leak in the polariton mode at rate Γ r . The polariton lifetime is short, defined by the few hundreds of fs lifetime of plasmons. In this case, both lower polariton population n ± p with a ± spin and exciton population reservoir n ± r with a ± spin will undergo spin relaxation with two different rate Γ s i . Finally, the polariton population will desexcite at a rate Γ 0 Γ r (Fig. 4. [START_REF] Cory R Dean | Boron nitride substrates for high-quality graphene electronics[END_REF]). The valley polarization can be written as for different detuning between the cavity mode and exciton energy. Data reproduce from [START_REF] Sun | Optical control of room-temperature valley polaritons[END_REF] they do not performed time resolved PL. However, they understand their results by the lifetime effect. However, this explanation needs the direct pumping of the polariton state. Since the reservoir effect is something usual in polariton physics.

ρ = n + p -n - p n + p + n - p (4.

Conclusion

In this chapter, we study the valley properties of transition metal dichalcogenide and propose various way to protect valley contrast at room temperature. We explore both possible ways.

First we reduce the exciton lifetime and second we managed to increase the spin lifetime

We make use of graphene to drastically reduce room temperature excitonic lifetime. This allows us to recover both valley polarization and coherence in TMD/Graphene heterostructure. Those 40% valley polarization with a spin relaxation time of 0.7 ps and 20% coherence at room temperature on WS 2 /graphene are comparable or higher than the value reported in the literature for bare WS 2 at low temperature.

In addition, the weak temperature dependence of the A exciton lifetime in TMD/Graphene heterostructure allows us to get insight on the exciton spin relaxation mechanism which could be either mediated by phonon or long-range coulomb exchange. The valley coherence drops with the temperature as expected since phonons are efficient to destroy coherence. However, the weak temperature dependence of the valley polarization point toward a coulomb exchange mediated spin relaxation mechanism. Our results on MoSe 2 /Graphene heterostructure are much less impressive even though we get 10% valley polarization and 15% valley coherence on a system that display no contrast even at low temperature.

Finally, bright TMD such as MoSe 2 and MoTe 2 present elusive valley contrast even at low temperature, while dark TMD such as WS 2 and WSe 2 display high contrast at low temperature.

Here we show that MoSe 2 B exciton which is a dark exciton present robust valley polarization and coherence at room temperature as the WS 2 dark A exciton. This seems to suggest a subtle interplay between spin relaxation and the presence of a dark state reservoir below.

Even if the spin relaxation time in TMD is short, excitation are transferred quickly to the graphene. By this mean, electrons with a given spin can be transferred to graphene using σ + or σ -excitation [START_REF] Avsar | Optospintronics in graphene via proximity coupling[END_REF][START_REF] Kelly Luo | Opto-valleytronic spin injection in monolayer MoS 2 /few-layer graphene hybrid spin valves[END_REF]. This makes this system a nice plateform to study Opto-Valleytronics Even if we demonstrate room temperature chiral emitter which allows study of chiral light matter interaction at room temperature, graphene reduce heavily the TMD quantum yield and we would like to get the same effect without this drawback.

By making use of an OSO plasmonic cavity, we were able to demonstrate directional flow of polariton or excitation using a given cirular polarization for the pump. Therefore we demonstrate that we are able to manipulate valley polarized exciton.

We record 40% valley polarization at room temperature for WS 2 interfaced with our cavity while other group demonstrate only 20% using a Fabry-Pérot cavity. The huge valley polarization we record as well as the long lifetime suggest that we were able to increase the spin relaxation time by two order of magnitude compare to the WS 2 /Graphene structure. However, this results needs more study especially on the mechanism that remain unknown.

In the strong coupling regime picture, we have demonstrated room temperature coherence of polaritons as well as the locking of their propagation direction to their valley degree of freedom.

Conclusion and perspectives

In this work, we make use of optical spectroscopy that brings us valuable information on TMD/Graphene heterostructure. We found that monolayer TMD/monolayer graphene heterostructures undergoes a drastic PL quenching, smoking gun of the interlayer interaction. We have characterize this interlayer interaction as best as we can. We unveil a photoinduced net charge transfer from TMD to graphene using Raman spectroscopy. We demonstrate that this charge transfer relies on the adsorbate density at the TMD layer surface. As most of adsorbate mediated process, the photogating effect is a slow mechanism. Therefore, this process is not the efficient decay mechanism that quenches the TMD PL.

Using TRPL, and exploring the temperature and distance dependence of the exciton dynamics.

We shows that at zero distance, the exciton lifetime is always below 2 ps at any temperature.

However, at 5 nm distance, the exciton lifetime approach the bare TMD one, showing that Förster type energy transfer is probably not the dominant mechanism at d = 0. Despite the large PL quenching, TMD/Gr heterostructure is an interesting emitter. First we demonstrate the neutrality of the TMD, since graphene act as a local charge reservoir. Second, TMD/Gr is a good chiral emitter with up to 40% valley polarization and 20% valley coherence at room temperature thanks to the filtering of long lived exciton induced by the graphene layer. The low PL yield can be overcome by increasing the excitation power. Since the degree of chiral emission is the most important parameters for chiral optics experiments, this system could be a good alternative to multilayer TMD for instance.

To demonstrate valley degree of freedom protection by interfacing WS 2 with plasmonic resonator.

Nonetheless, we also demonstrate directional coupling between WS 2 and our OSO plasmonic lattice. This mean that photons emit by the exciton, have propagation direction locked on the exciton spin. Last but not least, this system also demonstrate the spatial separation of coherent exciton superposition resulting in the countra-propagating flows of excitons.

Perspectives

Our work answers few questions and opens a lot of question and new paths to explore. I will discuss few of them in the following subsection. The two first point are missing experiment to better characterize interlayer interactions in TMD/graphene heterostructure. The last point tackle the next system we want to explore in the chiral light chiral matter interaction field.

Interlayer interaction the next step

Adsorbate effect in photodoping effect

We were able to uncover the slow dynamics of the photoinduced net charge transfer. However, we have not understand yet the underlying microscopic mechanism. We demonstrate that, doping occurs when the TMD layer is in contact either with air or with SiO 2 . There- Energy transfer : charge or dipole mediated ?

Even though we demonstrate that energy transfer quenches TMD photoluminescence, we do not know yet, which type of energy transfer it is indubitably. Even though we have reason to believe that Dexter energy transfer is the dominant mechanism at zero distance. To better understand the energy transfer mechanism, we need to study the exciton dynamics , at different TMD-graphene distances. Those distances have to be kept small from 1 to 10 layers BN (0.3 to 3 nm) since it seems to be the distance range were the quenching disappear.

TMD valley properties

Valley selective strong coupling

We demonstrate directional coupling using a OSO plasmonic lattice. However, such structure do not carries its own chirality since, it could be superimposed with its image in a plane mirror.

Therefore, it is not chiral. On the other hand, a plasmonic spiral is a trully chiral structure.

Hence, the density of mode for circular left and right polarization is not the same any more.

Therefore, the plasmonic field will interact preferentially with one of the two valley depending on its handedness. Finally, with the good parameters, we could achieve valley selective strong coupling. Such coupling regime would have the same effect as an out of plane magnetic field: the energy splitting between the two valley.

Density of mode

Energy Les DMT présentent un gap direct en monocouche situé aux points ±K tout comme le graphène mais contrairement à celui-ci, le DMT est un semi-conducteur. La forme de l'émission de PL, une Lorentzienne, montre que l'absorption et l'émission ne sont pas médiées par des paires électrontrou libres mais par des paires électron-trou liées par interaction de Coulomb appelées excitons.
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Le métal de transition induit un fort couplage spin-orbite au sein du semi-conducteur. L'interaction spin-orbite couplée à l'absence de centre d'inversion lève la dégénérescence de spin au point ±K (Fig. 6.5)donnant aux excitons un nouveau nombre quantique : le pseudo-spin de vallée. Puisqu'un exciton est sous-tendu par une transition électronique entre une bande de valence et une bande de conduction, la levée de dégénérescence des spins donne naissance à une variété d'excitons. Cet effet permet aussi à la PL du DMT de conserver la polarisation de la lumière excitatrice.

Ainsi il a été montré en 2012 [START_REF] Mak | Control of valley polarization in monolayer MoS 2 by optical helicity[END_REF][82] qu'en illuminant une monocouche de MoS 2 par de la lumière polarisé circulairement la PL du DMT est, elle aussi, polarisée circulairement à plus de 

Hétérostructure de van der Waals

De nos jours, les hétérostructures semi-conductrices sont présentent dans beaucoup de dispositifs opto-électroniques, notamment pour des sources lasers compactes et des transistors à haute fréquence (∼500 GHz) mais de tels applications nécessitent des interfaces sans défaut. Ces hétérostructures sont aujourd'hui fabriquées à base de semi-conducteurs tridimensionnels qui possèdent donc des liaisons pendantes hors du plan. Or, les liaisons pendantes d'un semi-conducteur formeront des liaisons covalentes avec le second semi-conducteur. C'est pourquoi, n'importe quel semi-conducteur ne peut former d'hétérostructure de qualité avec n'importe quel autre semiconducteur puisqu'un trop grand désaccord de maille entre ces deux espèces entrainera, de fortes contraintes dans les semi-conducteurs. L'absence de liaisons pendantes hors du plan dans les DMT permet de réaliser des hétérostructures, dites de Van der Waals, qui ne présentent aucune liaison pendante entre deux couches de matériaux lamellaires. Ceci permet de fabriquer des hétérostructures semi-conductrices sans avoir à se soucier du désaccord de maille. De plus, l'interface entre les différents matériaux est autonettoyante, puisqu'il est thermodynamiquement plus favorable pour un matériau bidimensionnel d'être directement en contact avec un autre matériau 2D plutôt qu'avec les résidus laisseés par le procédé de fabrication. C'est pourquoi les hétérostructures de van der Waals présentent régulièrement des bulles et des rides à leur surface, dans lesquelles sont piégés les résidus d'hydrocarbures. Afin d'étudier ces hétérostructures, nous avons fabriqué une station de transfert de matériaux 2D avec l'aide de l'atelier mécanique de l'IPCMS. Nous avons choisi d'utiliser la méthode décrite par P.J. Zomer et al. [START_REF] Zomer | Fast pick up technique for high quality heterostructures of bilayer graphene and hexagonal boron nitride[END_REF]. En résumé, un doigt collant fabriqué en polymère nous permet d'empiler différents matériaux sur ce doigt. Un fois que l'hétérostructure est terminée, elle est déposée en faisant fondre le polymère qui permettait la rétention de la structure. Le transfert de charge peut provenir soit d'un dopage résiduel qui sera transféré au graphène soit des excitons photo-créés dont une des charges pourrait être transférée au graphène.
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Pour étudier l'efficacité relative de ces différents transferts, nous avons utilisé des méthodes de spectroscopie optique : photoluminescence, Raman, réflectivité.

spectroscopie optique

La spectroscopie de photoluminescence (PL) consiste à créer une paire électron-trou par l'absorption d'un photon. Ensuite, cette paire électron-trou se recombinera pour réémettre un photon. La PL donne donc des informations sur la dynamique des paires électron-trou (des excitons dans ce cas). 

Interactions inter-couche dans les hétérostructures DMT/Graphene

Nous avons utilisé la spectroscopie Raman et de PL pour caractériser des hétérostructures DMT/Gr.

De plus, l'utilisation d'une platine de translation piezo nous a permis de faire des cartes hyperspectrales (Fig. 6.9). Pour les DMT, le temps de vie τ x est court à basse température mais long à haute température. C'est pourquoi à température ambiante, le contraste de vallée ρ est nul. Cependant, les hétérostructures DMT graphène présentent un temps de vie faible, quel que soit la température. Donc, ces hétérostructures présentent un contraste d'environ 40% à température ambiante (Fig. 6.12). De plus, en excitant les DMT avec une polarisation linéaire, qui est une superposition quantique de photons polarisés circulairement droite et gauche, on peut créer un exciton dans une superposition quantique entre vallée K et K'. Une telle superposition permettra d'émettre un photon polarisé linéairement si le temps de décohérence est suffisamment long comparé au temps de vie. Il est important de noter ici que la cohérence est bien plus fragile que la polarisation de vallée. Or une hétérostructure WS 2 /graphène permet de conserver la cohérence de vallée à hauteur de 20% (Fig. 6.12) à température ambiante indiquant la très bonne qualité de nos échantillons.

Finalement, nous avons démontré que les hétérostructures WS 2 /Graphène peuvent être utilisées comme des émetteurs chiraux à température ambiante afin d'étudier le couplage lumière matière chirale.

Verrouillage entre moment et spin

Nous avons réalisé un couplage directionnel, à température ambiante, dans un DMT en interaction avec un réseau plasmonique, en verrouillant la direction de propagation des excitations sur leur degré de liberté de vallée. 

Réseau plasmonique

Un plasmon est une onde électromagnétique confinée à une interface entre un matériau dont la constante diélectrique est négative et un autre dont la constante diélectrique est positive. Cette onde est atténuée exponentiellement en dehors de l'interface. La relation de dispersion d'un plasmon est toujours sous le cône de lumière ce qui le rend impossible à exciter via le champ lointain.

De plus, des pertes, dues notamment à l'effet Joule, réduisent l'intensité du plasmon (Fig. Ceci a pour effet de créer des branches plasmoniques à l'intérieur du cône de lumière, qui pourront être excitées via le champ lointain. Ainsi la relation de dispersion du plasmon devient :

k SP R = k SP + 2π Λ nx + 2π Λ mŷ (6.2)
En utilisant un motif rectangulaire tournant pour le réseau (Fig. 6.15 a), nous pouvons induire une phase supplémentaire k g , dite phase géométrique, dépendant de la polarisation, circulaire droite ou gauche, de la lumière incidente. Cette phase dépend aussi de l'angle φ entre les motifs rectangulaires successifs et s'écrit.

k g = -φσ ± Λ x (6.3)
Avec σ ± = ±1 dépendant de la polarisation circulaire gauche ou droite de la lumière et φ = π 6 . Finalement la relation de dispersion totale de ce réseau de rectangles devient : 

k SP Rtot = k SP + 2π Λ nx + 2π Λ mŷ ∓ φ Λ x ( 6 

Conclusion

Pour conclure, nous avons démontré que les hétérostructures TMD/graphène montrent une forte réduction de la photoluminescence due à un transfert d'énergie efficace du TMD vers le graphène.

De plus, le couplage entre graphène et TMD permet d'absorber le dopage natif du TMD qui est transféré au graphène. Finalement, ces hétérostructures permettent de récupérer un degré de polarisation de vallée de 40% ainsi qu'une cohérence de vallée de 20% à température ambiante dans WS 2 /graphène. En utilisant ces propriétés de polarisation et de cohérence de vallée, nous avons pu réaliser un verrouillage du degré de liberté de vallée avec la direction de propagation des excitations, en couplant une couche de WS 2 avec un réseau plasmonique bien choisi. Then, to drop off crystals on a substrate, the tape is pasted on a Si/SiO 2 substrate, heated up to 100 • C for one minute and then removed from the substrate as slowly as possible. To further improve the number of graphene layer on a sample, the Si/SiO 2 substrate are plasma treated with an oxygen plasma at 100 Watts for 5 minutes. This process, provide us many graphene layers on each substrate. Exfoliation of boron nitride follows the same method but TMDs are exfoliated in a slightly different way.

A.1.2 Transition Metal Dichalcogenides

TMDs are not directly dropped off on the silicon substrate they are transferred on the DGL x4 film first and then there is two options. The first one consist of putting the DGL film in contact with a plasma treated Si/SiO 2 substrate, same as before with one extra transfer step. The second option is more deterministic and allows us to find much bigger TMD flake. After the transfer on the DGL film, the first step is to find the right monolayer on the transparent polymer film. Then, using the transfer station, we can drop the monolayer off wherever we want (Fig A .2.

Transferring from the polymer to the substrate is critical, if it is not done well, the chosen monolayer will be destroyed. With this method, we have a perfect control of the contact region between the substrate and the DGL film, meaning that we can make the contact and the withdraw between the layer and the silicon at a very low speed, few microns per second ! If this process is done too fast, The danger here is to induce crack, wrinkles and bubbles are induced in the layer and more problematic, to transfer only a portion of the flake. It is also mandatory to cut the polymer around the region of interest to a roughly 5x5mm square, otherwise the first contact spot between the substrate and the polymer could be far from the targeted flake. At this point, we need to push hard on the polymer stamp inducing ripples at its surface that will degrade the TMD layer. This method provide us 20x10µm TMD monolayers routinely. Those monolayer could be as big as 150x150µm. 

A.2 Van der Waals heterostructure assembly

After exfoliating different 2D layers on silicon substrate, the next step is to stack them. To this aim, we use :

• Poly(Bisphenol A carbonate) 45000 average molar mass

• Chloroform

• PDMS : dow corning Sylgard 184

• Glass slides

• Heat resistant tape (e.g. kapton tape)

This transfer technique use the properties of 2D materials, especially BN, to stick better on a poly(Bisphenol A carbonate) (PC) surface than on a SiO 2 surface. Once we picked up a BN flake, we can stack any 2D material we want below it. To drop off the stack, we just need to melt the polymer in order to release the heterostructure on any substrate.

A.2.1 Recipe for the Polycarbonate stamp

First, we need a PC thin film. To achieve this, we dissolve PC in chloroform (6% PC in mass in chloroform) mix the solid polymer with chloroform in a vial, close it tightly (chloroform is quiet volatile) and stir it at room temperature over the night. Then, we pour few droplets of this mixture on a glass slide and sandwich those droplets with a second glass. By sliding one glass piece relative to the other, we make a nice homogeneous PC thin film (Fig A .3 a and b). This film is dried for fifteen minutes at least before use.

To pick up this film, we use a kapton tape because it resist to high temperature without degrading. We cut a square in its middle and stick it to the PC film, then we notch the PC film alongside the tape to avoid to remove the whole PC film from the glass substrate. Once we picked there is not too much bubbles or wrinkles on it, otherwise, we discard it to avoid any migration of bubbles that could destroy your sample.

A.2.2 The transfer station

In this part, sample refers to the substrate with a 2D layer that we want to pick up. 

A.2.3 Pick up

The PC stamp is now attached to the holder on the transfer station (Fig A. After the contact is made, we increase slowly the temperature when the PC is covering the targeted material, and after the flake is fully covered by the PC, the temperature is set to 80 • C and the stamp is withdrawn using the z-axis translation. Again when the contact line is close from the flake, it is essential to slowly remove the PC from the sample to avoid cracks and defect in the layer. After this step, the flake should be picked up, and we can go through this whole process again to stack a second material with the previous one ( In addition, we have enough free space between the laser and the microscope to prepare the beam. We can modulate its polarization, intensity and collimate the beam. Just like the excitation beam, there is enough room to filter and perform polarization analysis between the microscope and the detection.

B.1.1 Excitation

For the excitation,we can make use of three different lasers. Two continuous wave (cw) narrow line lasers (FWHM<1 MHz), necessary for the Raman spectroscopy, one at 532 nm (2.33 eV) and one at 633 nm (1.96 eV). The last one is a pulsed laser, mandatory to perform time resolved photo luminescence, tunable from 480 nm (2.58 eV) to 2400 nm (0.52 eV). Its repetition rate can be modulate from 2 to 78 MHz. Before sending the excitation beam into the microscope, we filtered the cw laser beam, using BragGrate ultra-narrow band pass filter (FWHM= 150 MHz, 5 cm -1 ).

This filter removes the laser background around the laser line Our pulsed tunable laser has a temporal FWHM of ≈40 ps depending on the emission wavelength. The spectral resolution range from 1 to 10 nm with satellite peak around the main peak.

Since our cw lasers are linearly polarized (> 1:10 000), we modulate the excitation beam intensity using a half waveplate and a linear polarizer. Giving the high polarization of the laser, we can modulate the laser intensity over four decades. On the other hand the pulsed laser is not polarized. However, we can directly modulated the power supplied to the laser cavity an therefore modulate intensity.

B.1.2 Microscopy

B.1.2.1 Measurements in ambient condition

We use a commercial Nikon inverted microscope Ti eclipse for its convenience 

B.1.2.2 Measurements in vacuum at variable temeprature

Cryogenic and vacuum measurement are performed the same way since we use our cryostat as a vacuum chamber for our samples. We use a flux cryostat, pumping liquid helium inside to cool down a cold finger holding our sample. We can adapt this cryostat above the microscope while we adapt the objective on the xyz piezo-stage. In this configuration, we have another xyz mechanical translation stage to move the whole cryostat with respect to the microscope while the nano-positioning is realized by moving the objective with the piezo stage. For this measurement, we cannot use the 100x and 150x objectives since their working distances are much to short.

Therefore, we use a 50x objective 0.65 N.A. with 1 cm working distance.

B.1.3 Detection

The sample signal is send to the spectrometer or to the APDs. For more convenience we add a flip mirror to easily switch from spectrally resolved to time resolved measurement Our main activity is optical spectroscopy. Since our microscope is confocal, we never perform imaging with this system. Hence, we need a long CCD module, to get the longest spectral window as possible, while the width of the CCD module is not critical. We have therefore a 50 cm focal length spectrometer coupled to a 1340x100 pixels nitrogen cooled CCD camera.

We can adapt several turret in the spectrometer to change the gratings and hence change our spectral resolution.

B.1.3.2 Grating

The most important parameter of a grating is its number of line per millimetres. It gives its ability to disperse light, higher lines density lead to larger dispersion. Therefore, the spectral resolution increase with the number of lines per millimetres while the spectral window shrinks.

B.2 Angle resolved polarimetric setup at ISIS

We perform angle resolved polarimetric measurement in collaboration with the nanostructure group at ISIS. The excitation laser is filtered by a band pass filter centred at the laser frequency. The polarization state is define by the linear polarizer (LP), a half waveplate (HWP) and a quarter waveplate (QWP). The beam is then focus on the sample on the sample using a 4x objective. We collect the emitted light by a 40x objective. The emitted light is then projected on a polarization state using half waveplate, a quarter wave plate and a linear polarizer. We filter the laser light using a short wave pass (SWP). A tube lens form the image of the sample on the adjustable slit (AS), to select spatially the area of interest on the sample. After the slit, a lens can be added or removed to image the real space image on the camera. The last lens, the Fourier Space Lens (FSL) to image the Fourier Space on the camera.

To get the angular content of an object, we need to Fourier transform its image. This can be done by adding a Fourier space lens (FSL) with its focal plane coinciding with the tube lens image plane [START_REF] Hecht | Optics[END_REF]. The image plane of the FSL is then coinciding with the spectrometer slit. Adding a lens with a shorter focal distance between the FSL and the tube lens image plane to collimate the beam again allows us to measure the real space spectrum formed on the slit by the FSL Fig.

B.5. We adopt a excitation using a second objective tilted from the normal incidence to avoid the necessity of a beam splitter that have different polarization response for the vertical and horizontal linear polarization. Since such optical element makes circular polarization elliptical and therefore difficult to manipulate. The Fourier space lens combined with the spectrometer give access to the dispersion relation ω vs k.

B.3 Time resolved Photo Luminescence at LPCNO

In collaboration with Xavier Marie's group in Toulouse, we perform high resolution TRPL using a streak camera. The setup is the same as the spectral measurment used at IPCMS . By modulating the electrical potential between both plates, the deflection undergoes by each electron will be time dependent. By synchronising laser pulses with voltage sweep between the metallic plates, we can make sure that each photon emit a at delay t from the the laser pulse follows always the same path in the streak camera. Once electron have gone through the two plates, they hit a phosphor screen to be re-converted into photons and collected on a CCD camera. The vertical axis on the CCD is the time, while the horizontal one is the frequency since we use a monochromator in this experiment. 

C

Optical spectroscopy of heterostructures based on atomically-thin semiconductors

Résumé

Au cours de cette thèse, nous avons fabriqué et étudié par spectroscopie optique, des hétérostructures de van der Waals, composées de monofeuillets semi-conducteurs (dichalcogénures de métaux de transition, DMT) couplés à une monocouche de graphène ou à un résonateur plasmonique. Nous avons observé des modifications importantes de la dynamique des états excités optiquement dans le DMT (excitons) lorsque celui-ci est en contact avec le graphène. Le graphène neutralise la couche de DMT et permet un transfert non-radiatif d'excitons en moins de quelques picosecondes. Ce transfert d'énergie peut s'accompagner d'un photodopage extrinsèque considérablement moins efficace. La réduction de la durée de vie des excitons du DMT en présence de graphène a été exploitée pour montrer que leur pseudo-spin de vallée maintenait un degré de polarisation et de cohérence important jusqu'à température ambiante. Enfin, en couplant fortement les excitons d'un DMT aux modes d'un résonateur plasmonique à phase géométrique, nous avons mis en évidence, à température ambiante, le verrouillage du pseudo-spin de vallée sur la direction de propagation des polaritons chiraux (chiralitons) issus du couplage.

Mots clés : Matériaux 2D, spectroscopie optique, exciton, hétérostructures de Van der Waals

Résumé en anglais

During this thesis, we have fabricated and studied by optical spectroscopy, van der Waals heterostructures composed of semiconductor monolayers (transition metal dichalcogenides, TMD) coupled to a graphene monolayer or to a plasmonic resonator. We have observed significant changes in the dynamics of the TMD optically excited states (excitons) when it is in direct contact with graphene. Graphene neutralizes the TMD monolayer and enables non-radiative transfer of excitons within less than a few picoseconds. This energy transfer process may be accompanied by a considerably less efficient, extrinsic photodoping. The reduced lifetime of TMD excitons in the presence of graphene has been exploited to show that their valley pseudo-spin maintains a high degree of polarization and coherence up to room temperature. Finally, by strongly coupling TMD excitons to the modes of a geometric phase plasmonic resonator, we have demonstrated, at room temperature, that the momentum of the resulting chiral polaritons (chiralitons) is locked to their valley pseudo-spin. Keywords : 2D materials, optical spectroscopy, exciton, van der Waals heterostructures
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 11 Figure 1.1: Adapted from[2].
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 12 Figure 1.2: Timeline and landmarks paper in the 2D material research focused on spectroscopy. The most important paper for this work are highlighted in red and illustrated on the right side. From bottom to top, topics have been covered in those references: 2005[START_REF] Ks Novoselov | Two-dimensional atomic crystals[END_REF], 2010[START_REF] Mak | Atomically Thin MoS 2 : A New Direct-Gap Semiconductor[END_REF][START_REF] Cory R Dean | Boron nitride substrates for high-quality graphene electronics[END_REF], 2012[6,[START_REF] Mak | Optical spectroscopy of graphene: from the far infrared to the ultraviolet[END_REF], 2013[START_REF] Ross | Electrical control of neutral and charged excitons in a monolayer semiconductor[END_REF], 2014[START_REF] Chernikov | Exciton Binding Energy and Nonhydrogenic Rydberg Series in Monolayer WS 2[END_REF][START_REF] Ceballos | Ultrafast charge separation and indirect exciton formation in a MoS 2 -MoSe 2 van der Waals heterostructure[END_REF], 2015[START_REF] Rivera | Observation of long-lived interlayer excitons in monolayer MoSe 2 -WSe 2 heterostructures[END_REF][START_REF] Srivastava | Valley zeeman effect in elementary optical excitations of monolayer wse 2[END_REF][START_REF] Lui | Observation of interlayer phonon modes in van der waals heterostructures[END_REF], 2016[START_REF] Robert | Exciton radiative lifetime in transition metal dichalcogenide monolayers[END_REF], 2017[START_REF] Cadiz | Excitonic linewidth approaching the homogeneous limit in MoS 2 -based van der waals heterostructures[END_REF][START_REF] Robert | Fine structure and lifetime of dark excitons in transition metal dichalcogenide monolayers[END_REF][START_REF] Raja | Coulomb engineering of the bandgap and excitons in two-dimensional materials[END_REF][START_REF] Onga | Exciton hall effect in monolayer mos 2[END_REF][START_REF] Wang | In-plane propagation of light in transition metal dichalcogenide monolayers: Optical selection rules[END_REF], 2018[START_REF] Stier | Magnetooptics of exciton rydberg states in a monolayer semiconductor[END_REF][START_REF] Back | Realization of an electrically tunable narrow-bandwidth atomically thin mirror using monolayer mose 2[END_REF].
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 13 Figure 1.3: Timeline and landmarks paper in the 2D material research focused on devices and nano-photonics. The most important paper for this work are highlighted in red and illustrated on the right side. From bottom to top, topics have been covered in those references: 2011[START_REF] Radisavljevic | Single-layer mos 2 transistors[END_REF], 2013[START_REF] Cr Dean | Hofstadter/'s butterfly and the fractal quantum hall effect in moire superlattices[END_REF], 2014[START_REF] Zomer | Fast pick up technique for high quality heterostructures of bilayer graphene and hexagonal boron nitride[END_REF][START_REF] Zhang | Ultrahigh-Gain Photodetectors Based on Atomically Thin Graphene-MoS 2 Heterostructures[END_REF][START_REF] Mak | The valley Hall effect in MoS 2 transistors[END_REF][START_REF] Tsai | Monolayer mos 2 heterojunction solar cells[END_REF][START_REF] Lee | Atomically thin p-n junctions with van der Waals heterointerfaces[END_REF], 2015[START_REF] Liu | Strong light-matter coupling in two-dimensional atomic crystals[END_REF][START_REF] Withers | Lightemitting diodes by band-structure engineering in van der Waals heterostructures[END_REF][START_REF] Shi | Superconductivity series in transition metal dichalcogenides by ionic gating[END_REF], 2016[START_REF] Massicotte | Picosecond photoresponse in van der Waals heterostructures[END_REF][START_REF] Onga | High circular polarization in electroluminescence from mose 2[END_REF], 2017[START_REF] Zhou | Probing dark excitons in atomically thin semiconductors via near-field coupling to surface plasmon polaritons[END_REF][START_REF] Avsar | Optospintronics in graphene via proximity coupling[END_REF][START_REF] Sun | Optical control of room-temperature valley polaritons[END_REF] 2018[START_REF] Chervy | Room temperature chiral coupling of valley excitons with spin-momentum locked surface plasmons[END_REF].
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 21 Figure 2.1: a) Real space sketch of the graphene lattice with A and B inequivalent sites. a 1 and a 2 are the real space lattice vectors. b) Reciprocal lattice, with the ±K, M and Γ high symmetry point and its lattice vectors b 1 and b 2 . c) Electronic dispersion relation of graphene. Adapted from [39].

Figure 2 . 2 :

 22 Figure 2.2: a) Gate dependent graphene channel resistance adapted from[START_REF] Geim | The rise of graphene[END_REF]. b) Graphene optical conductivity with respect to the incident photon wave-number. Increasing graphene Fermi level forbid some interband transitions adapted from[START_REF] Li | Dirac charge dynamics in graphene by infrared spectroscopy[END_REF].

Figure 2 . 3 :

 23 Figure 2.3: a) 2H-TMD crystalline structure, top and side view b) TMD unit cell with its C 3 principal rotation axis and no inversion symmetry. c) Graphene unit cell with its C 6 principal rotation axis and an inversion symmetry since inequivalent sites are populated with the same carbon atom.

Figure 2 . 4 :

 24 Figure 2.4: a) MoS 2 band structure for a bi and monolayer, the gap is indicated by the solid line arrow. b) reciprocal lattice sketch with the high symmetry point Γ , ±K and M. c) Mono-, bi-and tri-layer MoS 2 PL spectra in red, green, and orange respectively. Each spectrum is normalized to one. d) PL intensity of a mono-and bi-layer MoS 2 in red and green acquired in the same conditions. e) Lowest energy PL peak with respect to the layer number. c,d and e) are adapted from [3].

Figure 2 . 5 :

 25 Figure 2.5: a) MoS 2 band structure, centred at K, calculated by Density Functional Theory including spin-orbit interaction. The spin up valence band is presented in blue. A zoom on the black rectangle is presented in (b). b) Zoom on the MoS 2 conduction band minimum around the K point, the spin down band is shown in blue. c) Same as (b) for WS 2 . Figure adapted from [46].
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 26 Figure 2.6: a) TMD band structure with the spin orbit splitting. The transition labelled A and B are the electronic transition underlying the two A and B peak in (b). b) Absorption measurement reproduced from[START_REF] Li | Measurement of the optical dielectric function of monolayer transition-metal dichalcogenides: MoS 2 , MoSe 2 , WS 2 , and WSe 2[END_REF]. These data have been taken on free standing samples.
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 27 Figure 2.7: a) Room temperature PL emission, the width is reduced for BN-capped samples. b) Low temperature PL emission for various TMD supported on SiO 2 and encapsulated in BN. In BN, optical signature are much cleaner with much narrower peak and complex peak structure unveiled. Figure reproduced from [8].
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 28 Figure 2.8: Phonon dispersion relations along high symmetry lines and at high symmetry Γ , K and M point adapted from [54]. Modes are labelled by i or o for in or out of plane modes, L and T stands for longitudinal and transverse and finally A and O refer to acoustic or optical phonons.
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 29 Figure 2.9: Phonon dispersion relation calculated for MoSe 2 monolayer. We also show the atomic displacement involved by each phonon at the Γ point where in plane modes are doubly degenerated. Adapted from [57].
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 211 Figure 2.11: a) Graphene monolayer Raman spectrum. The reddish region highlights the G-band while the blueish corresponds to the 2D-band. b) First order Raman process corresponding to the G-mode. Second order doubly resonant Raman process underlying the 2D-mode.
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 3332 Figure 2.12: a) G-mode frequency and width in red and blue respectively with respect to the Fermi energy. The solid red lines corresponds to (2.10) while the blue one comes from (2.9). The right inset is the Feynman diagram of the phonon electron-hole pair interaction leading to the increase of the G mode frequency while the right one corresponds to the decay of a phonon to an electron hole pair. b) G-mode width with respect to its frequency.The solid and dashed lines correspond to a fit based on (2.10) and (2.9) for the hole and electron doped graphene respectively. Adapted from[START_REF] Froehlicher | Raman spectroscopy of electrochemically gated graphene transistors: Geometrical capacitance, electron-phonon, electron-electron, and electron-defect scattering[END_REF].
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 213 Figure 2.13: 2D-mode frequency with respect to the G mode frequency. The dashed line highlights the correlation behaviour when strain is increased. The solid line corresponds to a hole doping while the dotted line follows an electron doping behaviour. Adapted from [56].
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 14 . Using an ionic top gate, Miller and co-workers demonstrated that the A 1 mode frequency of an MoS 2 layer depends on the doping level (Fig.2.16 a). The A 1 mode shift by 3 cm -1 by

Figure 2 .

 2 Figure 2.14: a) Side and top view of the crystal structure of 2H-MoTe 2 . The red rhombus represents the unit cell. b) Optical image of a N -layer MoTe 2 crystal deposited onto a Si/SiO 2 substrate. c) Raman spectra of monolayer, bilayer and bulk MoTe 2 in the parallel (XX, thick colored solid lines) and perpendicular (XY, thin grey lines) polarization configuration. The spectra are vertically offset for clarity and the asterisk highlights residual contributions from the exciting laser beam. d) Atomic displacements and irreducible representations associated with the Γ point phonon modes in monolayer, bilayer and bulk MoTe 2 . The Raman (R) and/or infrared (IR) activity are indicated, and stars denote silent modes. The zero frequency acoustic modes (LA, TA, ZA) and their irreducible representations are also shown for clarity. Figure reproduced from [65].
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 2216 Figure 2.15: a) Schematic of the finite linear chain model discussed in the text. b) Layer Breathing Mode (LBM) c) oX and d) oMX Raman mode with respect to the sample number of layers. Each open squares (circles) correspond to a Raman inactive (active mode) calculated from our model. The black dots correspond to the value extracted from a fit of Raman spectra. The gray dashed line shows the limit in the bulk of the mode frequency. The solid red and dashed blue lines are guide to the eye that connect the different calculated phonon values. In (d) the green dashed line and open symbole are the surface mode. Figure adapted from [65].

Figure 2 .

 2 Figure 2.17: a) Free carrier absorption sketch, blue (red) dots represent electron (holes). The black vertical arrows represent the photo-induced transition. Small grey curved arrows represent the electron phonon interaction guiding the electron (hole) to the bottom (top) of the conduction (valence) band. The wavy blue arrow is the photon used to excite electronhole pair while the green and red ones are the photon re-emitted by the semiconductor. The green one represents hot luminescence from carrier that are not fully relaxed yet while the red one comes from fully relaxed electron hole pair. b) Excitonic representation of bounded electron hole pairs, red (green) arrow is the optical (electronic) gap. The binding energy is represented by the gray arrow. c) Real space representation of exciton with different principal quantum number in a TMD layer, the 1s state electrical field line lies mostly in the layer while the 2s lies more outside of it. d) Sketch of the excitonic optical absorption. The 1s state absorption is divided by 50 since it absorbs much more than the other exciton Rydberg state.

  Such experiments are difficult to carry out due to the large absorption intensity discrepancies between the first and the n-th exciton states. However, it has been done by A.Chernikov and co-workers [4]. They used reflectance spectroscopy to get access to the exciton Rydberg series (Fig. 2.18 a) and finally tested if the model could reproduce those data. It appears that this model is quantitatively agreeing only with the highest excitonic state but not with the two first states (Fig. 2.18 b).
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 218 Figure 2.18: a) Reflectance contrast derivative with respect to energy. Below 2.15eV, the spectrum is divided by 30 for clarity. The inset is the full reflectance spectrum. b) Comparison between theory and experiment, blue dots correspond to experiment extracted from a) the red line corresponds to the 2D hydrogen model while the red triangle stands for the Keldysh potential based theory. The electronic bandgap presented here is a fitting parameter of the theory. The inset presents the effective dielectric constant needed seen by the exciton for different Rydberg state. Adapted from [4].

Figure 2 . 19 :

 219 Figure 2.19: a) Sample scheme, the encapsulated layer is deposited on a optical fibre to be compatible with the high magnetic field setup. b) Magneto absorption data reproduced from [5].
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 221 Figure 2.21: a) WS 2 room temperature PL emission in green and MoSe 2 PL emission at 4K. The trion is highlighted by X -and the neutral exciton by X 0 . b) Exciton, positive and negative trion, and bi-exciton representation. At the bottom, we show the scheme of the charge ajustable device used in (c) and (d). The red layer is the TMD. c) Gate dependent differential reflectivity intensity on WSe 2 at 4K. X 0 * is the neutral exciton second Rydberg state. X -presents two branches because of the many different possible negative trions. d) Gate tunable WSe 2 PL emission, XX and XX ± refer to neutral bi-excitons and charged bi-excitons respectively.

Figure 2 . 22 :

 222 Figure 2.22: a) Time resolved photoluminescence of the MoSe 2 A exciton for three different monolayers coming from different sources. Flakes are supported on SiO 2 . The exciton lifetime is 1.8ps and is assumed to be the exciton radiative lifetime. b) A exciton TRPL at different temperatures, the inset represents the decay time evolution with the temperature. For both panel, the Instrumental Response Function is highlighted by the hatched area. The excitation energy is 1.746 eV. Figure reproduced from [12].

Figure 2 . 23 :

 223 Figure 2.23: (a) Low temperature exciton population, a non thermalized population lies at the bottom of the exciton dispersion relation (blue solid line) inside the light cone (orange line). The dark exciton dispersion relation is the dashed blue line. b) Same as (a) for a thermalized population that spreads outside of the light cone. Photoluminescence time traces from 100K to Room temperature. Figure reproduced from [12].
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Figure 2 .

 2 Figure 2.24: a) Scheme of the samples studied. the MoSe 2 is deposited on different BN thickness and then encapsulated with a thin BN layer. b) Excitation of high momentum exciton creating an exciton reservoir in blue. Second panel, decay of excitons from the reservoir to the optically active state in red via exciton phonon coupling. c) Rate equation model of the exciton dynamics for a BN encapsulated MoSe 2 . d) Simulation of optically active exciton population given by Eq. 2.17 for different values of τ relax and τ X . e) MoSe 2 PL decay time of a flake on 273nm (180nm) BN in orange (blue) the second panel corresponds to a zoom around the short time, the grey area represents the IRF. Rise times are slightly out of the IRF while the decay time is fully resolved. f) Radiative lifetime extracted from different BN thickness. The solid line corresponds to the lifetime calculated, taking into account the cavity effect (Purcell effect) induced by the thick BN. Dots are the experimental points. Figures are reproduced from[79].

  Figure 2.24: a) Scheme of the samples studied. the MoSe 2 is deposited on different BN thickness and then encapsulated with a thin BN layer. b) Excitation of high momentum exciton creating an exciton reservoir in blue. Second panel, decay of excitons from the reservoir to the optically active state in red via exciton phonon coupling. c) Rate equation model of the exciton dynamics for a BN encapsulated MoSe 2 . d) Simulation of optically active exciton population given by Eq. 2.17 for different values of τ relax and τ X . e) MoSe 2 PL decay time of a flake on 273nm (180nm) BN in orange (blue) the second panel corresponds to a zoom around the short time, the grey area represents the IRF. Rise times are slightly out of the IRF while the decay time is fully resolved. f) Radiative lifetime extracted from different BN thickness. The solid line corresponds to the lifetime calculated, taking into account the cavity effect (Purcell effect) induced by the thick BN. Dots are the experimental points. Figures are reproduced from[79].
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 225 Figure 2.25: Exciton decaying via Auger recombination.

Figure 2 . 26 :

 226 Figure 2.26: a) Exciton diffusion coefficient with respect to the pump fluence. b) time evolution of the exciton population with respect to position along a direction. Adapted from [80].

  opposite quantum numbers compared to the electron in valence band. Therefore, in the valence band, m h = -m e . Finally, using Eq.(2.18) we have m h Γ 10,11 + m e Γ 7 = -5/2 + 1/2 = 1 mod 3 therefore, the bands labeled Γ 10 and Γ 11 couple to Γ 7 , while the bands labeled Γ 12 and Γ 9 couple to Γ 8 (Fig.2.27).The transition previously described can be addressed by photons with a given circular polarization determined by m ph in Eq.(2.18). Therefore, excitons in a monolayer TMD can be created in a given valley, and are then said valley-polarized. Moreover, optical transitions between opposite spin sub-band are forbidden, since orbital momentum cannot be conserved. Such spin forbidden transitions are called dark, or gray[START_REF] Robert | Fine structure and lifetime of dark excitons in transition metal dichalcogenide monolayers[END_REF][START_REF] Wang | In-plane propagation of light in transition metal dichalcogenide monolayers: Optical selection rules[END_REF] excitons1 . If the lowest energy A exciton couples to light, the TMD is then called bright and should emit better at low temperature because at room temperature the inactive transition could be thermally populated decreasing the yield of the photoluminescence (Fig.1.18). On the contrary, if the lowest energy transition is dark, the TMD is called dark and will emit better at room temperature because the optically active transition will be thermally populated. Bright TMD are Molybdenum based while dark ones are Tungsten based TMD even if there remains a controversy on the bright character of MoS 2 .

Figure 2 . 27 :

 227 Figure 2.27: The red and blue arrows correspond to the electron spin direction. a) Spin structure sketch of a Molybdenum based TMD. Optically active A and B exciton are presented on the left side. Here A excitons are bright and so are Molybdenum based TMD. However, B excitons are dark. ±K valley has opposite spin structure but the transition energy still the same for both valley. b) Spin structure for a dark TMD. Optical selection rules are presented for both valleys. The spin value is reported on the right hand side of the band structure.

Figure 2 . 28 :

 228 Figure 2.28: a) Coulomb exchange interaction leading to the switch of the electron hole pair valley index. b) Same as a for phonon mediated process. phonons are represented by grey arrows.

Figure 2 . 29 :

 229 Figure 2.29: a) Population rate equation model for a σ + excitation, red arrow represents the intervalley scattering rate Γ s , the balck one is the pumping term and the green the desexcitation rate. b) Same as (a) for coherent superposition obtain by shining linear polarized light on the sample.

Figure 2 .

 2 Figure 2.30: a) MoS 2 monolayer PL emission at 14 K excited with a σ + polarized light and analysed with a σ + (red) and σ -(pink) polarization. Adapted from [87] b) WSe 2monolayer PL emission at 30 K excited with a vertical polarization analysed on a vertical (blue) and horizontal (green) polarization basis. Adapted from[START_REF] Jones | Optical generation of excitonic valley coherence in monolayer WSe 2[END_REF].

Figure 2 .

 2 Figure 2.31: a) bilayer graphene twisted by 2 • forming a Moiré pattern. b) Van der Waals heterostrucutre based light emitting diode[START_REF] Withers | Lightemitting diodes by band-structure engineering in van der Waals heterostructures[END_REF]. Graphene layers are contacted to be used as electrodes.
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 232 Figure 2.32: a) optical micrograph of a BN encapsulated graphene sample. The full stack is supported on SiO 2 .b) AFM topography of the graphene region. No bubbles or residue can be seen. c) TEM image of a cut normal to the substrate. BN is present between white dashed lines and graphene between the red dashed lines. No residue can be seen. Figure adapted from[START_REF] Wang | One-dimensional electrical contact to a two-dimensional material[END_REF].
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 2233 Figure 2.33: Valence, conduction band and Fermi energy in green and blue respectively for different TMD calculated ab initio without GW correction adapted from[START_REF] Gong | Band alignment of two-dimensional transition metal dichalcogenides: Application in tunnel field effect transistors[END_REF]. The grey line correspond to the neutral graphene Fermi energy measured by KPFM[START_REF] Yu | Tuning the graphene work function by electric field effect[END_REF].

Figure 2 .

 2 Figure 2.34: a) Room temperature PL spectra of a WSe 2 /MoSe 2 with respect to the crystalline axis angle. b) sketch of the band edge alignment of MoSe 2 in blue and WSe 2 in red. At the bottom, we show WSe 2 and MoSe 2 neutral exciton with the interlayer exciton after a charge transfer process. c) Interlayer exciton intensity with respect to the angle between MoSe 2 and WSe 2 crystalline axis. (a) and (c) are reproduced from [104].

2 Figure 2 . 35 :

 2235 Figure 2.35: a) optical micrograph of sample S3 (cf Appendix C). SiO 2 /MoSe 2 /graphene heterostructure. The brown area correspond to the TMD. b) False color PL and whitelight image. c) wide field PL image of the sample. the dark red region correspond to the TMD coupled to graphene region while the more intense dot comes from bubbles where TMD and graphene are decoupled.
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 236 Figure 2.36: a) intrinsic charge transfer, under illumination excitons are created (left panel) and then electrons (holes) are transferred to graphene. In steady state (right panel), graphene should be n-(p-)doped and the TMD p-(n-)doped. b) black lines correspond to molecular trap energy level and gray dashed lines to molecular trap removed by the light induced desorption of molecules. This will release electrons in the graphene. In the steady state, graphene is n-doped and less molecule are adsorb on the graphene.

Figure 2 . 37 :

 237 Figure 2.37: a) Förster energy transfer b) Dexter type energy transfer. The half filled conical dispersion represent neutral graphene on the left panel, The graphene is in the ground state, while the TMD is in excited state. On the right panel the graphene is excited while the TMD is in the ground state and hence the excitation has been transferred from the left to the right and energy has been transferred from TMD to graphene.

Figure 2 .

 2 Figure 2.38: a) Differential reflection (DR/R 0 ) measured from amonolayer WS 2 flake with a 390 nm pump and a 620 nm probe pulse. The red line indicates a biexponential fit with time constants of 1.3 and 21 ps. b) The same measurement as (a) performed with a monolayer graphene sample. The red line is a single-exponential fit of 1 ps. c) The same measurementas a) performed with a heterostructure sample of graphene and monolayer WS 2 , and with a 624 nm probe pulse. The signal decays biexponentially with time constants of 1 and 3.5 ps. d) The same measurement ascbut with a 780 nm pump pulse. The red line indicates a 1.4 ps exponential decay. e) Peak differential reflection from the monolayer WS 2 as a function of the probe wavelength (symbols, left axis) and PL of the same sample under 405 nm laser excitation. The error bars indicate the uncertainties due to noise. f) Same as (e) but for the heterostructure sample. Figure taken from [110].

Figure 2 .

 2 Figure 2.39: a) image of the sample before contact evaporation. Both film are CVD grown. b) Sample scheme and micrograph with the evaporated contact. c) Graphene source drain intensity with respect to the gate voltage in different conditions. d) Power dependent photo current in different conditions. Figure adapted from [14].

  bine Raman, PL and Time Resolved PL (TRPL) spectroscopy. Raman spectroscopy gives us insight on the material doping. It can be used to quantitatively measure the graphene Fermi level (cf chapter 2) or to measure the TMD doping trends. Net charge transfer mechanism can therefore be characterized by Raman spectroscopy. On the other hand, PL spectroscopy gives access to the exciton dynamics. The time resolved spectroscopy allows us to quantitatively record exciton dynamics since it is longer than one picosecond. However, Steady state PL spectroscopy gives insight on the exciton dynamics. Since a change in intensity denotes a change in the exciton dynamics if nothing, (e.g. Absorption ...) had change.
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 31 Figure 3.1: Data taken on the sample S1, monolayer MoSe 2 /graphene heterostructure supported on Si/SiO 2 substrate. a) Sample optical micrograph, the coupled part is highlighted by the white dashed line.b) AFM profile taken along the red and blue dashed line drawn in (a). c) Schematic of the heterostructure, the red arrow highlights the coupled region step while the blue corresponds to the uncoupled one. d) PL spectra taken on the different sample region: green triangle blue circle and red star presented in (a). The green triangle is the bare MoSe2, the blue circle corresponds to the uncoupled MoSe 2 /graphene region while the red star corresponds to the coupled TMD/Graphene region. e) Same as (d) for the Raman spectra. f) Hyperspectral PL intensity map of the whole sample, the white dashed line corresponds to the coupled region. g-k) Hyperspectral Raman map for the G-mode frequency (g), G-mode width (h), 2D-mode frequency (i), 2D-mode width (j) and finally G-mode/2D-mode intensity ratio. All maps have the same scale bar as (a). Map have been recorded using cw 2.33 eV (532 nm) laser excitation at a photon flux Φ ph = 2 × 10 19 and Φ ph = 2 × 10 22 cm -2 .s -1 for the PL map and the Raman map respectively. Figure reproduced from[START_REF] Froehlicher | Charge versus energy transfer in atomically thin graphene-transition metal dichalcogenide van der waals heterostructures[END_REF] 
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 3132 Figure 3.2: Raman spectra taken on MoSe 2 /Graphene heterostructure (S1) coupled region at different photon flux. The black dots correspond to the data point while the solid line are Lorentzian fit of the G-and 2D-modes.
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 33 Figure 3.3: Data taken on MoSe 2 /graphene (S1) a) G-mode frequency ω G at different photon flux, the red squares correspond to the coupled region the blue circles to the decoupled region and the gray diamonds to the bare graphene. b) same as (a) for the G-mode width Γ G . c) Correlation between Γ G and ω G for decoupled region blue circles and coupled region red squares. The color gradient highlights the photon flux, darker symbols correspond to higher photon flux.d) Photon flux dependent intensity ratio between 2D-and G-mode. e) Same as (c) for the 2D-mode frequency and G-mode frequency. The solid line corresponds to a linear fit of the data taken on the coupled region. The slope is 0.11. f) Fit (solid line) of the G-mode width (open circle) in blue. Extraction of the graphene Fermi energy via the G-mode frequency (red open squares) with the theoretical G-mode frequency, red solid line (cf Chapter 2). Figure reproduced from[START_REF] Froehlicher | Charge versus energy transfer in atomically thin graphene-transition metal dichalcogenide van der waals heterostructures[END_REF] 
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 34 Figure 3.4: Graphene Fermi energy with respects to the incident photon flux for S1 in ambient air. S1 is a monolayer MoSe 2 /graphene heterostructure supported on Si/SiO 2 substrate.

Figure 3 . 5 :

 35 Figure 3.5: a) MoSe 2 Raman spectra on different regions, coupled decoupled and on bare TMD in red blue and green respectively. The left inset is a zoom on the prominent peak A 1 corresponding to the out of plane movement of the chalcogen atom. The right inset is a zoom on the E mode indicated by an arrow. It corresponds to the in plane movement of each atom b) TMD Raman mode A' 1 frequency and width, this give a qualitative measure of the doping in the TMD. The coupled, uncoupled and bare MoSe 2 regions are represented in red, blue and green respectively.The Raman mode frequency is decreasing while the width is increasing, sign of an electron doping for any region even though this effect is smaller for the coupled region. c) Correlation between the width and the frequency of the A' 1 . To compare what happens in the coupled with respect to the uncoupled region, we represent the difference between coupled and uncoupled region or coupled and bare MoSe 2 region. Figure reproduced from[START_REF] Froehlicher | Charge versus energy transfer in atomically thin graphene-transition metal dichalcogenide van der waals heterostructures[END_REF] 

2 Figure 3 . 6 :

 236 Figure 3.6: Graphene Fermi energy with respects to the incident photon flux for S1 in ambient air. S1 is a monolayer MoSe 2 /graphene heterostructure suppported on Si/SiO 2 substrate.

Figure 3 . 7 :

 37 Figure 3.7: Data taken on sample S4 a) PL spectra recorded at 3×10 20 cm -2 .s -1 photon flux on MoSe 2 presented in dark blue or dark red and MoSe 2 /Graphene in blue or red.The top panel has been recorded in ambient conditions while the lower one corresponds to vacuum. A and B denote the A and B exciton. b) G-mode frequency with respect to the power, blue square data are taken under vacuum while the red circles correspond to ambient conditions measurement. c) 2D-and G-Mode correlation, the green line is a fit of all the data since they have been taken on the same sample. The slope indicates an electron doping. The gray line correspond to hole doping slop and the dashed line correspond to strain. d) Frequency with correlation of the G mode indicating doping.The green line corresponds to the fit of the G-mode width and frequency using (EQ.(2.9) and EQ.(2.10)).

Figure 3 . 8 :

 38 Figure 3.8: Data taken on S4 under vacuum at 3 × 10 22 cm -2 .s -1 photon flux on two different points. a) G-mode frequency ω G with respect to insulation time. Each spectrum is integrated for 30 s (60 s) for the purple squares (green circles). b) Same as (a) for the G-mode FWHM Γ G . c) 2D-and G-mode frequency correlation. d) G-mode frequency and FWHM correlation.

Figure 3 . 9 :

 39 Figure 3.9: Data taken on sample S5 a) PL spectra recorded at 3×10 20 cm -2 .s -1 photon flux on MoSe 2 presented in dark blue or dark red and MoSe 2 /Graphene in blue or red.The top panel has been recorded in ambient conditions while the lower one corresponds to vacuum. A and B denote the A and B excitons. b) G-mode frequency with respect to the power, blue square data are taken under vacuum while the red circles correspond to ambient conditions measurement. c) 2D-and G-Mode correlation, the green line is a fit of all the data since they have been taken on the same sample. The slope indicates an electron doping. The gray line corresponds to hole doping slop and the dashed line correspond to strain. d) Frequency/FWHM correlation of the G mode indicating doping.The green line corresponds to the fit of the G-mode width and frequency.

2 Figure 3 . 10 :

 2310 Figure 3.10: data taken on S6: BN capped MoSe 2 /graphene heterostructure. a) Raman spectra taken on the heterostructure (BN capped graphene) on the right (left) panel with at different excitation power, 1 µW corresponds to 3 × 10 20 photons.cm -2 .s -1 . The asterisk denotes a side peak induced by a Moiré lattice between the top BN layer and the graphene layer underneath. b) PL spectra in ambient air (under vacuum) displayed on the right (left) panel.

Figure 3 . 11 :

 311 Figure 3.11: Data taken on sample S7, a SiO 2 /BN/MoSe 2 /graphene sample. a) PL spectra recorded at 3×10 20 cm -2 .s -1 photon flux on MoSe 2 presented in dark blue or dark red and MoSe 2 /Graphene in blue or red. The top panel has been recorded in ambient condition while the lower one corresponds to vacuum. A and B denote the A and B excitons. b) G-mode frequency with respect to the power, blue square data are taken under vacuum while the red circle correspond to ambient conditions measurement. c) 2D-and G-Mode correlation. d) Frequency/FWHM correlation of the G mode indicating a neutral graphene.
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Figure 3 . 12 :

 312 Figure 3.12: Data taken on sample S8 (WSe 2 /Gr heterostructure) a) PL spectra recorded at 3×10 20 cm -2 .s -1 photon flux on WSe 2 presented in dark blue or dark red and MoSe 2 /Graphene in blue or red. The top panel has been recorded in ambient condition while the lower one corresponds to vacuum. A and B denote the A and B excitons. b-d) Open blue square data are taken under vacuum while the full red circle correspond to ambient conditions measurement. b) G-mode frequency with respect to the power. c) 2D-and G-Mode correlation, the green line is a fit of all the data since they have been taken on the same sample. The slope indicates an electron doping. d) Frequency/FWHM correlation of the G mode indicating doping.

Figure 3 . 13 :

 313 Figure 3.13: Data taken on sample S9 (WS 2 /Gr heterostructure) a) upper panel, PL spectra recorded under 1.96 eV (633 nm) laser excitation WS 2 presented in dark red and WS 2 /graphene in red. The peaks superimposed on the PL signal correspond to WS 2 Raman signal. The lower panel is the same excited at 2.33 eV (532 nm). Both have been recorded in ambient conditions. b-d) Full (open) symbol stand for measurement done in ambient (vacuum) condition. Green symbol have been recorded at 2.33 eV laser excitation and red at 1.96 eV. b) G-mode frequency with respect to the power c) 2D-and G-Mode correlation, the green line is a linear fit of the data taken in ambient conditions. d) Frequency/FWHM correlation of the G mode indicating doping.

Figure 3 . 14 :

 314 Figure 3.14: Data taken on sample S10 (MoS 2 /Gr heterostructure) a) PL spectra recorded in ambient condition, dark red correspond to MoS 2 while the red correspond to MoS 2 /graphene. b-d) Full (open) symbol stand for measurement done in ambient (vacuum) condition. Green symbol have been recorded at 2.33 eV laser excitation and red at 1.96 eV. b) G-mode frequency with respect to the power c) 2D-and G-Mode correlation. d) Frequency/FWHM correlation.
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 315 photon

Figure 3 . 16 :

 316 Figure 3.16: Data taken on S3. Left panels correspond to the MoSe 2 exciton decay time recorded at room temperature while the right panels are recorded on MoSe 2 /graphene. Upper panel are recorded in air and the bottom in vacuum. The grey line corresponds to the IRF, the green or blue line to the data and the red one to the fit. Those data have been recorded using a 705 nm excitation.

Figure 3

 3 Figure3.17: Data taken on S3 (SiO 2 /MoSe 2 /Graphene). Upper panel, TRPL spectrum for MoSe 2 from 14 K (in dark red) to 80 K (in yellow). The grey line is the IRF of our system. The lower panel is dedicated to the MoSe 2 /Graphene heterostructure where no longer lifetime is seen. However the lifetime is above the IRF up to 80K and is comparable to the bare MoSe 2 lifetime. The excitation wavelength is 705 nm

Figure 3 . 18 :

 318 Figure 3.18: Data taken on S3 (SiO 2 /MoSe 2 /Graphene). MoSe 2 exciton and trion lifetime plotted with red circle and dark red triangle respectively. The exciton lifetime we present is the short lived part of the time trace. The heterostructure exciton lifetime are represented by the blue sphere. We give value within 0.2 ps. We do not display the error bar because of the log scale.

Figure 3 . 19 :

 319 Figure 3.19: Data taken on S3. Upper panel, TRPL spectrum for MoSe 2 from 90 K (in dark red) to 250 K (in yellow). The grey line is the IRF. The lower panel is dedicated to the MoSe 2 /Graphene heterostructure where the exciton time trace is merged with the IRF.

Figure 3 . 20 :

 320 Figure 3.20: Data taken on S11 a) Upper panel, MoSe 2 A exciton time trace from 7 to 100K. The lower panel is dedicated is the same as (a) for MoSe 2 /Graphene heterostructure. for every panel, the gray curve correspond to the IRF.

Figure 3 . 21 :

 321 Figure 3.21: Data taken on S11 a) Upper panel, MoSe 2 A exciton time trace from 100 to 300K. The lower panel is dedicated is the same as (a) for MoSe 2 /Graphene heterostructure. for every panel, the gray curve corresponds to the IRF.

Figure 3 . 22 :

 322 Figure 3.22: Data recorded on S15 and S1 in ambient conditions. a) Sample S11 micrograph, the blue, green and red highlight the bottom, middle and top BN layer. b) Fluence dependent TRPL recorded on S15 and displayed in the dark red (4 × 10 10 cm -2 fluence) to yellow (3.5 × 10 13 cm -2 fluence) colour gradient. Each of this time trace is recorded using a 2.58 eV (480 nm) laser energy. As an indication, we also display the time trace of the of a MoSe 2 supported on SiO 2 recorded using a 1.96 eV (633 nm) laser energy at 2.2 × 10 11 cm -2 fluence. This last trace is not directly comparable to the others.
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 323 Figure 3.23: Sketch of electron transfer from a doped TMD to the neutral graphene.

Figure 3 . 24 :

 324 Figure3.24: Spectra displayed in dark blue correspond to bare TMD while it is showed in green for TMD/graphene heterostructure. Spectra have been recorded in ambient conditions. a) Data taken on S11. Bare MoSe 2 spectrum has been fitted by two Lorentzian one to take into account the red shoulder attributed to the trion. The second is the 1s state of the A exciton b) Data taken on S10. The bare MoS 2 spectrum is fitted with three Lorentzian, one for the trion one for the A exciton and the last for the B exciton. Since there is no shoulder on the heterostructure spectrum, we fit the spectrum with only two Lorentzians, the A and B exciton. c) Data taken on S12. The bare WS 2 spectrum is fitted by two Lorentzian, one for the A exciton and one for the trion component. This component is absent on the heterostructure spectrum.

Figure 3 . 25 :

 325 Figure 3.25: Data taken from S3. a) MoSe 2 and MoSe 2 /Graphene temperature dependent PL spectra, from dark red to yellow for MoSe 2 and from dark blue to light blue for MoSe 2 /Graphene. b) Average MoSe 2 exciton and trion emission energy and average MoSe 2 /Graphene exciton emission energy. Data point are average over few tens of spectra and the error bar correspond to the standard deviation, which is most of the time smaller than the data point.

Figure 3 . 26 :

 326 Figure 3.26: Data taken on S11 a) BN encapsulated MoSe 2 PL spectrum in blue and reflectivity in green. b) same as (a) for MoSe 2 graphene heterostructure.

Figure 3 . 27 :

 327 Figure 3.27: Data taken from S11 a) sample optical micrograph, the red line highlight MoSe 2 and the black rectangle correspond to the mapping area. b) Hyperspectral map of the sample, here the width of the A exciton peak is reported. c) MoSe 2 /Graphene and MoSe 2 spectra, the red line is their Lorentzian fit and double Lorentzian fit respectively. Those fits are used to extract the position intensity and width of each pixels of the hyperspectral map. d) Trion PL Intensity hyperspectral map, the intensity on the MoSe 2 /graphene area of the sample is vanishing. e) Exciton PL Intensity hyperspectral map, the intensity on the MoSe 2 /Graphene area, the PL intensity is ten times lower than in the MoSe 2 area. f) Trion over exciton intensity ratio hyperspectral map. g) Histogram of MoSe 2 and MoSe 2 /Graphene A exciton emission energy in blue and red, MoSe 2 charged A exciton emission energy in green extracted from fit of the hyperspectral above

Figure 3 . 28 :

 328 Figure 3.28: Data taken from S6. a) Upper panel, PL spectra at 4K normalized by the photon flux in logarithmic scale. At high photon flux, the trion start to rise as well as the second excitonic state 2s. Lower panel, spectrum taken at 4K with 500µW focused with a 50× objective. b) Upper panel, integrated A exciton PL intensity with respect to the incoming power. The black squares are the data while the red line is a fit by the power law αx β with β = 1.08, showing a strongly linear behaviour of the PL intensity, in the photon flux range we have studied. The lower panel represent the A exciton width with respect to the incident power showing a sharp increase at high flux

  resolved photoluminescence (TRPL) experiment at LPCNO in Xavier Marie's group. The whole specification of these experiments is available in [Chapter or appendix]. At 4K, we record two different TRPL image, one at low power (1µW) and one at higher power (50µW) (Fig.3.29 a and b).

Figure 3 . 29 :

 329 Figure3.29: Data taken on S3 a) streak camera image in log scale of a MoSe 2 /Graphene heterostructure PL acquired with a 705nm picosecond pulsed laser, under 1µW illumination. In the low excitation power regime, only the A exciton can be seen. b) Same as (a) with an incoming power of 50µW, in this regime, the trion start to rise up. c) PL intensity spectra in log scale from the temporal integration of the TRPL image in (a) and (b), the dark red spectrum correspond to the low power excitation, only the A is visible while the red spectrum correspond high power excitation, the trion is the red shifted shoulder labelled X ± A . d) Trion (green) and exciton (red) PL decay and IRF (gray).

Figure 3 . 30 :

 330 Figure 3.30: PL spectra for BN-encapsulated TMD and BN encapsulated TMD/graphene heterostructure for a) WS 2 b) MoS 2 c) WSe 2 and finally d) MoSe 2
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 330132333 with I tot the total intensity. The three last components of the vector are balanced measurement of the intensity in a polarization state and in its perpendicular polarization vector. The first component is vertical minus horizontal linearly polarized intensity. The second is the intensity difference between linearly polarized photon at ±45 • . The last one represents the intensity difference between photons circularly polarized right or left. There are only two conditions on the Mueller vectors. The first is S 2 1 + S 2 2 + S 2 to avoid getting higher intensity than the total intensity. S 2 1 + S 2 2 + S 2 3 = S 0 corresponds to fully polarized photon population. The second is S 0 ≥ 0 to have a positive intensity.The Mueller matrix M is a 4x4 matrix. spectroscopy experiment, the diagonal component m 00 corresponds to the system total PL spectrum. Other diagonal coefficients encode the ability of the system to maintain the excitation polarization. In our PL experiment, m 11 = m 22 and both measure the ability to maintain linear polarization and are therefore equal to γ. m 33 is the same for the circular polarization and therefore m 33 = ρThe m i0 correspond to the polarization dependent PL quantum yield. The m 0i encodes the dichroism of the medium (linear for i = 1, 2 and circular for i = 3). Dichroism is the ability of a material to absorb preferentially one polarization state more than the orthogonal one. Finally, the remaining terms correspond to polarization conversion.Such input/output allows us to fully take into account optical imperfection from our optical element. Since we only need to add a second matrix on the right side of eq. (4.2) that could be finally rewritten as S out = M det .M.M prep .S in (4.5) with M prep the Mueller matrices of the preparation optics block and M det the matrices of the analysis block (Fig. 5.2).

Figure 4 . 2 :

 42 Figure 4.2: Mueller polarimetry setup scheme.

Figure 4 . 3 :

 43 Figure 4.3: a) Artist's impression of the BN encapsulated WS 2 /Graphene heterostructure. b) Optical micrograph (left panel) and fluorescence image, recorded with an ultraviolet light excitation using a fluorescence microscope. The orange line highlights the WS 2 flake. Bright regions correspond to uncoupled or bare TMD region while the dark one corresponds to coupled region. c) Reflectivity and PL spectra at room temperature for WS 2 (blue) or WS 2 /graphene (green) region. d) Time resolved photoluminescence for WS 2 in blue and WS 2 /Graphene in green. The heterostructure lifetime is the same as the IRF in grey meaning that the heterostructure lifetime is not measurable by our photodiode. Figure reproduced from[START_REF] Lorchat | Room-temperature valley polarization and coherence in transition metal dichalcogenide-graphene van der waals heterostructures[END_REF] 

cm - 1 .

 1 With such excitation, WS 2 display strong Raman peaks that are fully polarized. Therefore, Raman signal rises the a contrast, average of the less intense 100% polarized Raman mode with the partially polarized intense PL signal. Such peaks are highlighted by the symbol * In (Fig.4.5 i-l) we can extract a 40% valley polarization as well as 20% valley coherence at room temperature. We attribute the increase of contrast at low energy for both m 11 and m 22 to the residual, linearly polarized, graphene emission.

Figure 4 . 4 :

 44 Figure 4.4: WS 2 Mueller matrix, m 00 (λ) is normalized by its maximum while others m ij (λ) are normalized by m 00 (λ). The * on the right side of the spectra is the excitation laser signal.

Figure 4 . 5 :

 45 Figure 4.5: a-d) Mueller matrix diagonal term, recorded in transmission, at room temperature with a cw 1.96eV He-Ne laser illumination, using BragGrate ultra narrow notch filters to remove the laser line. Those images are measured by wide field illumination. a) Wide field PL image in logarithmic scale, b-c) m 11 and m 22 degree of valley coherence, d) m 33 degree of valley polarization. e-h) Spectrally resolved Mueller matrix, the green curves represent data on the heterostructure while the blue one is the WS 2 data. We use an ultra narrow He-Ne cw laser at 1.959eV to excite our sample. Steep and narrow notch filters have been used to filtered out the laser light. The prominent peaks highlighted by

Figure 4 . 6 :

 46 Figure 4.6: a) initialization of a population just after turning on the laser, only the spin 1 (-1) state are populate, represented by the red (blue) dispersion for the heterostructure (bare TMD) Γ s is the spin relaxation rate and Γ TMD/Gr (Γ TMD ) is the heterostructure (bare TMD) desexcitation rate b) Steady state population, the bare TMD (blue) population is racemized but not the heterostructure one.

Figure 4 . 7 :

 47 Figure 4.7: a) WS 2 /Graphene PL in co and cross polarization at 20 K (upper panel) for linear polarization. Lower panels represent the degree of valley coherence that goes up to 60%. b) Same as (a) for circular polarization, the valley polarization degree is 50%. c) and d) are same as (a) and (b) for WS 2 encapsulated in BN. The degree of valley coherence and polarization are respectively 15% and 10%
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 549 Figure 4.9: a) WS 2 /Graphene co and cross polarized spectra at different temperatures b) Contrast with respect to the temperature in dark (light) green the valley coherence (polarization) of WS 2 /Grpahene while WS 2 valley polarization is displayed in blue.

80 fsFigure 4 .

 804 Figure 4.10: a-d) MoSe 2 and MoSe 2 /Graphene Mueller matrix diagonal term in orange and purple respectively, from 0 to 3. Those Muller matrices have been recorded with a tunable pulsed laser centered at 1.590eV. e-h) Same as (a-d) with a laser centered at 1.775eV

FigFigure 4 . 11 :

 411 Figure 4.11: Representation of a plasmon at the dielectric/metal interface. The intensity decays exponantially normal to the surface and propagates along the vector k
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 4124212 Figure 4.12: Lightcone and plasmon dispersion relation with ε d > 0 and ε m < 0

Figure 4 .

 4 Figure 4.13: a) plasmonic lattice scheme, each rectangle column is tilted by φ = π/6. The distance between two rectangle is Λ. b) Real-space leakage radiation microscope images of the surface plasmons launched by σ + and σ -excitations on an OSO plasmonic resonator. c) Dispersion relation of the OSO lattice along the k x axis for the {-1, 0}, {0, 0} and {1, 0} mode of the lattice. The blue thick solid lines correspond to the {-1, 0} lattice mode with the geometrical phase for a σ -excitation photon while the orange one is the {1, 0} lattice mode with the geometrical phase for a σ + excitation photon. The green thick solid line corresponds to the exciton dispersion relation. The shaded lines correspond to the other lattice modes.

Figure 4 . 14 :

 414 Figure 4.14:Plasmon polaritons arising from the strong coupling between the Optical Spin Orbit lattice and the TMD exciton. We represent in blue and red the TMD exciton at the K and -K valley respectively. In green we show the OSO mode and with the color gradient we represent the hybridized mode, the polaritons P. The superscript u (l) stands for upper (lower) polariton. Ω R is the Rabbi frequency. Adapted from[START_REF] Chervy | Room temperature chiral coupling of valley excitons with spin-momentum locked surface plasmons[END_REF] 

Figure 4 . 15 :

 415 Figure 4.15: a) white light reflectivity measurement under σ + insulation and b) under σ -insulation. The dashed line shows the uncoupled exciton energy level and the green line correspond to the coupled oscillator fit. c-d) derivative with respect to energy of a-b), the coupled oscillator model is represent in blue here.

4 .Figure 4 . 16 :

 4416 Figure 4.16: In all panel, the cross cuts are taken at 2 eV and the white part of the dispersion correspond to the filtered region. We cut off any signal weaker than 100 counts which cut anything above 2.03eV the laser excitation being at 1.96eV a) angle and polarization resolve circularly polarized PL emission b) Angle-resolved spectrum of the normalized coefficient S out 1 | TE /S 0 . c) Same as b) for TM mode. d) Angle resolved second diagonal term of the Mueller matrix m 11 .

  4.16 b-c) we plot the second term of the emitted PL stokes vector S out 1 | TE /S 0 = (I V -I H )/I tot We found a contra-propagating flow of polaritons in both case and a 5% valley coherence at room temperature. Finally, using the previous stokes vectors, we can compute the m 11 Mueller matrix element measuring the polariton degree of valley coherence. We display the results in (Fig. 4.16 d) the valley coherence at room temperature could be as high as 8%.

Figure 4 . 17 :

 417 Figure 4.17: Time resolved PL,the blue line correspond to the IRF, the red one to the WS 2 coupled to the plasmonic lattice and the green one to WS 2 supported on PDMS.

  )

Figure 4 . 19 :

 419 Figure 4.19: a) WS 2 spectra under σ + excitation resonant with the exciton energy analyzed in σ + (σ -) polarization in red (black). b) Angle resolved degree of valley polarization for different detuning between the cavity mode and exciton energy. Data reproduce from[START_REF] Sun | Optical control of room-temperature valley polaritons[END_REF] 

Figure 5 . 1 :

 51 Figure 5.1: a) TMD/Gr/BN heterostructure supported on SiO 2 adsorbate at the SiO 2 /TMD interface can be removed. Therefore, they can release electrons they trapped into the TMD. Those then are transfered to the graphene. b) same as (a) for a BN/Gr/TMD heterostructure.
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 616263 Figure 6.1: Les matériaux lamellaires, leurs propriétés électroniques, leurs structures cristallines et leurs compositions chimiques. Figure reproduite de [2].

Figure 6 . 4 :

 64 Figure 6.4: a) vue du dessus et de côté d'une bicouche de DMT. b) Vue du dessus de la maille élémentaire d'un DMT monocouche ainsi que l'axe principal de symétrie correspondant à une rotation de 2π 3 autour de C 3 . c) Vue du dessus de la maille élémentaire du graphène ainsi que l'axe principal de symétrie correspondant à une rotation de 2π 6 autour de C 6 et du centre d'inversion noté i.

Figure 6 . 6 :

 66 Figure 6.6: a) Image optique d'un échantillon de graphène encapsulé dans le BN. L'hétérostructure est déposée sur SiO 2 . b) Topographie AFM de l'échantillon. Les pointillés jaunes entourent le graphène tandis que les bleus montrent les bulles. c) Image TEM d'une coupe de l'échantillon. Le BN est localisé entre les lignes blanches tandis que les lignes rouges délimitent le graphène. Aucun résidu n'est présent à l'interface BN/Graphène. Figure adaptée de [101].
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 6768 Figure 6.7: Interaction dans les hétérostructures DMT/Graphène. Les flèches fines (bleu et verte) correspondent à l'excitation et l'émission des excitons du DMT. La flèche épaisse bleue représente le transfert d'énergie de l'exciton dans le DMT vers le graphène. La flèche rouge indique la possibilité de transfert de charge photoinduit et finalement le dopage natif du DMT peut être transféré au graphène (flèche orange) même dans le noir.

Figure 6 . 9 :

 69 Figure 6.9: a) Image optique de l'échantillon, la région couplée est indiquée par les pointillés blanc. b) profil AFM extrait le long des lignes pointillées bleue et rouge présentées dans (a). c) Schéma de l'hétérostructure, la flèche rouge (bleu) correspond à la région couplée (découplée). d) Spectres de PL de différentes régions données dans (a) : le triangle vert correspond au MoSe 2 nu, le cercle bleu est la région découplée tandis que l'étoile rouge correspond à l'hétérostructure couplée. e) De même que (d) pour les spectres Raman de graphène. f) Carte hyperspectrale de l'intensité de PL, les pointillés blancs entourent la région couplée. g-k) Cartes hyperspectrales Raman de la fréquence (g), et de la largeur (h) du mode G, ainsi que la fréquence (i) et largeur (j) du mode 2D. Finalement (k) est la carte hyperspectrale du ratio d'intensité entre le mode 2D et G. Les échelles des cartes et de l'image optique sont les mêmes. Toutes les cartes ont été faites en utilisant une excitation laser continu à 2.33 eV (532 nm) à un flux de photonsΦ ph = 2 × 10 19 et Φ ph = 2 × 10 22 cm -2 .s -1 pour la carte de PL et Raman respectivement. Figure reproduite de[START_REF] Froehlicher | Charge versus energy transfer in atomically thin graphene-transition metal dichalcogenide van der waals heterostructures[END_REF] 
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 66116 Figure 6.10: a) Spectres Raman enregistrés à différentes puissances, les sphères noires correspondent aux données tandis que les lignes sont des ajustements de ces données. b) Fréquence du mode G extraite des ajustements à différentes puissances. c) corrélation entre fréquence du mode G et 2D, la pente est de 0.11 indiquant un dopage en électrons. d) Ajustement des fréquences et largeurs du pic G avec le modèle théorique de F.Mauri et M.Lazzeri. e) Energie de Fermi du graphène en fonction du flux de photons. Figure reproduite de[START_REF] Froehlicher | Charge versus energy transfer in atomically thin graphene-transition metal dichalcogenide van der waals heterostructures[END_REF] 
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 613 Figure 6.13: Schéma de principe du couplage directionnel, l'excitation avec une polarisation circulaire gauche (droite) crée une excitation propageant vers la gauche (droite).

Figure 6 . 14 :

 614 Figure 6.14: a) Schéma d'un plasmon, l'intensité du champ décroit exponentiellement en dehors de l'interface. Ici nous avons représenté un plasmon dans un métal sans perte, c'est pourquoi l'intensité n'est pas réduite avec la distance parcourue. b) Relation de dispersion d'un plasmon en rouge et cône de lumière en noir.
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 6616 Figure 6.15: a) Schéma du réseau plasmonique utilisé, les rectangles noirs sont creusés dans un film d'or. b) Relation de dispersion du plasmon correspondant au réseau (a), les lignes grises correspondent aux modes de réseau simple obtenus grâce à l'équation (6.2) tandis que les lignes épaisses orange ou bleu sont les dispersions affectées par la phase géométrique obtenues grâce à l'équation (6.4). c) Image en microscopie de fuite du plasmon lancé dans une direction donnée en fonction de la polarisation de l'excitation.

Figure A. 1 :

 1 Figure A.1: a) exfoliation process to cover tape with bulk crystal. First place the bulk then fold up the tape and open it to duplicate bulk crystal. Repeat this step until you have a densely covered region with bulk. b) cover the bulky tape with a second empty tapeand remove it to remove few layers from the bulky tape. repeat this process until the bulk graphite turns light grey.

Figure A. 2 :

 2 Figure A.2: a) Transfer TMD flake on a DGL film by sticking the tape on the film, remove it by quickly pulling the tape. b) Put the TMD flakes slowly in contact with the substrate, pull the DGL film slowly.

Figure A. 3 :

 3 Figure A.3: a), PC droplet in blue, glass slide in grey. b) Slide the two glass pieces to laminate a nice PC thin film. c) pick up a part of the PC film with kapton tape in yellow. d) Grey rectangle is a glass slide, the yellow one is kapton tape, the light blue is the PDMS spacer and the blue rectangle is the PC film. The white dashed line correspond to the cut represented below. e) cut view of the PC stamp in d)

Figure A. 4 :

 4 Figure A.4: Transfer station picture, the pole on the right hand side hold the microscope.

Figure A. 5 :

 5 Figure A.5: a)Transfer station picture. b)Different step of the process, the three first step could be repeated several time to produce various stack. c) Cleaning the dropped off stack covered with PC residue in chloroform.

  Fig A.5 b). Once the full stack sit on the PC stamp, it is now time to drop it off on its new substrate. This step is almost the same as the pick up but instead of setting the temperature at 80 • C we setting it at 180 • C. At this point, the PC start to melt and when we withdrawn the stamp, the PC film remain on the substrate and so is the heterostructure.

1 Figure B. 1 :

 11 Figure B.1: Scheme of the optical setup at IPCMS. The green beam correspond to the excitation beam and the red to the signal. APD stands for Avalanche Photo-Diode and CCD for Charge Couple Device.

Fig. B. 2 ,Figure B. 2 :

 22 Figure B.2:Laser intensity with respect to the wavelength. The red line is the original spectral intensity while the green line is the cleaned version with an ultra narrow bandpass filter.

Figure B. 3 :

 3 Figure B.3: Picture of our microscope, 1 is the objective turret, 2 the beam splitter carousel 3 the white light input and the 4 correspond to the positioning stage.

Figure B. 4 :

 4 PhotocountingModule

Figure B. 5 :

 5 Figure B.5:Angle resolved polarimetric setup. The excitation laser is filtered by a band pass filter centred at the laser frequency. The polarization state is define by the linear polarizer (LP), a half waveplate (HWP) and a quarter waveplate (QWP). The beam is then focus on the sample on the sample using a 4x objective. We collect the emitted light by a 40x objective. The emitted light is then projected on a polarization state using half waveplate, a quarter wave plate and a linear polarizer. We filter the laser light using a short wave pass (SWP). A tube lens form the image of the sample on the adjustable slit (AS), to select spatially the area of interest on the sample. After the slit, a lens can be added or removed to image the real space image on the camera. The last lens, the Fourier Space Lens (FSL) to image the Fourier Space on the camera.

Figure B. 6 :B. 3 . 1 Figure B. 7 :

 6317 Figure B.6: Streak image of a MoSe 2 flake at 4K. A stands for the A exciton and T for the trion

  

  

  

Table 2 . 1 :

 21 Spin splitting at the K point in the conduction (∆ CB ) and valence (∆ VB )

		MoS 2	MoSe 2	MoTe 2	WS 2	WSe 2
	∆ CB	-3	-20 to -22 -32 to -36	29 to 32	36 to 38
	∆ VB 138 to 150 180 to 202 213 to 269 379 to 433 400 to 510
	class	B or D	B	B	D	D

Table 2 .2: µ is given in electronic mass and ε eff in vacuum permittivity 2.4.1.2 Binding energy measurement

 2 

	.13)

Table 2 .3: State

 2 MoSe 2 WS 2 WSe 2 MoTe 2

	ρ 1; 0.3* <0.05	0.4	0.5	0
	γ 0.55*	<0.05 0.04	0.35	0

2.30 b).

MoS 2 of the art value of the valley polarization and coherence at low temperature for different TMD. The value followed by a star * have been obtained in BN capped samples.

We reported in Table

3

.2 the state of the art values for ρ and γ the degree of valley polarization and coherence. Those data have been extracted from the literature, MoS 2 (BN capped) :

[START_REF] Cadiz | Excitonic linewidth approaching the homogeneous limit in MoS 2 -based van der waals heterostructures[END_REF]

, WS 2 :

[83], WSe 2 :

[START_REF] Jones | Optical generation of excitonic valley coherence in monolayer WSe 2[END_REF]

, MoSe 2 : [91], MoTe 2 :

[START_REF] Arora | Valley zeeman splitting and valley polarization of neutral and charged excitons in monolayer mote2 at high magnetic fields[END_REF]

. All those data have been taken at low temperature.

Table 2 .4:

 2 

	Graphene	0	-	2.46
	h-BN	5.7	3	2.51

The different materials properties are summarized in table 2.4 Optical bandgap @300K (eV) optical dielectric constant lattice constant (Å) 1L TMD 1.1 (MoTe 2 ) to 2.0 (WS 2 ) 6 (WS 2 ) to 10 (MoTe 2 ) 3.19 (WS 2 ) to 3.55 (MoTe 2 )

of interlayer shear modes and photon energy dependent anisotropic raman response in N-layer ReSe2 2 and ReS 2

  

Froehlicher, E. Lorchat, F. Fernique, C. Joshi, A. Molina-Sánchez, L. Wirtz, S. Berciaud Unified description of the optical phonon modes in N-layer MoTe 2 , Nano Lett., 15, 6481-6489 (2015) • E. Lorchat, G. Froehlicher, S. Berciaud Splitting , ACS nano, 10, 2752-2760 (2016) • G. Froehlicher, E. Lorchat, S. Berciaud Direct

versus indirect band gap emission and exciton-exciton annihilation in atomically thin molybdenum ditelluride (MoTe 2 ), Phys

  

. Rev. B,

94, 085429 (2016) 

• G. Froehlicher, E. Lorchat, O. Zill, M. Romeo, S. Berciaud Rigid-

layer Raman-active modes in N-layer transition metal dichalcogenides: interlayer force constants and hyperspectral Raman imaging,

  

	Journal of Raman Spectroscopy, 49, 91-99 (2018)

Table 3 . 1 :

 31 .1 E F SiO 2 /MoSe 2 /Gr SiO 2 /Gr/MoSe 2 SiO 2 /BN/MoSe 2 /Gr/BN SiO 2 /BN/MoSe 2 /Gr Graphene doping level reached at the saturation for each type of MoSe 2 based heterostructure we have measured. R and I stands for Reversible and Irreversible respectively.Finally, we demonstrate the exact same effect in the same proportion on WSe 2 and WS 2 graphene heterostructure deposited on Si/SiO 2 substrate. The same 300 meV doping level in graphene has been measured on this sample. This mechanism is reversible in air while irreversible under vacuum. However, we have not been able to demonstrate photodoping effect in MoS 2 /graphene heterostructure which is the only structure that do not display the same behav-

	Air	250±50 meV (R)	300 meV (R)	<100 meV	<100 meV
	Vacuum 250±50 meV (I)	300 meV (I)	<100 meV	<100 meV

Table 3 . 2 :

 32 .2. Exciton quenching factor for various TMD using 532 nm (2.33 eV) laser excitation and 200 W.cm -2 excitation power density

		MoSe 2 WS 2 WSe 2 MoS 2
	quenching factor in air	300	300	150	10

Transfer in Atomically Thin Graphene-Transition Metal Dichalcogenide van der Waals Heterostructures,

  

	• G. Froehlicher, E. Lorchat, S. Berciaud
	Charge Versus Energy

Phys.Rev. X,

8, 011007 (2018) 

  Les DMT font partie de la famille des matériaux lamellaires. Un cristal massif de DMT est donc composé d'un empilement de couches bidimensionnelles cristallines dans lesquelles chaque atome est lié à ses voisins par des liaisons covalentes, alors que les couches ne sont liées entre elles que par des liaisons dites de van der Waals. En 2005, plusieurs cristaux lamellaires massifs ont été exfoliés par K. Novoselov et al.[START_REF] Ks Novoselov | Two-dimensional atomic crystals[END_REF] en utilisant la méthode du "scotch". Cette méthode permet d'isoler des monocouches de matériaux lamellaires à partir du cristal massif en le séparant en couches de plus en plus fines grâce au ruban adhésif.Dans cette thèse, nous nous sommes principalement intéressés aux DMT, au graphite et au nitrure de Bohr hexagonal (BN). Matériaux lamellaires massifs et monocouches ont des propriétés électroniques similaires (Fig.6.1). Le graphite est métallique tandis que sa contrepartie monocouche, le graphène, est semi-métallique. Les DMT sont des semi-conducteurs quel que soit le nombre de couches, bien que les monocouches soient des semi-conducteurs à gap direct tandis que les cristaux multicouches et massifs sont des semi-conducteurs à gap indirect. Finalement, le nitrure de Bohr est un isolant dont la constante diélectrique varie peu avec le nombre de couches.Ces trois types de matériaux : graphène, BN et DMT, sont les briques élémentaires que nous avons utilisées dans ce travail et que nous allons introduire dans ce qui suit. localisées ainsi qu'une liaison π délocalisée. Ainsi le graphène est un réseau d'atomes de carbone arrangés en nid d'abeille (réseau hexagonal) (Fig.6.2 a).De même que le réseau dans l'espace réel, le réseau réciproque est un réseau hexagonal. Les sommets des hexagones sont appelés point K et de même que dans l'espace réel, des sommets

	Hybridized mode	Non-Hybridized mode
	Figure 5.2: a) TMD/Gr/BN heterostructure supported on SiO 2 adsorbate at the SiO 2 /TMD interface can be removed. Therefore, they can release electrons they trapped into the TMD. Those then are transfered to the graphene. b) same as (a) for a BN/Gr/TMD heterostructure.
	Introduction	
	Matériaux lamellaires	
	Graphène	
	Le graphène est un matériau composé exclusivement d'atomes de carbone, hybridés sp2, formant
	donc trois liaisons σ	

  Les échelles des cartes et de l'image optique sont les mêmes. Toutes les cartes ont été faites en utilisant une excitation laser continu à 2.33 eV (532 nm) à un flux de photonsΦ ph = 2 × 10 19 et Φ ph = 2 × 10 22 cm -2 .s-1 pour la carte de PL et Raman respectivement. Les pics excitoniques sont légèrement décalés vers le rouge et l'intensité de PL est réduite d'un facteur 200 (Fig. 6.9 d,f). Les spectres Raman sont eux aussi fortement modifiés par le couplage avec le MoSe 2 . Ainsi, la fréquence du mode G augmente et sa largeur diminue lorsque le graphène est directement en contact avec le MoSe 2 , indiquant donc probablement un dopage. De plus, la fréquence du mode 2D est augmentée par le contact avec le DMT, bien que cet effet ne soit pas encore parfaitement compris. Finalement, la réduction du ratio entre l'intensité du mode 2D et du mode G indique lui aussi le dopage (Fig. 6.9 e,g-k). Ainsi, il existe un dopage photo-induit dans le graphène dû à son interaction avec le DMT. WSe 2 MoSe 2 et MoS 2 . Dans un premier temps, nous nous sommes focalisés sur les hétérostructures MoSe 2 /Graphène. Nous avons enregistré des spectres Raman à différentes puissances, à pression et température ambiante, et utilisé la méthode décrite précédemment pour extraire le dopage.

	Figure reproduite de [108] Premièrement, nous avons étudié la topographie de notre échantillon en utilisant un AFM. Nous avons trouvé deux zones sur ce dernier : la région où le graphène est couplé au MoSe 2 avec une distance d'environ 0.7 nm et une région découplée où le graphène est en moyenne à 2.2 nm du Afin d'étudier le photodopage, nous avons réalisé différentes hétérostructures en utilisant différents DMT : WS 2 dynamique excitonique L'intensité de photoluminescence du MoSe 2 est fortement réduite lorsque le DMT est interfacé avec le graphène. Ceci montre que le temps de vie des excitons dans le MoSe 2 est fortement réduit MoSe Photodopage par le couplage au graphène (Fig. 6.11)

). d) Spectres de PL de différentes régions données dans (a) : le triangle vert correspond au MoSe 2 nu, le cercle bleu est la région découplée tandis que l'étoile rouge correspond à l'hétérostructure couplée. e) De même que (d) pour les spectres Raman de graphène. f) Carte hyperspectrale de l'intensité de PL, les pointillés blancs entourent la région couplée. g-k) Cartes hyperspectrales Raman de la fréquence (g), et de la largeur (h) du mode G, ainsi que la fréquence (i) et largeur (j) du mode 2D. Finalement (k) est la carte hyperspectrale du ratio d'intensité entre le mode 2D et G. 2 (Fig 6.

9 a-c). Dans la région découplée, les spectres de PL sont similaires en intensité aux spectres sur le MoSe 2 nu de même que les spectres Raman sur la zone découplée sont semblables aux spectres sur le graphène nu. Cependant, les spectres Raman et de PL sur la zone couplée sont différents. L'accroissement de la fréquence du pic G ainsi que la pente de 0.11 dans la corrélation entre la fréquence du pic G et 2D indique un dopage en électrons dans le graphène (Fig. ??). Grâce à la fréquence et la largeur du pic G, nous avons pu en extraire le dopage en fonction du flux de photons. Ce dopage est réversible et sature lorsque le flux de photons augmente. Pour aller plus loin, nous avons effectué les mêmes mesures sous vide. Dans ces conditions, bien que le dopage à saturation soit similaire, le dopage n'est plus réversible. Il semblerait donc que les adsorbats aient un rôle à jouer dans le dopage du graphène. Afin de vérifier cette hypothèse, nous avons fabriqué une hétérostructure BN/DMT/Graphène dans laquelle, le DMT n'aura aucun adsorbat à sa surface grâce au caractère autonettoyant des interfaces entre ces matériaux. Dans cette structure, nous n'avons pu mettre en évidence de dopage photo-induit. Ce résultat suggère donc, soit que le dopage photo-induit est médié par la désorption des adsorbats soit que le BN agit comme un réservoir de charge pour l'hétérostructure DMT/Graphène. De plus, il est intéressant de noter que ces effets sont observés sur tous les DMT que nous avons étudié à l'exception du MoS 2 bien qu'un photo-dopage ait été rapporté dans la littérature dans des proportions bien moindre. Quoi qu'il en soit, le transfert de charge photo-induit est négligeable dans la dynamique excitonique. A température ambiante, le temps de vie des excitons est bien supérieur dans le MoSe 2 comparé au MoSe 2 /Graphène tandis qu'à 4 K, les temps de vie sont similaires dans les deux cas. Cependant, lorsque le MoSe 2 est encapsulé dans BN, c'est le temps de relaxation des excitons qui est modulé indiquant que le graphène a un effet plus important sur les excitons à grand K.

Gray because those excitons do not couple to in plane electric field. However, they do couple to electric field normal to the plane. Therefore, a high numerical aperture objective can excite and detect this type of excitons.

Actually any opposite pole of the Poincaré sphere can be used as a basis not only linearly or circularly polarized states
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We found in (4.8) that ρ eff = ρ. This is also valid for γ, the usual measurement of γ eff = γ.

We found a difference between the usually measured ρ eff and ρ even though for symmetry reason, ρ eff should be equal to ρ. However, TMD are quite counter intuitive and the Mueller polarimetry provides us a good sanity check.

Finally, we need a normalization scheme for the Mueller matrices to be able to compare different results. For any matrix element different from m 00 we choose to normalize it as m norm ij (λ) = m ij (λ)/m 00 (λ) However, since such normalization would make m 00 (λ) becomes 1 for any wavelength, we choose another normalization for m 00 (λ). The normalized version of m 00 (λ) then becomes m norm 00 (λ) = m 00 (λ)/max(m 00 (λ)) . We emphasize that m 33 = ρ = ρ eff . However, people usually measure ρ eff which is much more convenient to measure and can be done in much faster ways than using the Mueller matrix measurement scheme. In addition, we will show that in our case, both ρ and ρ eff are equivalent.

Valley contrast in heterostructures

Therefore, measuring off diagonal term is a necessary sanity check. Non diagonal term should be vanishing in order to get m 33 = ρ = ρ eff .

In (Fig. 4.4) we display the whole Mueller matrix of the encapsulated WS 2 region. Fortunately, off diagonal term are vanishing. Therefore ρ = ρ eff and previous results are still valid.

Interestingly, all terms vanish except m 00 as expected from previous measurements.

We measure spatially and spectrally resolved Mueller matrix of our sample. Each time, the off diagonal terms are vanishing. The spatially resolved diagonal terms of the Mueller matrix are presented in (Fig. 4.5). We use wide field excitation using a tunable pulsed laser centered at 2.065eV to image the sample. The laser is filtered but the spectral content is integrated for each pixel. We find a clear anticorrelation between intensity and contrast. As expected, WS 2 interfaced with graphene display valley contrast contrary to the bare WS 2 . To be more quantitative, we filter the laser using a tunable long pass filter to finally focus both beam on the spectrometer slit to finally record the intensity on two different region of the CCD.

Valley contrast could be sensitive to the temperature but they are dependent on the detuning between TMD exciton resonance and laser excitation. To avoid any artefact, we carefully adjust the laser frequency to always have the same detuning between the exciton energy and the excitation energy: 50 meV. Therefore, we need a tunable filter to filter the laser.

The BN-capped WS 2 valley polarization depends strongly on the temperature. It has a flat 6% contrast from 4 to 100 K and then drops to zeros between 100 and 150 K. This could be understood by the increase of the exciton lifetime while the fraction of thermalized excitons increases. Such small values of valley polarization can be understood by the increase of the exciton lifetime due to the BN encapsulaiton of the WS 2 . Since the stat of the art values are done using non encapsulated TMD sample. However, at 4 K WS 2 /graphene displays 70% valley coherence that drops to 20% at room temperature while valley polarization remains almost constant from 4 K to 300 K (Fig. 4.9). though, valley polarization is almost temperature independent ranging from 50 to 40% from 4 K to 300 K.

The temperature dependence of the valley coherence is expected since any exciton-phonon collision could destroy the coherence. Therefore increasing the temperature and then the phonon population, lead to a decrease of the coherence. However, a weakly temperature dependent valley polarization goes hand in hand with a weakly temperature dependent spin relaxation lifetime since exciton lifetime is also quasi temperature independent (cf chapter 4). This result could point toward the Coulomb exchange process. Unfortunately, phonons can mediate spin flip only if they carry a sufficient momentum. Therefore only phonons at the Brillouin zone corner, carry a sufficient momentum to scatter the exciton from one valley to the other. In WS 2 such phonons are ranging from 140 to 180 cm -1 (17 to 22 meV) for the acoustic ones and from 340 to 400 cm -1 (42 to 50 meV) for optical ones [START_REF] Berkdemir | Identification of individual and few layers of WS 2 using raman spectroscopy[END_REF]. None of those modes are massively populated even at room temperature. Therefore, we do not expect a strong temperature dependence for the phonon mediated process. However, WS 2 acoustic phonons at the K point are populated at room temperature even though it is a small population (n ph ≈ 1). At this point a clean modelization is needed to conclude on the spin relaxation mechanism. However, our results can be well explained A� The population evolution for the toy model describe in (Fig. 4. [START_REF] Cory R Dean | Boron nitride substrates for high-quality graphene electronics[END_REF])is given by the following equation

In the steady state regime, we can calculate the population n + p and n - p from (4.2.4). This allow us to calculate ρ in this system.

Finally, in the strong coupling regime, both polaritons and exciton in the reservoir will relax their spins. The TRPL measurement gives us access to the reservoir lifetime. Therefore, for polariton spin lifetimemuch larger than polaritons lifetime, ρ p becomes 1 and ρ r is 40%. Finally, the spin lifetime for the reservoir ts r is the same as before, 256ps. However, if ρ p smaller than 1, then ρ r > 0.4. This impose ts r even larger than 256 ps depending on how small is ρ p .

Whatever the excitation nature, exciton or polaritons, the large valley polarization we have measured as well as the large lifetime shows that coupling to a cavity increase the spin lifetime. Even if the effect is clear, the protection mechanism is not. However, it could not be only attributed to the lifetime reduction due to the interaction with the cavity. Such contrast enhancement for TMD interfaced with cavity has already been observed in other system. Especially TMD coupled to Fabry-Pérot cavity [START_REF] Sun | Optical control of room-temperature valley polaritons[END_REF][START_REF] Lundt | Observation of macroscopic valley-polarized monolayer exciton-polaritons at room temperature[END_REF]. Here, the TMD is in the strong coupling regime

Here the degree of valley polarization, despite their higher coupling remain below the contrast we have measured on our sample (Fig. 4.19). We could not discuss the spin relaxation time since A Building van der Waals heterostructure

In this appendix, I will explain in detail how I fabricate a van der Waals heterostructure. It is not the perfect way to build them but it is how I did. The method is based on the process described by P.J. Zomer et al.

Someone relying only on optical contrast, between a transparent substrate and a lamellar crystal (e.g. graphite), will struggle to find monolayers. To avoid those problem, we choose to exfoliate our 2D materials on silicon wafer with 90nm silicon oxide on top. These oxide layer enhance optical contrast by interference effect for small number of layers, facilitating the search of monolayers 2D materials.

A.1 Exfoliation

For the exfoliation process, we use :

• commercially available 3M magic tape

• DGL film x4 from Gelpak company (6.5mil thickness) polymer similar to PolyDiMethyl-Siloxane (PDMS)

• heating stage to heat up to 100 • C

A.1.1 Graphene and Boron Nitride

First, a bulk crystal is placed on a tape, which is folded then unfolded few times in order to have a rather small (2 to 3 cm) but densely covered region (FigA.1 a). Once we have a tape covered with bulk crystal, we stick an empty tape on the bulky one and remove it quiet quickly. Then, we use the previously blank tape as the bulky one and repeat the previous step until the graphite turns light grey. It is worth mentioning that MoS 2 or WS 2 turns green and MoSe 2 or WSe 2 turns reddish. For the BN, the bulk will turn iridescent with a majority of purple/pink colours.

Now the last step is to remove the PC residue from the sample. In order to do it, we plunge the sample in chloroform, hermetically close the vial (chloroform still quiet volatile) and leave it under a fume hood over the night. After this, you can clean the sample in ethanol and then isopropanol to finally remove the liquid from the sample with a nitrogen flow (Fig A .5 c).

For TMD Raman spectra measurement, we use a 2400 line per millimetre giving a 0.01 nm spectral resolution. To record Graphene Raman spectra, we took a 900 lines per millimetre grating ending up in a 0.04 nm spectral resolution. Finally, for PL measurement, we need a broader spectral window. Therefore, we use a 150 lines per millimetre that gives us 0.26 nm resolution.

We use the 900 lines per millimetres grating to record graphene Raman spectra when excited with the 532 nm (2.33 eV) laser because we are able to record both G-and 2D-modes in this configuration. However, when we perform the same measurement using a 633 nm laser, the

Therefore, we are not able to record both graphene G-and 2D-modes using the 900 line per millimetres grating anymore. To overcome this issue, we also have a 300 lines per millimetres grating to perform graphene Raman spectroscopy excited at 633 nm (1.96 eV).

B.1.4 Hyperspectral mapping

To get the full potential of our system, Michelangelo Romeo interfaced the xyz piezo-stage with the detection device. This allows us to raster scan our sample while recording PL decay or spectra.

With this method, we are able to do graphene doping map, follow the emission energy, width distribution over a sample... However, such technique also lead to a large amount of spectra or data to process.

B.1.4.1 Data processing

The typical region of interest on our samples is up to 30x20 µm and we use 0.5 to 1 µm steps.

Therefore, we can have up to 1200 spectra for one map. Each spectrum has to be fitted properly in order to extract the relevant parameters such as width or emission energy. Intensity could also be extract from spectrum fitting even though it is not necessary to fit.

Fitting those spectrum one by one is a very painful and time consuming process. Therefore, we choose to develop algorithm that can do this job automatically. We use MATLAB built-in fitting routine (lsqcurvefit), that relies on χ 2 (squared difference between the fitting curve and data points) minimisation. After a spectrum has been fitted, we report the fitting parameters at the right position in a m × n × p matrix, with m × n the map size and p the number of parameters in the fitting function. Once each spectrum have been fitted, we can draw hyperspectral map for any fitting parameters.

Our algorithm can fit several Voigt, Lorentzian or Gaussian profile to a spectrum. In addition, minor changes to the algorithm allow us to fit PL decay. However, PL decay are much harder to automatically fit since the guess parameters have to be close from the real values to well fit the decay.