Kelvin Prove 
  
Graphene Oxide h-BN hexagonal Boron Nitride HER Hydrogen Evolution Reaction HOPG Highly Oriented Pyrolytic Graphite HRTEM High-Resolution Transmission Electron Microscopy IPA IsoPropyl Alcohol IRM Interference Reflection optical Microscopy ITO Indium Tin Oxide KPFM

Keywords: 

Tungsten disulfide

Introduction

Optical microscopy is a simple yet powerful characterization tool which notably allowed the first observation of graphene despite its ultimate single-atom thickness.

Soon after graphene, other 2D materials were discovered or synthesized with the same key role of optical microscopy techniques. 2D materials present a large spectrum of interesting properties (optical, electrical, chemical, mechanical, etc.) and are expected to contribute in many fields of applications. But their nanoscale size makes them especially difficult to characterize. 2D materials are heterogeneous (edges, defects, singlelayer vs. multilayers, etc.) and they also present a large dispersion of their properties depending on the synthesis, transfer and aging conditions. For some applications, the material heterogeneity can be the reason of its outstanding properties. As an example, some defects and the layer edges in graphene or MoS 2 are responsible for some of their attractive catalytic properties. Being able to probe locally the properties of 2D materials is key to understand the structure-properties relations and is a prerequisite for the design of efficient devices based on materials with perfectly controlled structures.

At present, most of the techniques for local study of 2D materials are based on electron microscopy and scanning probe techniques, whereas the use of wide-field microscopy techniques is still mostly limited to the initial step of the studies (to locate the material flakes and estimate their thickness). Nevertheless, the discovery of graphene was only possible thanks to an optical microscope. Graphene was deposited on a special substrate having anti-reflective properties which made few layers graphene observable. Since then, enhanced optical microscopy techniques using this principle were improved, optimized and applied to 2D materials.

technique is named Backside Absorbing Layer Microscopy (BALM). It is particularly adapted to the study of ultrathin materials both in air and in liquids and its geometry allows its combination with an electrochemical setup.

In this context, the objective of this thesis is to evaluate the potential of the BALM technique in order to study in situ the local properties (optical, chemical and electrochemical) of 2D materials, without using a scanning probe.

The manuscript is organized as follows:

In a first chapter, the different techniques used to investigate the local properties of 2D materials are reviewed. A particular attention is given to the measurement scale, to the in situ studies (i.e. techniques able to follow a phenomenon directly where and when it takes place) and to the techniques providing local information without scanning a probe.

Chapter 2 introduces the principles of anti-reflective coatings in optical microscopy and the way they produce contrast-enhanced images of 2D materials. The specificities of BALM are described and compared with those of conventional anti-reflection techniques. The status of the BALM technique at the beginning of this thesis is presented.

Then several new experiments are presented and showed different ways to improve the anti-reflective conditions for the visualization of 2D materials. The investigation of molecular layer deposition dynamics notably shows the extreme sensitivity of BALM for such measurements. The contribution of multilayers anti-reflective coatings to increase the contrast during the observation of 2D materials, and the new functionalities they bring to the BALM set-up are then showcased.

Chapter 3 presents the combination of BALM with electrochemistry. It first shows the influence of basic electrochemistry experiments on the optical signal. In particular, it shows how the changes in the electrochemical double-layer (EDL) during a voltammetry experiment lead to a measurable optical signal. Then, three studies coupling BALM and electrochemistry are detailed: first, the electrochemical reduction of graphene oxide is performed and optically monitored in situ. Then, the dynamic of diazonium salts electrografting is investigated at the local scale on gold electrodes, graphene oxide (GO) and reduced graphene oxide (rGO). Finally, the electrodeposition of copper is studied on gold, GO and rGO. The influence of the reduction state of GO on interlayer intercalation processes is notably studied.

In a concluding chapter, the main achievements of this work are first summarized and used to analyse the main assets and limitations of the technique. Then, further developments of the BALM microscopy and its combination with complementary techniques are discussed.

Chapter I

State of the art for local study of 2D materials

This chapter reviews the different techniques to locally study and characterize 2D materials. Optical techniques and local-electrochemistry techniques are more specifically emphasized. The choice was made to avoid a generic introduction on the 2D materials themselves, which are the subject of many comprehensive review articles. [START_REF] Geim | The rise of graphene[END_REF][7][START_REF] Novoselov | 2D materials and van der Waals heterostructures[END_REF][START_REF] Butler | Progress, Challenges, and Opportunities in Two-Dimensional Materials Beyond Graphene[END_REF][START_REF] Huang | Metal dichalcogenide nanosheets: preparation, properties and applications[END_REF][START_REF] Bhimanapati | Recent Advances in Two-Dimensional Materials beyond Graphene[END_REF] Concentrating on the instrumental aspects of their study is more directly related to the core of the work and helps highlighting the associated challenges.

I.1 Observation of 2D materials

The discovery of graphene, [START_REF] Novoselov | Electric Field Effect in Atomically Thin Carbon Films[END_REF] relied on two techniques, optical microscopy and Atomic Force Microscopy (AFM). The latter was essential in order to determine the number of atomic layers stacked within the aggregates produced by mechanical exfoliation of graphite. It led to the first characterization of single-layer graphene sheets.

To do so, it was also coupled to Scanning Electron Microscopy (SEM) for imaging the field-effect devices. Since then, these three techniques remained predominant as a first characterization step in most studies. AFM and SEM for 2D material observation will not be described hereafter as it is already extensively done in the literature. [START_REF] Zhang | Atomic force microscopy for two-dimensional materials: A tutorial review[END_REF] The crucial role that optical microscopy played in the field of 2D materials, from its very beginning, is of special importance in the context of this thesis. Indeed, the fact that graphene was not discovered sooner was well explained by Geim and Novoselov in their first review article about graphene in 2007 ("The rise of graphene" [START_REF] Geim | The rise of graphene[END_REF]):

"The problem is that graphene crystallites left on a substrate are extremely rare and hidden in a 'haystack' of thousands of thick (graphite) flakes. So, even if one were deliberately searching for graphene by using modern techniques for studying atomically thin materials, it would be impossible to find those several micrometre-size crystallites dispersed over, typically, a 1-cm 2 area. For example, scanning-probe microscopy has too low throughput to search for graphene, whereas scanning electron microscopy is unsuitable because of the absence of clear signatures for the number of atomic layers."

The innovative approach of the 2010 Noble Prize laureates was linked to the use of an optical microscope in a configuration capable of making few-layer graphene visible. This simple full-field microscope drastically reduces the time-effort to find interesting areas having as little stacked graphene layers as possible. Then AFM could be used on these areas to identify unambiguously single-layer graphene at the edges of the thinnest stacks. An example of a graphene deposition observed with an optical microscope is shown in Fig. I.1.a. [START_REF] Novoselov | Electric Field Effect in Atomically Thin Carbon Films[END_REF] It first shows the chaos obtained after the deposition of graphene by mechanical exfoliation of graphite (the so-called scotch-tape method).

On this image, the thickness of several flakes was measured by AFM and compared to their visibility. Few-layer graphene flakes as thin as 2 nm were observable using this fast optical technique.

The ultrathin material is visible because it was deposited on a special substrate which reflects very little light. This substrate is an oxidized silicon wafer with a precisely controlled SiO 2 thickness of 300 nm. Thanks to destructive interferences, this dielectric layer acts as an anti-reflective coating which provides contrast-enhanced. A deeper analysis of this type of anti-reflective substrates is presented in chapter II (section II.1).

Since the discovery of graphene, this type of substrates have been improved and are routinely used for all types of 2D materials. [START_REF] Jung | Simple Approach for High-Contrast Optical Imaging and Characterization of Graphene-Based Sheets[END_REF][START_REF] Blake | Making graphene visible[END_REF][START_REF] Abergel | Visibility of graphene flakes on a dielectric substrate[END_REF][START_REF] Mak | Atomically Thin MoS 2 : A New Direct-Gap Semiconductor[END_REF][START_REF] Li | Black phosphorus field-effect transistors[END_REF][START_REF] Late | Rapid Characterization of Ultrathin Layers of Chalcogenides on SiO 2 /Si Substrates[END_REF] An example of a single-layer Graphene Oxide flake deposited on silicon covered with 70 nm of Si 3 N 4 /Si is presented in Fig. I.1.b. [START_REF] Jung | Simple Approach for High-Contrast Optical Imaging and Characterization of Graphene-Based Sheets[END_REF] Beside this interference based optical microscopy technique, which is still one of the most used techniques to locate 2D materials on surfaces, many other techniques were developed for the observation of single-layer materials. Two main optical techniques are notably employed: ellipsometry imaging and fluorescence quenching microscopy (FQM). The first one uses the modification of the polarization of the light reflected or transmitted by a material deposited on a surface. It was used to image many 2D ma- [START_REF] Novoselov | Electric Field Effect in Atomically Thin Carbon Films[END_REF], (b) optimized imaging of Graphene Oxide (GO) (∼ 100 µm large) on 70 nm Si 3 N 4 /Si substrate, reprinted with permission from [START_REF] Jung | Simple Approach for High-Contrast Optical Imaging and Characterization of Graphene-Based Sheets[END_REF], (c) ellipsometry imaging of graphene, reprinted with permission from [START_REF] Braeuninger-Weimer | Fast, Noncontact, Wafer-Scale, Atomic Layer Resolved Imaging of Two-Dimensional Materials by Ellipsometric Contrast Micrography[END_REF], (d) Fluorescence Quenching Microscopy (FQM) imaging of MoS 2 , reprinted with permission from [START_REF] Tan | Seeing Two-Dimensional Sheets on Arbitrary Substrates by Fluorescence Quenching Microscopy[END_REF].

terials. [START_REF] Braeuninger-Weimer | Fast, Noncontact, Wafer-Scale, Atomic Layer Resolved Imaging of Two-Dimensional Materials by Ellipsometric Contrast Micrography[END_REF][START_REF] Jung | Characterization of thermally reduced graphene oxide by imaging ellipsometry[END_REF][START_REF] Albrektsen | High resolution imaging of few-layer graphene[END_REF] An example is shown in Fig. I.1.c in the case of graphene. [START_REF] Braeuninger-Weimer | Fast, Noncontact, Wafer-Scale, Atomic Layer Resolved Imaging of Two-Dimensional Materials by Ellipsometric Contrast Micrography[END_REF] This technique uses the same substrate as for the first graphene observation (300 nm of SiO 2 on Si). The second technique (fluorescence quenching microscopy) is based on the fact that graphene and other 2D materials are efficient fluorescence quenchers of nearby dye molecules. The difference of fluorescence between the substrate and the deposited 2D materials produces contrasted images, [START_REF] Tan | Seeing Two-Dimensional Sheets on Arbitrary Substrates by Fluorescence Quenching Microscopy[END_REF][START_REF] Kim | Seeing graphene-based sheets[END_REF][START_REF] Treossi | High-Contrast Visualization of Graphene Oxide on Dye-Sensitized Glass, Quartz, and Silicon by Fluorescence Quenching[END_REF] as presented in Fig. I.1.d. [START_REF] Tan | Seeing Two-Dimensional Sheets on Arbitrary Substrates by Fluorescence Quenching Microscopy[END_REF] It was demonstrated to be efficient on any substrate. [START_REF] Kyle | Centimeter-Scale High-Resolution Metrology of Entire CVD-Grown Graphene Sheets[END_REF][START_REF] Kyle | Industrial graphene metrology[END_REF] With the recent progress in super-resolution fluorescence microscopy, graphene was imaged by a combination of Fluorescence Resonance Energy Transfer (FRET) and Stimulated Emission Depletion Microscopy (STED). [START_REF] Stöhr | Super-resolution Fluorescence Quenching Microscopy of Graphene[END_REF] Lately, graphene oxide was also imaged using quenched Stochastic Optical Reconstruction Microscopy (qSTORM) with a resolution of 16 nm. [START_REF] Li | Quenched Stochastic Optical Reconstruction Microscopy (qSTORM) with Graphene Oxide[END_REF] The development of high-throughput techniques was also driven by the necessity to characterize centimeter-scale graphene samples for future industrial applications. The goal is to develop inline measurement techniques for the structural characterization of 2D materials during their mass production. In this respect, optical techniques have remarkable assets in terms of versatility and speed.

I.2 Structural characterization

The first structural information usually needed after the synthesis is the number of stacked layers, the film continuity, the presence of cracks, etc. To get access to this, optical microscopy techniques were thoroughly applied. They were especially used to correlate the visibility of the flakes with the number of stacked layers as notably reviewed by Bing and co-workers in 2018. [START_REF] Bing | Optical contrast for identifying the thickness of two-dimensional materials[END_REF]. A machine-learning strategy was even applied to the optical identification of 2D materials. [START_REF] Lin | Intelligent identification of two-dimensional nanostructures by machine-learning optical microscopy[END_REF] All the techniques discussed above are able to observe single-layer materials as well as the continuity of the film.

For centimeter-scale analysis, ellipsometry using only one adjustable parameter was performed on graphene and led to fast characterizations on various substrates. [START_REF] Liu | Nondestructive Characterization of the Structural Quality and Thickness of Large-Area Graphene on Various Substrates[END_REF] However, cracks and wrinkles are not always visible. To my knowledge, fluorescence quenching microscopy is the only optical technique which was used to quantify specifically the density of cracks in graphene. [START_REF] Arjmandi-Tash | Rupture index: A quantitative measure of sub-micrometer cracks in graphene[END_REF] But other types of enhanced microscopy configurations were also used to observe other types of defects. Dark-field microscopy is one of them, as it is very sensitive to small refractive index variations. It was in particular used to image graphene grain boundaries as shown in Fig. I.2.a. [START_REF] Kong | Non-destructive and rapid evaluation of chemical vapor deposition graphene by dark field optical microscopy[END_REF][START_REF] Wu | Nondestructive optical visualisation of graphene domains and boundaries[END_REF][START_REF] Ding | Grain Boundaries and Gas Barrier Property of Graphene Revealed by Dark-Field Optical Microscopy[END_REF] Originally used in biology to study cell-substrate interactions, Interference Reflection Microscopy (IRM) was repurposed to image graphene on transparent substrates. [START_REF] Li | Direct Optical Visualization of Graphene and Its Nanoscale Defects on Transparent Substrates[END_REF] It allows the fast and label-free visualization of single-layers presenting defects, as pre- of this work and were already described in the literature. [START_REF] Akinwande | A review on mechanics and mechanical properties of 2D materials-Graphene and beyond[END_REF][START_REF] Liu | Mechanical properties of two-dimensional materials and heterostructures[END_REF][START_REF] Kim | Mechanical properties of two-dimensional materials and their applications[END_REF] Yet, it is interesting to note that many studies have also used TEM, SEM or optical microscopy to observe in situ crack propagation, exfoliation, bending, etc. [START_REF] Li | Direct Optical Visualization of Graphene and Its Nanoscale Defects on Transparent Substrates[END_REF][START_REF] Li | Mechanical Properties of 2D Materials Studied by In Situ Microscopy Techniques[END_REF][START_REF] Elibol | Visualising the strain distribution in suspended two-dimensional materials under local deformation[END_REF][START_REF] Altan | In situ chemical probing of hole defects and cracks in graphene at room temperature[END_REF][START_REF] Tang | Nanomechanical cleavage of molybdenum disulphide atomic layers[END_REF] Reprinted with permission from [START_REF] Li | Direct Optical Visualization of Graphene and Its Nanoscale Defects on Transparent Substrates[END_REF].

Another way to reveal structural characteristics is to use indirect strategies. Different approaches were employed and combined to optical microscopy. Grain boundaries were selectively etched to create trenches which were then easily observable by microscopy. [START_REF] Duong | Probing graphene grain boundaries with optical microscopy[END_REF][START_REF] Wang | Visualizing grain boundaries in monolayer MoSe 2 using mild H 2 O vapor etching[END_REF][START_REF] Fan | Direct observation of grain boundaries in graphene through vapor hydrofluoric acid (VHF) exposure[END_REF][START_REF] Ly | Nondestructive Characterization of Graphene Defects[END_REF][START_REF] Ly | Observing Grain Boundaries in CVD-Grown Monolayer Transition Metal Dichalcogenides[END_REF][START_REF] Rong | Controlled Preferential Oxidation of Grain Boundaries in Monolayer Tungsten Disulfide for Direct Optical Imaging[END_REF] It was also demonstrated that rhodamine B (a fluorescent dye) is selectively adsorbed at graphene edges. Then the reacted grain boundaries were imaged using fluorescence microscopy. [START_REF] Shin | Observation of graphene grain boundaries through selective adsorption of rhodamine B using fluorescence microscopy[END_REF] Wrinkles and grain boundaries can also be highlighted by the deposition of gold nanoparticles along them. [START_REF] Yu | Simultaneous Visualization of Graphene Grain Boundaries and Wrinkles with Structural Information by Gold Deposition[END_REF] Another similar approach using water micro-droplets was investigated to increase the contrast of graphene flakes. [START_REF] Goncalves | Enhancing visibility of graphene on arbitrary substrates by microdroplet condensation[END_REF] Crystal orientation and grain boundaries were evidenced using liquid crystals which orientation depends on the underlying 2D material. [START_REF] Kim | Direct visualization of large-area graphene domains and boundaries by optical birefringency[END_REF][START_REF] Son | Detection of graphene domains and defects using liquid crystals[END_REF][START_REF] Shehzad | Study of Grains and Boundaries of Molybdenum Diselenide and Tungsten Diselenide Using Liquid Crystal[END_REF][START_REF] Kim | Direct Observation of Molybdenum Disulfide, MoS 2 , Domains by Using a Liquid Crystalline Texture Method[END_REF][START_REF] Yang | Probing patterned defects on graphene using differential interference contrast observation[END_REF] The orientation of CVD-grown MoS 2 on graphene or WS 2 was also used to determine the crystal orientation of the 2D materials and locate their grain boundaries. [START_REF] Ago | Visualization of Grain Structure and Boundaries of Polycrystalline Graphene and Two-Dimensional Materials by Epitaxial Growth of Transition Metal Dichalcogenides[END_REF] The optical techniques used so far have a lateral resolution limited by diffraction (except fluorescence quenching microscopy but high-resolution studies using these techniques are scarce). To our knowledge, the only super-resolution microscopy, not based on dye molecules and applied to 2D materials is the Polarization parameter Indirect Microscopic Imaging (PIMI). [START_REF] Liu | Characterization of graphene layers using super resolution polarization parameter indirect microscopic imaging[END_REF] This technique uses the indirect optical wave parameters obtained with the modulation of polarization to produce contrasted images. It was used to visualize graphene defects with sub-100 nm lateral-resolution.

For higher resolution characterization, the use of Transmission Electron Microscope (TEM) or Scanning Tunneling Microscope (STM) is well-established. They both allow the structural characterization of 2D materials down to the atomic scale. TEM imaging of 2D materials is a wide research field in itself which has been increasingly important in the last decade with the rise of aberration-corrected and low-energy TEM. It has been used to observe 2D materials lattices, [START_REF] Novoselov | Two-dimensional atomic crystals[END_REF][START_REF] Gass | Free-standing graphene at atomic resolution[END_REF][START_REF] Dave | Chemistry and Structure of Graphene Oxide via Direct Imaging[END_REF] defects, [START_REF] Hashimoto | Direct evidence for atomic defects in graphene layers[END_REF][START_REF] Kotakoski | From Point Defects in Graphene to Two-Dimensional Amorphous Carbon[END_REF][START_REF] Wang | Interaction between single gold atom and the graphene edge: A study via aberration-corrected transmission electron microscopy[END_REF] crystalline phases and their orientations, [START_REF] Zhang | Low Contact Barrier in 2H/1T' MoTe 2 In-Plane Heterostructure Synthesized by Chemical Vapor Deposition[END_REF][START_REF] Brown | Twinning and Twisting of Tri-and Bilayer Graphene[END_REF] chemical doping, [START_REF] Lin | Properties of Individual Dopant Atoms in Single-Layer MoS 2 : Atomic Structure, Migration, and Enhanced Reactivity[END_REF] etc. TEM and STM are the only techniques able to visualize 2D materials at the atomic scale, therefore their uses is of critical importance to understand their properties. Particularly, TEM is getting even more popular with the development of new generation sample holders able to apply in situ different stimuli: mechanical, thermal, electrical, optical, magnetic and even in liquid or gas environments. The nanoscale characterization and manipulation of 2D materials using TEM is notably reviewed in [START_REF] Mendes | Electron-Driven In Situ Transmission Electron Microscopy of 2D Transition Metal Dichalcogenides and Their 2D Heterostructures[END_REF] and [START_REF] Luo | In Situ Transmission Electron Microscopy Characterization and Manipulation of Two-Dimensional Layered Materials beyond Graphene[END_REF] with a particular focus on the most recent and most advanced in situ techniques.

Last but not least, the structural characterization of 2D materials by the previous methods is almost always coupled to AFM and/or Raman microscopy, which provide complementary information. As discussed previously, AFM is key to determine the number of stacked layers. But it is also commonly used to visualize defects like wrinkles and cracks. Soon after the first observation of single-layer graphene with AFM, Raman spectroscopy was shown to allow imaging graphene flakes using a scanning confocal setup. [START_REF] Graf | Spatially resolved raman spectroscopy of single-and few-layer graphene[END_REF] It was demonstrated that Raman is sensitive to the number of layers and to their defects. Therefore, this technique has become one of the most extensively used for quality characterization of single-layer 2D materials.

Raman spectroscopy is typically mounted on a confocal microscope for high-resolution characterization and imaging of 2D materials but the development of wide-field Raman imaging allowed faster visualization. [START_REF] Havener | High-Throughput Graphene Imaging on Arbitrary Substrates with Widefield Raman Spectroscopy[END_REF] With the rise of plasmonic research, Raman spectroscopy has been improved in two ways. First, 2D materials like graphene were used to produce Surface-Enhanced Raman Scattering (SERS), which improves the sensitivity of the technique. [START_REF] Schedin | Surface-Enhanced Raman Spectroscopy of Graphene[END_REF][START_REF] Ling | Can Graphene be used as a Substrate for Raman Enhancement?[END_REF][START_REF] Zhang | Graphene-Based Enhanced Raman Scattering toward Analytical Applications[END_REF][START_REF] Soundiraraju | Two-Dimensional Titanium Nitride (Ti 2 N) MXene: Synthesis, Characterization, and Potential Application as Surface-Enhanced Raman Scattering Substrate[END_REF] Then, Tip-Enhanced Raman Spectroscopy (TERS) was found to be capable of imaging defects in graphene with an even better sensitivity and resolution than confocal Raman microscopy. [START_REF] Saito | Nano-scale analysis of graphene layers by tip-enhanced near-field Raman spectroscopy[END_REF][START_REF] Mignuzzi | Probing individual point defects in graphene via near-field Raman scattering[END_REF] It uses confined surface plasmon at the tip of a scanning probe to increase Raman signals. Therefore, the resolution is mainly defined by the immediate volume surrounding the tip and is typically around 10 nm [START_REF] Stadler | Nanoscale Chemical Imaging of Single-Layer Graphene[END_REF] but it can reach sub-nm resolution under ideal conditions. [START_REF] Richard-Lacroix | Mastering high resolution tip-enhanced Raman spectroscopy: towards a shift of perception[END_REF] TERS is so sensitive that it can even probe single molecules. [START_REF] Sonntag | Single-Molecule Tip-Enhanced Raman Spectroscopy[END_REF] 

I.3 Optical and electronic properties characterization

Optical properties

The first optical characterization which is generally performed on materials is absorbance spectroscopy. This is especially difficult for few atoms thick materials and light transmittance of single-layer graphene was experimentally determined four years after the initial discovery. [START_REF] Nair | Fine structure constant defines visual transparency of graphene[END_REF] Then few techniques were deployed to probe the local transmittance of other 2D materials. Confocal absorption spectral imaging was used to increase the resolution of the spectral analysis. [START_REF] Dhakal | Confocal absorption spectral imaging of MoS 2 : optical transitions depending on the atomic thickness of intrinsic and chemically doped MoS 2[END_REF] Lately, optical fibers were used to reduce the size of the light spot of a classic microscope with two different configurations. First, when the optical fiber is on the backside of the sample (it thus needs a transparent substrate), the technique is named hyperspectral imaging. [START_REF] Castellanos-Gomez | Spatially resolved optical absorption spectroscopy of single-and few-layer MoS 2 by hyperspectral imaging[END_REF] Second, when it is on top of the sample, it is named micro-reflectance and transmittance spectroscopy. [START_REF] Frisenda | Micro-reflectance and transmittance spectroscopy: a versatile and powerful tool to characterize 2D materials[END_REF] They both present absorbance spectra of TMDs with different thicknesses and the resolution is determined by the diameter of the optical fiber (but is still limited by diffraction).

Then the complex refractive index of materials is mainly extracted using optical reflectance microscopy and ellipsometry. To do so, the spectra are fitted using models incorporating the precise thickness of the layer (mainly extracted by AFM). Many studies extracting the complex refractive index using these two techniques are reported in the literature. [START_REF] Ni | Graphene Thickness Determination Using Reflection and Contrast Spectroscopy[END_REF][START_REF] Kravets | Spectroscopic ellipsometry of graphene and an exciton-shifted van Hove peak in absorption[END_REF][START_REF] Yang | Rapid and non-destructive identification of graphene oxide thickness using white light contrast spectroscopy[END_REF][START_REF] Bruna | Optical constants of graphene layers in the visible range[END_REF][START_REF] Chang | Extracting the complex optical conductivity of mono-and bilayer graphene by ellipsometry[END_REF][START_REF] Funke | Imaging spectroscopic ellipsometry of MoS 2[END_REF][START_REF] Matković | Spectroscopic imaging ellipsometry and Fano resonance modeling of graphene[END_REF][START_REF] Morozov | Optical constants and dynamic conductivities of single layer MoS 2 , MoSe 2 , and WSe 2[END_REF][START_REF] Vaupel | Topography, complex refractive index, and conductivity of graphene layers measured by correlation of optical interference contrast, atomic force, and back scattered electron microscopy[END_REF][96][START_REF] Liu | Optical properties of monolayer transition metal dichalcogenides probed by spectroscopic ellipsometry[END_REF] Few other techniques were used to image and extract optical constants. First, quantitative phase microscopy which is based on the use of quadriwave lateral shearing interferometry. [START_REF] Khadir | Optical Imaging and Characterization of Graphene and Other 2D Materials Using Quantitative Phase Microscopy[END_REF] The special camera used in the set-up is capable of mapping both the intensity and wavefront profiles of a light beam passing through the material. Then, picometrology was also demonstrated. [START_REF] Wang | Strong anomalous optical dispersion of graphene: complex refractive index measured by Picometrology[END_REF] It is based on interferometry (which measures the changes in reflection amplitude) but on a spinning disk in order to measure the phase shift at 2D materials edges.

One of the main techniques to probe the optical properties of 2D materials locally is photoluminescence. The characterization of 2D materials using photoluminescence has been reviewed by Jie and co-workers in 2018. [START_REF] Jie | Luminescence in 2D Materials and van der Waals Heterostructures[END_REF]. In most cases, it is combined with Raman spectroscopy to measure the quality of the flakes. And like Raman, it is highly sensitive to defects therefore it can be used to visualize grain boundaries and defects. [START_REF] Van Der Zande | Grains and grain boundaries in highly crystalline monolayer molybdenum disulphide[END_REF][START_REF] Carozo | Optical identification of sulfur vacancies: Bound excitons at the edges of monolayer tungsten disulfide[END_REF][START_REF] Tao | Centimeter-Scale CVD Growth of Highly Crystalline Single-Layer MoS 2 Film with Spatial Homogeneity and the Visualization of Grain Boundaries[END_REF][START_REF] Gutiérrez | Extraordinary Room-Temperature Photoluminescence in Triangular WS 2 Monolayers[END_REF][START_REF] Sheng | Photoluminescence Segmentation within Individual Hexagonal Monolayer Tungsten Disulfide Domains Grown by Chemical Vapor Deposition[END_REF][START_REF] Park | Spectroscopic Visualization of Grain Boundaries of Monolayer Molybdenum Disulfide by Stacking Bilayers[END_REF][START_REF] Karvonen | Rapid visualization of grain boundaries in monolayer MoS 2 by multiphoton microscopy[END_REF] The resolution was mainly improved using Scanning Near-field Optical Microscopy (SNOM) with "Campanile" nano-optical probe. Resolution down to 60 nm was obtained. [START_REF] Ogletree | Revealing Optical Properties of Reduced-Dimensionality Materials at Relevant Length Scales[END_REF][START_REF] Bao | Visualizing nanoscale excitonic relaxation properties of disordered edges and grain boundaries in monolayer molybdenum disulfide[END_REF][START_REF] Kastl | Effects of Defects on Band Structure and Excitons in WS 2 Revealed by Nanoscale Photoemission Spectroscopy[END_REF][START_REF] Lee | Characterization of the structural defects in CVD-grown monolayered MoS 2 using near-field photoluminescence imaging[END_REF] As for Raman spectroscopy, the photoluminescence signal is also enhanced at a tip therefore Tip Enhanced PhotoLuminescence (TEPL) has been successfully used for 2D materials characterization. [START_REF] Okuno | Probing the nanoscale light emission properties of a CVD-grown MoS 2 monolayer by tip-enhanced photoluminescence[END_REF][START_REF] Su | Nanoscale mapping of excitonic processes in single-layer MoS 2 using tip-enhanced photoluminescence microscopy[END_REF] Other optical effects were used to study the local properties of 2D materials. For example, polarized optical microscopy was applied to black phosphorus as it presents anisotropic properties, [START_REF] Mao | Optical Anisotropy of Black Phosphorus in the Visible Regime[END_REF] or to 1T'-2H MoTe 2 . [START_REF] Hoang | Orientationdependent optical characterization of atomically thin transition metal ditellurides[END_REF] Second Harmonic Generation (SHG) was showcased in TMDs. This nonlinear optical effect is based on the combination of two photons of the same energy, which produce one photon with twice the energy when they interact within a material. It is highly sensitive to edges and grain boundaries. [START_REF] Hoang | Orientationdependent optical characterization of atomically thin transition metal ditellurides[END_REF][START_REF] Zeng | Optical signature of symmetry variations and spin-valley coupling in atomically thin tungsten dichalcogenides[END_REF][START_REF] Yin | Edge Nonlinear Optics on a MoS 2 Atomic Monolayer[END_REF][START_REF] Cheng | Kinetic Nature of Grain Boundary Formation in As-Grown MoS 2 Monolayers[END_REF] Third Harmonic Generation (THG) was also demonstrated in 2D materials and its sensitivity to grain boundaries is higher than for SHG. Optical properties are directly related to electronic properties therefore both characterizations are ideally performed on the materials for a better comprehension.

Electronic properties

For the characterization of the band structure (specifically the valence band), Angle- In this technique, the microwave signal strikes on the surface and some is reflected by the sample, then the output signal is measured and related to the local resistance and capacitance of the sample. In this experiment, the local conductance was presented at different bias of a MoS 2 field-effect transistor. Reprinted with permission from [START_REF] Wu | Uncovering edge states and electrical inhomogeneity in MoS 2 field-effect transistors[END_REF].

Resolved PhotoEmission

2017 [START_REF] Mo | Angle-resolved photoemission spectroscopy for the study of two-dimensional materials[END_REF] and a focus on spatially resolved ARPES for 2D materials was reviewed by

Cattelan and co-workers the following year. [START_REF] Cattelan | A Perspective on the Application of Spatially Resolved ARPES for 2D Materials[END_REF] For the spatial mapping of band structures, Scanning Tunneling Spectroscopy (STS) is suited. Combined with STM for the topography, local tunneling I(V) characteristics provide information on the band gap and surface states. It was for example used to probe the band structure at the edge of MoS 2 . [START_REF] Zhang | Direct Imaging of Band Profile in Single Layer MoS 2 on Graphite: Quasiparticle Energy Gap, Metallic Edge States, and Edge Band Bending[END_REF] The influence of defects and boundaries on the electronic properties using the different STM techniques was reviewed by Hus and co-workers in 2017. [START_REF] Hus | Spatially-resolved studies on the role of defects and boundaries in electronic behavior of 2D materials[END_REF] Among the most widely used techniques for the analysis of 2D materials electronic properties, one finds several AFM-related techniques. In addition to the classical topography imaging mode, several other AFM-based modes were developed. The different methods used for local electrical characterization using scanning probe techniques were reviewed in details this year. [START_REF] Hussain | Local electrical characterization of two-dimensional materials with functional atomic force microscopy[END_REF] These AFM related techniques (currentsensing AFM, Electrostatic Force Microscopy, Kelvin Probe Force Microscopy, etc.)

provide extensive information on surface potential distribution, local conductivity, etc.

at the nanoscale.

From the above mentioned studies, one can note that operando (i.e. in an operating device configuration) analysis of electronic properties are limited. and van der Waals heterostructures devices. [START_REF] Almadori | Multimodal Kelvin Probe Force Microscopy Investigations of a Photovoltaic WSe 2 /MoS 2 Type-II Interface[END_REF][START_REF] Vaknin | Pinch-Off Formation in Monolayer and Multilayers MoS 2 Field-Effect Transistors[END_REF][START_REF] Zhong | Measuring the local mobility of graphene on semiconductors[END_REF][START_REF] Kumar | Nanoscale interface formation and charge transfer in graphene/silicon Schottky junctions[END_REF] One striking technique relies on photoluminescence to image local current flow. Graphene was deposited on a di-amond substrate containing N-V centers. Depending on the local charge density in bias graphene, the photoluminescence of these N-V centers is more or less quenched therefore the photoluminescence microscopy indirectly maps the charge density in operating devices. [START_REF] Tetienne | Quantum imaging of current flow in graphene[END_REF] For the future industrial production of high-quality graphene, being able to probe the electrical conductivity over large areas is important. To do so, the use of movable four point probes or dry laser lithography is common but it requires physical contacts which may damage graphene. For non-contact mapping, TeraHertz Time-Domain Spectroscopy (THz TDS) is being developed. It consists in the measurement of the absorption of terahertz radiation across the 2D material flakes (MIM is one of these techniques). A comparison of these three techniques is provided in Ref. [START_REF] Bøggild | Mapping the electrical properties of large-area graphene[END_REF].

Finally, Cornut and co-workers (at CEA-Licsen) previously used local electrochemical techniques to probe the conductivity of different 2D materials. The mapping of electrical conductivity was investigated with Scanning ElectroChemical Microscopy (SECM) coupled to numerical modeling. It was performed on Graphene Oxide (GO), [START_REF] Azevedo | Contactless Surface Conductivity Mapping of Graphene Oxide Thin Films Deposited on Glass with Scanning Electrochemical Microscopy[END_REF] reduced Graphene Oxide (rGO) [START_REF] Bourgeteau | New Insights into the Electronic Transport of Reduced Graphene Oxide Using Scanning Electrochemical Microscopy[END_REF] and MoS 2 . [START_REF] Henrotte | Electronic Transport of MoS 2 Monolayered Flakes Investigated by Scanning Electrochemical Microscopy[END_REF] Further explanations on local electrochemical methods are given in section I.5.

I.4 Chemical reactivity characterization

The most common combination of techniques for the local study of 2D materials chemical reactivity is Raman, photoluminescence and STM/AFM. Reprinted with permission from [START_REF] Koehler | Selective Chemical Modification of Graphene Surfaces: Distinction Between Single-and Bilayer Graphene[END_REF].

As

Raman was also coupled to Scanning PhotoElectron Microscopy (SPEM, or Spatially Resolved X-ray Photoelectron Spectroscopy) in order to map the quantity of diazonium molecules on graphene with a lateral resolution of 500 nm. [START_REF] Lim | Spatially Resolved Spontaneous Reactivity of Diazonium Salt on Edge and Basal Plane of Graphene without Surfactant and Its Doping Effect[END_REF] With the same goal, Mass Spectrometry (MS) techniques were employed using a local ionization beam. [START_REF] Tyler | Removal of Organic Contamination from Graphene with a Controllable Mass-Selected Argon Gas Cluster Ion Beam[END_REF][START_REF] Kovaříček | Extended characterization methods for covalent functionalization of graphene on copper[END_REF][START_REF] Wallace | Time-of-flight secondary ion mass spectrometry as a tool for evaluating the plasma-induced hydrogenation of graphene[END_REF] XPS and MS also provide information on the type of molecules at 2D materials surfaces.

SNOM techniques previously discussed like TERS, TEPL and "Companile" probe are not limited to the visible range. Infrared was used and lead to nano-FTIR with enhanced chemical sensitivity. [START_REF] Muller | Infrared Chemical Nano-Imaging: Accessing Structure, Coupling, and Dynamics on Molecular Length Scales[END_REF][START_REF] Patoka | Nanoscale plasmonic phenomena in CVD-grown MoS 2 monolayer revealed by ultra-broadband synchrotron radiation based nano-FTIR spectroscopy and near-field microscopy[END_REF] At the atomic scale, STM was used to probe molecule adsorption and molecular organisation on 2D materials. [START_REF] Bellunato | Chemistry at the Edge of Graphene[END_REF][START_REF] Warner | Guided Molecular Assembly on a Locally Reactive 2D Material[END_REF][START_REF] Hossain | Scanning Tunneling Microscopy, Spectroscopy, and Nanolithography of Epitaxial Graphene Chemically Modified with Aryl Moieties[END_REF] And HRTEM was used to investigate phase transition and intercalation processes. [START_REF] Wang | Atomic-Scale Clarification of Structural Transition of MoS 2 upon Sodium Intercalation[END_REF][START_REF] Gao | Atomic-Scale Probing of the Dynamics of Sodium Transport and Intercalation-Induced Phase Transformations in MoS 2[END_REF][START_REF] Kan | Structures and Phase Transition of a MoS 2 Monolayer[END_REF] It has to be noticed that the intercalation of alkali metals is TMDs was studied in situ by several groups. [START_REF] Chen | Atomic structure and migration dynamics of MoS 2 /LixMoS 2 interface[END_REF][START_REF] Huang | In-situ TEM investigation of MoS 2 upon alkali metal intercalation[END_REF][START_REF] Gao | In situ atomic-scale observation of reversible sodium ions migration in layered metal dichalcogenide SnS 2 nanostructures[END_REF] Of course AFM techniques are also widely used to probe local chemical reactivity.

The topography can provide information on the layer thickness which depends on the functionalization. Most of the time, adding molecules on 2D materials modifies their electrical conductivity; therefore THz microscopy and conducting AFM were used to measure the dynamics of chemical reactions. [START_REF] Wang | Evolution of Physical and Electronic Structures of Bilayer Graphene upon Chemical Functionalization[END_REF][START_REF] Bagsican | Adsorption energy of oxygen molecules on graphene and two-dimensional tungsten disulfide[END_REF] 

I.5 Electrochemical properties characterization

This part was the subject of a review by our team in 2017 and I was deeply involved in its redaction. [START_REF] Jaouen | Localized electrochemistry for the investigation and the modification of 2D materials[END_REF] In the following, a summary of this review is first provided. Then a focus on the most recent studies that were published in and after 2017 is proposed.

The electrochemistry of 2D materials is of particular interest for energy conversion and storage applications. [START_REF] Sun | Graphene based new energy materials[END_REF][START_REF] Dai | Functionalization of Graphene for Efficient Energy Conversion and Storage[END_REF][START_REF] Hou | Graphene-based electrochemical energy conversion and storage: fuel cells, supercapacitors and lithium ion batteries[END_REF][START_REF] Sahoo | Graphene-Based Materials for Energy Conversion[END_REF] Among others, graphite is used as anode electrode material in lithium-ion batteries. The issue with the study of 2D materials electrochemical properties is that the global efficiency of the system largely depends on inhomogeneity or imperfections (such as edges, defect sites or upon folding and stacking).

Understanding how these features influence the performances is challenging from a characterization point of view. But defects can also be turned into an advantage since their precise control could improve the devices. In [START_REF] Jaouen | Localized electrochemistry for the investigation and the modification of 2D materials[END_REF], we first introduced the different local probe techniques that can be used to perform localized electrochemical investigations of 2D materials. The techniques can be separated in two classes: in the first one, a sized-controlled electrode is scanned over the surface (SECM or AFM-SECM); in the second one, the measurement is confined in a microdroplet (SECCM or Microdroplet Cell). Both, the working electrode and the substrate potentials are controllable using a bipotentiostat. Then, we presented the studies in which localized electrochemistry experiments are used to evaluate some key properties of 2D materials. For example, electronic conductivity (as discussed in I.3), ionic and molecular transport can be investigated using these techniques as well as charge transfers at surfaces using redox mediators.

Finally, we focused on contributions related to material modifications (electrochemical functionalization, etching, etc.), which allow modulating the properties in a spatially controlled manner. This field is mainly driven by conducting AFM, notably for the fabrication of graphene nanoribbons by Local Anodic Oxidation (LAO) [START_REF] Arai | Fabrication of 10-nm-scale nanoconstrictions in graphene using atomic force microscopy-based local anodic oxidation lithography[END_REF][START_REF] Ahmad | Nanographene device fabrication using atomic force microscope[END_REF][START_REF] Weng | Atomic force microscope local oxidation nanolithography of graphene[END_REF] or for the local reducion of graphene oxide. [START_REF] Mativetsky | Local Current Mapping and Patterning of Reduced Graphene Oxide[END_REF][START_REF] Azevedo | Localized Reduction of Graphene Oxide by Electrogenerated Naphthalene Radical Anions and Subsequent Diazonium Electrografting[END_REF] Only few studies present the local electrochemical functionalization of 2D materials. [START_REF] Azevedo | Localized Reduction of Graphene Oxide by Electrogenerated Naphthalene Radical Anions and Subsequent Diazonium Electrografting[END_REF][START_REF] Torbensen | Patterned Carboxylation of Graphene Using Scanning Electrochemical Microscopy[END_REF] At the end of 2016, the field was rapidly growing but most of the reported studies focused on graphene. The most typical characterization concerned the evaluation of the kinetic constants associated to simple charge transfers, which is a basic electrochemical process to characterize. The studies were mostly based on scanning probe microscopy with the associated drawbacks: it is difficult to locate areas of interest and the small selected area under study may not be completely representative of the whole surface; it is very slow; the probe itself may impact the result; etc. Nevertheless, with the development of new 2D materials showing interesting properties for electrocatalysis, [START_REF] Chia | Characteristics and performance of two-dimensional materials for electrocatalysis[END_REF] localized electrochemistry should have a key role in order to better understand 2D materials electrochemical properties. A way to improve the characterization could be the combination of local electrochemistry with other microscopy techniques.

Since 2017

The study of the electrochemical properties of graphene continued but the investigation of other 2D materials increased more significantly, especially for TMDs which present interesting electrocatalytic properties. The field is now mainly driven by the group of Pr.

P. Unwin at Warwick. This group notably improved drastically the SECCM technique and is intensively using it to study materials at the nanoscale. They reviewed their progress in a 2019 article. [START_REF] Bentley | Nanoscale Electrochemical Mapping[END_REF] Simple charge transfer at the basal plane or at the edges of Highly Oriented Pyrolytic Graphite (which serves as a model for graphene) is still studied by SECCM, [START_REF] Velický | Electrochemistry of the Basal Plane versus Edge Plane of Graphite Revisited[END_REF][START_REF] Zhang | Electrochemistry of Fe 3+ / 2+ at highly oriented pyrolytic graphite (HOPG) electrodes: kinetics, identification of major electroactive sites and time effects on the response[END_REF] as well as electron transfers at MoS 2 by SECM. [START_REF] Ritzert | Mapping Electron Transfer at MoS 2 Using Scanning Electrochemical Microscopy[END_REF] Studies of the electrocatalytic properties have rapidly progressed in particular with TMDs in the case of the Hydrogen Evolution Reaction (HER). MoS 2 is particularly investigated to sort out the relative catalytic properties of edges, defects, crystalline phases and basal plane. [START_REF] Sun | Nanoscale mapping of hydrogen evolution on metallic and semiconducting MoS 2 nanosheets[END_REF][START_REF] Bentley | Electrochemical maps and movies of the hydrogen evolution reaction on natural crystals of molybdenite (MoS 2 ): basal vs. edge plane activity[END_REF] To do so, SECM and SECCM were used. It has to be pointed out that SECCM recently allowed the video-rate electrochemical mapping of HER at MoS 2 . [START_REF] Bentley | Electrochemical maps and movies of the hydrogen evolution reaction on natural crystals of molybdenite (MoS 2 ): basal vs. edge plane activity[END_REF] Graphene and h-BN were also studied for HER using SECCM. [START_REF] Kumatani | Chemical Dopants on Edge of Holey Graphene Accelerate Electrochemical Hydrogen Evolution Reaction[END_REF][START_REF] Liu | Metal support effects in electrocatalysis at hexagonal boron nitride[END_REF] However graphene materials are mostly investigated for the Oxygen Reduction Reaction (ORR), which is the limiting reaction in hydrogen fuel cells.

Nitrogen or metal doped graphene were studied by SECM in order to show the influence of doping on the electrocatalytical properties. [START_REF] Hui | Modulating Electrocatalysis on Graphene Heterostructures: Physically Impermeable Yet Electronically Transparent Electrodes[END_REF][START_REF] Kolagatla | Nanoscale mapping of catalytic hotspots on Fe, N-modified HOPG by scanning electrochemical microscopy-atomic force microscopy[END_REF] Similar to the Microdroplet Cell technique, a masking method has arisen. The 2D materials and the substrate are covered with a polymer resist and then a hole in this coating is produced using lithography. Therefore, only the selected hole contributes to the electrochemical reactions. HER at MoS 2 was investigated using this technique. [START_REF] Zhang | Discovering superior basal plane active two-dimensional catalysts for hydrogen evolution[END_REF][START_REF] Zhang | Unveiling Active Sites for the Hydrogen Evolution Reaction on Monolayer MoS 2[END_REF] The same approach was performed on MoS 2 but for the intercalation of ions. [START_REF] Zhang | Reversible and selective ion intercalation through the top surface of few-layer MoS 2[END_REF] It was shown that lithium and sodium can intercalate through the basal plane Raman spectroscopy. Raman was also coupled to SECM in order to probe the redox activity of graphene. [START_REF] Schorr | Probing Graphene Interfacial Reactivity via Simultaneous and Colocalized Raman-Scanning Electrochemical Microscopy Imaging and Interrogation[END_REF] Interestingly, the intercalation in MoS 2 induces a modification of the optical properties, therefore, in 2018, it was followed in situ by optical reflection microscopy as shown in Oxidation with the goal of improving the resolution. [START_REF] Li | Electrode-Free Anodic Oxidation Nanolithography of Low-Dimensional Materials[END_REF][START_REF] Dago | Chemical and structural analysis of sub-20 nm graphene patterns generated by scanning probe lithography[END_REF][START_REF] Rubio-Verdú | Graphene flakes obtained by local electro-exfoliation of graphite with a STM tip[END_REF] Graphene nanoribbons are still studied as well as TMDs. [START_REF] Dago | Chemical and structural analysis of sub-20 nm graphene patterns generated by scanning probe lithography[END_REF][START_REF] Pinilla-Cienfuegos | Local Oxidation Nanolithography on Metallic Transition Metal Dichalcogenides Surfaces[END_REF] To our knowledge, no studies were reported for the local electrochemical functionalization of single-layer 2D materials since 2017. 

I.6 Summary and outlook

High-sensitivity optical microscopy has been the missing key for the emergence of 2D materials as it allowed the fast visualization and localization of single-layer flakes.

Since 2004 many techniques have been used to image and characterize 2D materials providing critical information for the development of the field.

Reflection optical microscopy and ellipsometry imaging are two important optical microscopy techniques not only capable of imaging but also used to extract the optical properties of 2D materials. The complex refractive index extracted using these methods critically depends on the thickness measurement of the 2D material which is not always reliable by AFM. [START_REF] Shearer | Accurate thickness measurement of graphene[END_REF] This error combined with the imperfections of the models induce large differences between studies in the reported results (as will be detailed in Chapter II for MoS 2 ). The third main optical technique is Fluorescence Quenching Microscopy, which is interesting and very powerful because its lateral resolution is not limited by diffraction (when used in a super-resolution configuration). Furthermore, it was proven to be usable on any substrates. The drawback is that it requires dye molecules at the surface, which is hardly compatible with chemistry-oriented studies. the study of 2D materials is that the thickness measurement accuracy highly depends on the measurement and quality of the flake. [START_REF] Shearer | Accurate thickness measurement of graphene[END_REF] The extracted properties are also probed at a very local scale and one must be careful that the probed area is fully representative of the system since homogeneity at a large scale is sometimes difficult to guaranty (and reproduce) with nanomaterial deposition techniques.

Optical spectroscopy techniques like Raman, Photoluminescence and FTIR are extensively used as they are capable of imaging 2D materials ant their defects. They are highly sensitive to chemical changes in the environment of the flakes which makes them suitable for chemical sensing. The resolution is enhanced by near-field microscopy at a tip (TERS or TEPL) or using a "Campanile" probe (nano-PL).

For local electrochemical characterization, SECM and related techniques are prominent. Lately, SECCM was improved and the electrochemical mapping speed reached video-rate with a pixel size of 1 µm 2 . The use of lithography to give access only to the surface of interest is increasing as it uses well-known processes and the electrochemistry is performed using standard equipment. The drawback is that at some point, the surface is entirely covered with a polymer and some residues can be left on the developed surface. Such residues are known to impact significantly the electrical properties of 2D materials and a similar impact is thus expected for the electrochemical properties.

Most of the time several of these techniques are combined in order to provide complementary information at different scales. As they all have their own pros and cons, it is important to cross-check the data for highly accurate characterization. The ideal would be to combine the techniques in the same experiment like topological AFM with TERS for chemical sensing at the local scale. Examples of such strategy were developed lately: a combination of electrochemistry with AFM-TERS was demonstrated for the first time in 2019 by the group of P. Van Duyne (Northwestern University) in order to map the redox activity on an electrode surface in situ and at the sub-µm scale. [START_REF] Kang | In Situ Nanoscale Redox Mapping Using Tip-Enhanced Raman Spectroscopy[END_REF] There is no doubt that such combination will be applied to 2D materials very soon.

Except for some specific TEM studies or some studies of mechanical properties, the local characterization of 2D materials is either in situ but not local or local but not in situ (i.e. based on before/after type of comparisons). Only very few studies combine in situ operation with local information. This is especially the case for electrochemical properties for which in situ studies are mainly performed on electrode materials. [START_REF] Yuan | The Absence and Importance of Operando Techniques for Metal-Free Catalysts[END_REF][START_REF] Wu | Visualizing Battery Reactions and Processes by Using In Situ and In Operando Microscopies[END_REF] Furthermore, the catalytic or energy storage capacities are highly dependent on defects which are still important features in 2D materials. [START_REF] Tan | Two-Dimensional Materials on the Rocks: Positive and Negative Role of Dopants and Impurities in Electrochemistry[END_REF] So there is a need for additional local techniques to probe the impact of defects, edges, etc. that can be combined with in situ analysis.

Almost all the techniques described above are based on scanning probe microscopy.

Wide-field techniques are mostly limited to the static observation of 2D materials. It is in this context that this thesis presents an optical microscopy technique to investigate in situ chemical and electrochemical reactions at single-layer 2D material surfaces.

Chapter II

Backside Absorbing Layer Microscopy

In the first chapter, the different ways to observe and analyze the local properties of 2D materials were presented. From this we can see that there is a lack of wide-field, in situ / real-time techniques and especially to study their local electrochemical properties. In this chapter, we introduce a recently developed enhanced optical microscopy technique and determine its performances for the observation of 2D materials as well as for monitoring chemical reactions.

II.1 BALM principle

Optical microscopy was invented in the 17 th century and had a tremendous impact on society, as it allowed scientists to observe a world they could only imagine before.

Conventional optical microscopy, the oldest and simplest type of microscopy, is present in every research labs. The last century saw the emergence of many new types of enhanced optical microscopy techniques with the aim of improving, among others, the two main criteria of performance: lateral resolution and contrast.

Lateral resolution represents the minimum distance (d) between two distinguishable points. The resolution of conventional optical microscopes is limited by diffraction and was fully described by Ernst Abbe in 1873. [START_REF] Abbe | Beiträge zur Theorie des Mikroskops und der mikroskopischen Wahrnehmung[END_REF] He notably introduced the following equation quantifying diffraction-limited microscopy:

d = λ 2NA (II.1)
with λ, the light wavelength and NA, the Numerical Aperture (depending on the objective quality and provided by the manufacturer). The BALM technique being based on a conventional microscope, its lateral resolution is also limited by diffraction. The specific lateral resolution of our set-up will be briefly described later for clarity.

Indeed, the main goal of BALM is to improve the second criterion: contrast. It characterizes the intensity or color distribution within an image. It is important to understand that an image with a poor contrast can only be slightly improved by post-treatments and that this manipulation can distort the results. In this thesis, we consider the contrast resulting from instrumental considerations and not the one resulting from posttreatments.

Contrast can be defined in several ways. In this work it was decided to use the definition proposed by Michelson, [START_REF] Michelson | Studies in Optics[END_REF] which is particularly suited for an object deposited on a support. This Michelson-contrast is calculated using the following equation:

C = I object -I support I object + I support (II.2)
By looking at this equation, there are two ways of maximizing the contrast. First, I support = 0 (observing bright object on a dark background), and second, I object = 0 (dark object of a bright background), so that |C| = 1. From an experimental point of view, it is easier to control the intensity of the support. This solution is experimented by everyone observing the sky: the stars are only visible when the sky is dark (I support = 0) and not during daytime. This type of contrast-enhanced images is also produced by the darkfield microscopy technique.

BALM is a new type of contrast-enhanced optical microscopy technique, which comes from the use of specific substrates with I support close to zero.

II.1.1 Anti-reflective coating principle

When light crosses an interface between two transparent media with different optical properties, one part is transmitted and the other part is reflected. The ratio is quantified by Fresnel equations [START_REF] Fresnel | Mémoire sur la loi des modifications que la réflextion imprime à la lumière[END_REF][START_REF] Born | Principles of Optics: Electromagnetic Theory of Propagation, Interference and Diffraction of Light[END_REF] and in the special case of normal incidence, the reflected light is calculated by the following equation:

R = n i -n e n i + n e 2 (II.3)
with n i and n e , the refractive index respectively of the incident and emergent media. For example, the light crossing perpendicularly a window is reflected at 4% by the air/glass interface and around 7.7% considering the two interfaces. This is due to the difference between the refractive index of air (n = 1) and glass (n = 1.5). An optical microscope has two most common configurations, in transmission and in reflection. In the later case, the light comes from the objective, is reflected by the object/support, and the image is captured by the same objective.

In this configuration, there is a well-known solution in order to obtain I support = 0: Anti-Reflective (AR) coatings. These coatings have many industrial applications, [START_REF] Chattopadhyay | Anti-reflecting and photonic nanostructures[END_REF][START_REF] Raut | Anti-reflective coatings: A critical, in-depth review[END_REF][START_REF] Hedayati | Antireflective Coatings: Conventional Stacking Layers and Ultrathin Plasmonic Metasurfaces, A Mini-Review[END_REF] with the most known being on glasses. As for windows, the air/glass interface reflects light and this coating allows people to see the eyes of the persons wearing glasses without seeing in addition their own reflection.

These coatings are based on the control of the light reflected by the interfaces. To do so, a new layer with precisely-selected optical properties and thickness is added on glass, as shown in 

II.1.2 Transparent anti-reflective layers

Most of the time, the anti-reflective layer is made of a transparent material as it was discussed in the bibliography part I. The transparent AR coatings have been studied for decades and the two equations, derived from Fresnel equations, governing the choice of the perfect AR layer are well-known:

n AR 2 = n i n e (II.4)
Ensuring that the same amount of light is reflected by the two interfaces of the AR layer.

And: 

e AR = λ

II.1.3 Absorbing anti-reflective layer

Absorbing materials like metals are not commonly used for AR purpose because of their well-known high reflectivity, which is conversely put at profit to produce mirrors.

Nevertheless, few systems using absorbing coatings are described in the literature.

They are useful when light transmission is not important for the AR coating. They can even produce thinner and cheaper AR layers. [START_REF] Hedayati | Antireflective Coatings: Conventional Stacking Layers and Ultrathin Plasmonic Metasurfaces, A Mini-Review[END_REF][START_REF] Kats | Nanometre optical coatings based on strong interference effects in highly absorbing media[END_REF][START_REF] Guo | Metallic nanostructures for light trapping in energy-harvesting devices[END_REF][START_REF] Oyama | A new layer system of anti-reflective coating for cathode ray tubes[END_REF][208][START_REF] Kats | Ultra-thin perfect absorber employing a tunable phase change material[END_REF][START_REF] Dotan | Resonant light trapping in ultrathin films for water splitting[END_REF][START_REF] Park | Omnidirectional Near-Unity Absorption in an Ultrathin Planar Semiconductor Layer on a Metal Substrate[END_REF] From an analytical point of view, only few treatments were developped. [START_REF] Kats | Nanometre optical coatings based on strong interference effects in highly absorbing media[END_REF] It was previously demonstrated that in a classical single-layer configuration, the AR layer must be thicker than λ/4, [START_REF] Born | Principles of Optics: Electromagnetic Theory of Propagation, Interference and Diffraction of Light[END_REF][START_REF] Azzam | Ellipsometry and polarized light[END_REF][START_REF] Moiseev | Design of antireflection composite coating based on metal nanoparticles[END_REF] therefore the light cannot pass through these highly absorbing layers and consequently there is no output signal.

That was until Dominique Ausserré from IMMM (Université du Maine) and co-workers demonstrated in 2014 the use of a single Anti-Reflective Absorbing (ARA) layer at the air/glass interface. [START_REF] Ausserre | Anti-Reflecting Absorbing Layers for Electrochemical and Biophotonic Applications[END_REF] When a material absorbs light, its refractive index is a complex refractive index, n ARA -jk ARA , k being the extinction coefficient of the material. In the publication, [START_REF] Ausserre | Anti-Reflecting Absorbing Layers for Electrochemical and Biophotonic Applications[END_REF] they derived Fresnel equations by taking into account the complex refractive index of the ARA layer and by making the approximation of a strongly absorbing material (high k). A full demonstration is provided in the supplementary information section of [START_REF] Campidelli | Backside absorbing layer microscopy: Watching graphene chemistry[END_REF] and the following equations were obtained for ideal AR conditions: The most important information extracted from these equations is that, in order to obtain a real thickness value (e ARA ) in eq: II.7, n i has to be higher than n e . This means that light has to come from the higher refractive index medium.

n ARA 2 -k ARA 2 = n i n e (II.6) e ARA λ 4π (n i -n e ) n ARA k ARA (II.7)
As for transparent AR coatings, simple simulations can be used to evaluate the amount 

II.1.4 BALM configuration

A schematic of the BALM set-up is presented in Fig. II.4. Since light has to come from the higher refractive index material, BALM uses a simple inverted microscope on top of which is placed a glass coverslip covered with an ultrathin gold ARA coating.

The layer thickness depends on the emergent medium and is typically around 5 nm in air or 2 nm in water. The microscope is placed in reflection configuration therefore, light is sent through the objective, reflected by the object/support, and the image is created by the same objective. Finally, in order to obtain the best possible images, the microscope is equipped with a high numerical aperture oil immersion objective (NA = 1.4). The immersion oil is here to create a continuous refractive index medium between the objective and the glass. This prevents unwanted reflections and also increases the The BALM technique clearly detects particles smaller than the diffraction limit. Other experiments able to distinguished nano-objects using the BALM microscope were also performed: in our group for Fe 3 O 4 nanoparticles [START_REF] Campidelli | Backside absorbing layer microscopy: Watching graphene chemistry[END_REF] and in 2018 at Itodys (Paris-Diderot University) with silver nanoparticles [START_REF] Lemineur | Combining electrodeposition and optical microscopy for probing size-dependent single nanoparticle electrochemistry[END_REF][START_REF] Lemineur | The promise of antireflective gold electrodes for optically monitoring the electro-deposition of single silver nanoparticles[END_REF] and at CRPP (CNRS Bordeaux) with single-wall CNTs (see figure S5 in the Supporting Information of Ref. [START_REF] Bepete | Hydroxide Ions Stabilize Open Carbon Nanotubes in Degassed Water[END_REF]).

II.2 Status of BALM developments at the beginning of this work

In 2014, D. Ausserré co-founded a startup named Watchlive to develop the technique and the BALM microscope is now protected by 6 patents. [START_REF] Ausserré | Procédés optiques pour l'observation d'échantillons et pour la détection ou le dosage d'espèces chimiques ou biologiques[END_REF][START_REF] Ausserré | Supports amplificateurs de contraste pour l'observation d'un échantillon, leur procédés de fabrication et leurs utilisations[END_REF][START_REF] Ausserré | Procédé de fabrication de supports amplificateurs de contraste[END_REF][START_REF] Ausserré | Dispositif et appareil électrochimique et procédés mettant en oeuvre un tel appareil[END_REF][START_REF] Campidelli | Supports amplificateurs de contraste utilisant un matériau bidimensionnel[END_REF][START_REF] Campidelli | Procédé et appareil de positionnement d'un micro-ou nano-objet sous contrôle visuel[END_REF] After the first publication, [START_REF] Ausserre | Anti-Reflecting Absorbing Layers for Electrochemical and Biophotonic Applications[END_REF] a collaboration started between D. Ausserré and the Licsen using a prototype set-up. The goal of this collaboration was to demonstrate the capabilities of BALM to observe graphene-derivatives and their chemical reactivity. The work led to a publication in 2017. [START_REF] Campidelli | Backside absorbing layer microscopy: Watching graphene chemistry[END_REF] I started my PhD project while this article was in preparation. I notably performed experiments to address some of the reviewers' questions.

Hereafter, I review the results of this initial work which serves as an introduction for the presentation of my contributions.

II.2.1 Observation of Graphene Oxide

Graphene Oxide (GO) was of particular interest for the collaboration and is the most studied 2D material in this thesis. GO is one of the most difficult 2D material to observe by optical microscopy. This one atom-thick graphene derivative is indeed highly transparent. [START_REF] Kim | Seeing graphene-based sheets[END_REF] GO flakes were deposited on a 5 nm gold ARA layer by the so-called "bubble deposition technique". [START_REF] Azevedo | Versatile Wafer-Scale Technique for the Formation of Ultrasmooth and Thickness-Controlled Graphene Oxide Films Based on Very Large Flakes[END_REF] This method developed at CEA consists in trans- z-resolution of BALM. Then, BALM and AFM show the same level of details but BALM is an optical microscope so it is faster, simpler and cheaper than AFM or SEM. Moreover the inverted configuration allows the addition of a solvent without disturbing the observation and thus paves the way to surface reaction monitoring.

II.2.2 Discrimination between GO and rGO

Graphene Oxide was initially a way to produce graphene at large scale. [START_REF] Pei | The reduction of graphene oxide[END_REF] The last and crucial step to achieve graphene is the reduction of GO. The obtained material is called reduced Graphene Oxide (rGO). It still contains oxygen groups and the lattice is far from perfect. It should thus be clearly distinguished from graphene. One way to reduce GO is through a simple thermal treatment, preferentially in vaccum. [START_REF] Gao | Hydrazine and Thermal Reduction of Graphene Oxide: Reaction Mechanisms, Product Structures, and Reaction Design[END_REF][START_REF] Rasul | Rational design of reduced graphene oxide for superior performance of supercapacitor electrodes[END_REF] In the following experiment, Graphene Oxide was deposited on a gold BALM support, then the sample was placed at 350 It is striking to see the color difference between the two materials even though they only differ by the amount of oxygen groups. The removal of these species and the partial recovery of the graphene lattice result in a strong increase of the light absorption which would reach 2.3% for perfect graphene. [START_REF] Gao | Hydrazine and Thermal Reduction of Graphene Oxide: Reaction Mechanisms, Product Structures, and Reaction Design[END_REF] As a result, reduced Graphene Oxide appears darker than GO. One should note that rGO is slightly thinner than GO.

If thickness was the only probed parameter, GO would appear darker. In this case, the change in optical properties is the most relevant effect.

This experiment shows that BALM is highly sensitive to changes in refractive index produced by small chemical differences.

II.2.3 Adsorption of nanoparticles on rGO

As discussed earlier, adding a solvent on top of the BALM microscope is simple. Meaning that the technique is able to observe reactions at the interface. To do so, the next experiment reported in [START_REF] Campidelli | Backside absorbing layer microscopy: Watching graphene chemistry[END_REF] presents the functionalization of rGO with oleic acid-coated First of all, the nanoparticles are 5 nm in diameter and still they are distinguishable on the images, but it is not possible to say if it is a single nanoparticle or several particles aggregated. Then, the images show a preferential adsorption of the particles along the wrinkles of rGO.

BALM is able to observe nanoparticles and probe local interaction between two nanomaterials. 

II.2.4 Adsorption of pyrene on GO

BALM is a wide-field optical microscope able to take movies. So images like those previously shown are the first step toward the study of dynamic systems. The next step is to take images at regular intervals as it allows the monitoring of reaction dynamics. For this purpose, the adsorption of a pyrene derivative on GO was studied. A drop of water containing the pyrene was added on GO and images were taken every 6 seconds. For each image, the gray scale value was averaged on 4 different areas: gold, mono-, bi-, and tri-layers GO. The intensity was then plotted against time for the 4 areas and fitted with a simple exponential decay function. Details on the experiments are presented in [START_REF] Campidelli | Backside absorbing layer microscopy: Watching graphene chemistry[END_REF]. The experiment shows that the adsorption is faster when increasing the number of GO layers, as it was quantified by the optical characteristic time constants.

As a conclusion, BALM is able to follow organic molecules adsorption at 2D materials and to extract the local dynamics.

II.2.5 First conclusions on the status of BALM at the beginning of this work

This publication highlighted several advantages of the BALM configuration, in particular the possibility to obtain local information coupled to the observation 2D materials. The set of experiments were selected to illustrate the diversity of the obtainable information.

However, most experiments were preliminary and the experimental setup was limited to experiments in air or water. They only used a single type of BALM substrates and only slow acquisition (one image every 6 seconds) was possible. In the following, we show how BALM was improved in different ways during this thesis and how it impacted the type of experiments that can be addressed as well as their precision.

II.3 Optimizing the BALM conditions

In 2016, the BALM substrates were provided by the startup and they were made of a 5 nm gold near-ARA layer. With the aim of understanding and controlling the antireflective properties, we decided to produce the ARA coating ourselves as it provides more flexibility to adjust the substrates to each specific study. Note that to complete this thesis project, more than 600 substrates were produced, using different configurations of material stacks. Most experiments presented in the following would not have been possible with standard BALM substrates as the ones available in 2016.

In this section, the different parameters influencing the ARA properties are discussed.

Indeed, regarding equation II.7:

e ARA λ 4π (n i -n e ) n ARA k ARA
several parameters could be modified in order to adjust the BALM substrates.

First, the optical properties (n ARA , k ARA ) could be modified by changing the ARA layer with any high extinction coefficient material. It was decided to focus on gold ARA coating for several reasons: (i) the optical properties of very thin gold films are better documented than those of any other metal, (ii) gold is stable against oxidation (considering that the thickness range of interest for BALM is below 10 nm, even an extremely thin oxide layer can have a significant impact), (iii) an important part of this work relates to electrochemistry for which gold is also a substrate of choice. The deposition of gold directly on glass is challenging with a classical thermal evaporator as noble metals do not form an intermediate oxide layer promoting the adhesion on glass. [START_REF] Benjamin | Adhesion of metal films to glass[END_REF][START_REF] Williams | The Electron-Micrographic Structure of Shadow-Cast Films and Surfaces[END_REF] To address this issue, the use of a chromium or titanium thin layer between glass and gold is a common practice. In order to decrease the impact of this adhesion layer on the ARA properties, it was decided to reduce the chromium thickness to the minimum possible. After a few step by step improvements, the thickness was decreased to 0.5 nm for regular experiment and to a simple "flash type deposition" which yield a chromium thickness of approximately 0.1-0.2 nm when necessary (notably for the experiments reported in section II.4).

II.3.1 Gold thickness

The ARA layer used for most experiments consists of 0.5 nm chromium and X nm gold.

This last parameter is the one influencing the most the AR properties. It was decided to study the impact of the gold thickness on the contrast of graphene oxide. To do so, BALM substrates with gold thickness ranging from 1 nm to 7 nm were prepared. Then the AR properties were characterized by placing the slides on the BALM microscope and making sure that the settings remain the same (light power, diaphragm aperture, etc.). For each different thickness, BALM images were taken in air and in water. Then During this thesis, the type of ARA layer mainly used is a 0.5 nm chromium + 3 nm gold because it provides a good compromise between imaging in air and in water, as presented in Fig. II.11.e,f. The contrast in air being excellent, it notably enables an easy selection of interesting areas before a solvent is added without moving the BALM slide. Furthermore, 3 nm of gold is the limit to obtain a conductive coating.

II.3.2 Refractive index

The refractive indexes of the incident (n i ) and emergent (n e ) media are also used to adjust the anti-reflective conditions. Considering the BALM configuration, the easiest medium to change is the emergent one as any liquid can be added on top of the slide.

The following experiment presents the dependence of the GO contrast as a function of the solvent refractive index. To do so, GO was deposited on a 0.5 nm Cr + 1 nm

Au coating because we wanted to show that even though the AR coating is almost optimum in water, it can be further improved. Mixtures of water and glycerol were added in order to obtain refractive indexes ranging from 1.33 to 1.47. The contrast of GO monolayers was extracted from the images and plotted in Fig. II.12.

The starting system was already the one showing the best contrast in water but increasing the emergent refractive index almost doubles the contrast of the GO monolayers as perfect AR properties are approached.

The incident medium could also be used to modify the AR properties. For example, replacing glass (n = 1.5) with sapphire (n = 1.77 [START_REF] Dobrovinskaya | Properties of Sapphire[END_REF]) could increase the optimum thickness for imaging in water (obtained with equation II.7) by a factor of 2.6. The possibility to use thicker gold layers is very interesting in order to increase the conductivity of the ARA coating for electrochemistry.

But several drawbacks have to be considered. First, the new material has to be thin because of the short focal distance of the objective (the glass coverslip used here is 130 µm thick). Then the rugosity of the substrate has to be very low and the transparency very high. Such sapphire substrates are scarce and expensive. They were not used in the following but could be considered as an interesting option for specific experiments 

II.3.3 Wavelength

Looking at equation II.7, the AR properties also depend on wavelength. This parameter is well-known to adjust the contrast of 2D materials when observed with classic antireflective coatings. To study this parameter, we decided to use MoS 2 as its monolayer form is a direct band-gap semimeconductor. Its complex refractive index is much more dependent on wavelength than the one of graphene or graphene oxide, therefore the contrast should be significantly modulated by the wavelength. To our knowledge, this is among the most contrasted optical images of MoS 2 reported to date.

As MoS 2 is highly light absorbing, it is quite easy to observe with a classic microscope. We show here the additional benefits of the gold anti-reflective layer for MoS 2 imaging. Flakes were deposited on a glass slide and imaged using the same inverted One can see that in air, the MoS 2 is more contrasted using the 550 nm filter, whereas in water, the wavelength does not have a tremendous impact (the contrast is inverted when using blue or green light but the absolute values are comparable). Therefore, for the best imaging quality of MoS 2 sheets, it is preferential to use a green filter. It is however important to notice, that BALM relies on very little reflected light. Adding a filter significantly decreases this already weak signal. Additional contrast may thus come at the expense of signal quality (in particular when recording movies for which it cannot be compensated by a longer acquisition time).

We then compare these results with the simple optical model based on the Fresnel equations using the Comsol software. The model uses six parameters: the gold thick- The model is thus just used to help clarifying the wavelength dependance of the images. We set the gold thickness of the simulation at 5.5 nm which is higher than the 0.5 + 3 nm because the model does not take into account the chromium adhesion layer which is even more light absorbing than gold. For the gold refractive index, we used the data implemented in the Comsol software for 3.96 nm gold layer which were provided by Lemarchand and co-workers using their own method developed in [START_REF] Gao | Comparison of different dispersion models for single layer optical thin film index determination[END_REF].

In terms of MoS 2 complex refractive index, the determination of the monolayer properties is challenging and was the subject of several studies. In 2017, the team of Guillaume Baffou at Institut Fresnel (Marseille), measured and compared the different n and k values from the available publications at that time. [START_REF] Khadir | Optical Imaging and Characterization of Graphene and Other 2D Materials Using Quantitative Phase Microscopy[END_REF] These values, extracted from [START_REF] Funke | Imaging spectroscopic ellipsometry of MoS 2[END_REF][START_REF] Morozov | Optical constants and dynamic conductivities of single layer MoS 2 , MoSe 2 , and WSe 2[END_REF][START_REF] Liu | Optical properties of monolayer transition metal dichalcogenides probed by spectroscopic ellipsometry[END_REF][START_REF] Zhang | Measuring the Refractive Index of Highly Crystalline Monolayer MoS 2 with High Confidence[END_REF] For our simulations, we first tried to use the refractive index and extinction coefficient values from Liu et al. [START_REF] Liu | Optical properties of monolayer transition metal dichalcogenides probed by spectroscopic ellipsometry[END_REF] but it proved impossible to account for the observed images. Then, we used the values of Zhang et al. [START_REF] Zhang | Measuring the Refractive Index of Highly Crystalline Monolayer MoS 2 with High Confidence[END_REF]. We averaged the brown curve in The previous experiment showed that the optimal imaging wavelength for MoS 2 is 550 nm. But wavelength can also be used as a way of maximizing the difference between two materials. To demonstrate this, MoS 2 and WS 2 were deposited on a 0. Filtering the source drastically reduces the intensity reaching the camera and so, it increases the time to take an image. In the following, the full spectra was used whenever possible. Replacing the halogen lamp by a series of laser diodes could be an important upgrade to the microscope.

II.4 Improving BALM and adding new functionalities

Adjusting the observation conditions using the previous parameters (ARA thickness, ARA and solvent refractive index, wavelength) allows a good approximation of the antireflective conditions as equation II.7 is verified. But as described in section II.1.3, BALM ideal conditions are governed by two equations. A metallic ARA coating cannot be ideal as the second equation:

n ARA 2 -k ARA 2 = n i n e (II.8)
quantifying the amount of reflected light can only be approached. Indeed, for metals, k is almost always higher than n, therefore n ARA 2 -k ARA 2 is negative whereas n i n e is positive. Even though, using 3 nm of gold on glass as BALM substrate already results in a high contrast suitable for most experiments. Further improvement could be obtained if one could further reduce the amount of light reflected by the substrate.

Classic AR coatings have been improved for a long time using multilayer coatings. [START_REF] Raut | Anti-reflective coatings: A critical, in-depth review[END_REF][START_REF] Hedayati | Antireflective Coatings: Conventional Stacking Layers and Ultrathin Plasmonic Metasurfaces, A Mini-Review[END_REF] They are composed of two or more stacked materials, each having a precisely selected optical properties and thicknesses. With more interfaces and more adjustable parameters, one can better adjust the conditions for destructive interferences.

Hereafter, we decided to study the addition of a second layer on the gold BALM sub- 

II.4.1 In situ controlled deposition of molecules

As a first step, we studied the deposition of an organic layer on top of the BALM substrate. To do so, we used the capability of BALM to follow in situ the addition of a material modifying the refractive index at the interface. In practice, we used a photochemical reaction to control the organic layer deposition. This light-induced deposition is performed using 4-nitrobenzenediazonium tetrafluoroborate (NBDT) solubilized in water. When exposed to light, this compound is known to dimerize [START_REF] Lee | Photodecomposition of diazonium salt solutions[END_REF] and produce a water-insoluble molecule which gets deposited only in the observed area, as presented in Fig. II. [START_REF] Mak | Atomically Thin MoS 2 : A New Direct-Gap Semiconductor[END_REF]. This configuration has several advantages: (i) the deposited layer is spatially controlled, meaning that an area of the substrate can be selected and the size of the deposited pattern can be modified using a diaphragm (the diaphragm has an hexagonal shape resulting in hexagonal patterns of deposited molecules); (ii) The deposition speed is controlled by the optical power which can be tuned; (iii) Movies are recorded during the light-induced molecule deposition so that the dynamic of reflectivity and contrast can be extracted (using an home-made Mathematica program).

Technically, the experiment is performed on the BALM microscope using a ∼ 0.1-0.2 nm Cr + 3 nm Au ARA coating. After the focus was set in air and the diaphragm was set to be smaller than the image (∼ 50 µm), a solution of NBDT (10 -3 mol L -1 ) in water was added on top and recording of a movie was started. After a few minutes, the position of the BALM substrate was moved by ∼ 20 µm without stopping the recording in order to ease the understanding of the figures and the measurement of the deposited thickness.

After 20 minutes, the movie was stopped and the solution was replaced by water. Then an image was taken with the diaphragm fully opened. Finally, AFM was performed to determine the final thickness. At the end, the deposited layer was removed from the substrate using a drop of acetonitrile. This drop was then used to perform the mass Even though the gold BALM substrate was chosen for its good AR properties, the gray scale starts by decreasing and reaches a minimum when adding this organic layer on top of it. This first observation already shows that simple metallic BALM substrates can be further improved (i.e. being made even less reflective) with the addition of a second layer of appropriate thickness.

Using the final AFM profiles and assuming that the deposition occurs at constant rate (which is a reasonable assumption considering the mechanism), the time scale is translated into a height scale. As expected both curves overlap as the deposition speed is proportional to the optical power. Especially, this transformation allows the determination of the second layer thickness at minimum reflection (∼ 22 nm), and this with only one experiment. 

II.4.2 Sub-nm vertical resolution

In the previous section, the light-induced deposition was used to determine the optimal thickness of a second layer then minimizes reflection. It is striking to note how smooth are the curves presented in As expected, the standard deviation is higher than previously but it remains as low as 147 pm. This is lower than the molecule size and comparable to the surface roughness.

It proves that BALM is able to monitor molecular-scale changes at video rate and at a single pixel level. This high vertical resolution is of particular importance for the used of BALM as a sensing technique and will be put at profit in chapter III.

II.4.3 Guidelines for a 2 nd ARA layer selection

The thickness corresponding to minimum reflection (∼ 22 nm), obtained here, is specific to the dimer molecule used since it is linked to its complex refractive index but the improvement of AR properties by the addition of a second layer is generic and, can be achieved with other materials. When taking into account the six adjustable parameters First, the gold thickness is set at 3 nm (with n and k taken from ref. [START_REF] Gao | Comparison of different dispersion models for single layer optical thin film index determination[END_REF]) and the evo- 

II.4.4 GO contrast during the deposition

We showed above that a second layer can significantly improve the AR properties of the BALM coating but the demonstration of an associated contrast improvement is still to be done. In section II.3.1, the gold thickness was modified steply on different glass substrate and graphene oxide flakes were deposited on each substrate separately.

The benefit of the organic photo-deposition is that the layer grows continuously while a movie is recorded, meaning that the contrast of GO can be extracted at the same time.

We used this deposition method on GO flakes to extract the contrast continuously. To do so, we performed the same experiment as in During the first three minutes of molecule deposition the contrast of GO is enhanced and reaches a minimum at ∼ 10 nm, as the reflectivity of the substrate decreases.

Then the contrast decreases and is lost (becomes zero) after ∼ 5 minutes even though the AR coating reflectivity reaches its minimum. Then the contrast is reversed (GO appears brighter than gold), reaches a maximum inverted value after ∼ 6.5 minutes and is finally lost. It is important to point out that the best contrast for GO does not occur when the reflectivity of the surrounding substrate is at its minimum. So in order to select the perfect combination of AR coating layers, the optical properties of the 2D material (or generaly speaking, of the material being studied) need to be taken into account.

This selection of coatings can be approached using the simple model. The contrast of GO is estimated for this experiment using 3 nm gold, a single GO layer (at λ = 550 nm and normal incidence with n GO = 2, k GO = 0.3 [START_REF] Jung | Simple Approach for High-Contrast Optical Imaging and Characterization of Graphene-Based Sheets[END_REF]). The contrast is plotted as a function of the second layer thickness (using n layer2 = 1.55 and k layer2 = 0, as previously estimated for the dimer) in 

II.4.5 Contrast enhancement with conventional 2 nd layer materials

The molecule deposition method used above is very specific and was principally useful to show the impact of a second layer AR coating and estimate the vertical sensitivity.

In addition, having the second layer above the studied material is not the best configu- In the next experiment, we show that the contrast of GO can be improved using conventional methods and materials for the preparation of the observation substrate. To do so, PMMA thin films with a thickness ranging from 8 to 50 nm were deposited by spin-coating above 3 nm of gold on glass. Then the polymer layer was partially etched by directive oxygen plasma through a mask in order to produce steps and measure the deposited thickness. Then GO flakes were deposited and BALM images were taken in Both the simulation and experimental graphs follow the same trend: with this particular gold thickness, the contrast in water can only degrade (and reverse), whereas the contrast in air is strongly improved when using a thin PMMA layer on top of gold. The improvement is significant in a range, 10 and 35 nm of PMMA, which is experimentally accessible by spin-coating.

This second layer provides new opportunities for the future applications of the technique as the ARA surface is not limited to metals anymore. We can imagine, for example, working with a PDMS 2 nd -layer for microfluidic applications. We are also currently developing BALM substrate covered with alumina which will allow to couple imaging and electrical measurements in a near future.

II.5 Conclusions on Chapter II

In this chapter, the BALM optical microscopy technique was presented and its performances were discussed. We first described the anti-reflective coating principle as a way of improving contrast. The classic use of transparent materials as AR coating was explained on the basis of the Fresnel equation. As BALM is an contrast-enhanced optical microscopy technique based on highly light Absorbing Anti-Reflective (ARA) coating, these equations were explained for those materials and compared to the one of transparent layers. Using absorbing materials like metals, the layer has to be really thin, in the 1-10 nanometer range, and light has to come from the higher refractive index material in order to obtain anti-reflective conditions. The ARA coating is typically made of gold deposited on a glass substrate. This BALM substrate is then imaged with an inverted microscope so that light comes from the objective, is reflected by the studied object and imaged with the same objective.

It was shown that this type of AR coating produces highly contrasted images of 2D materials, GO and MoS 2 . BALM has a diffraction limited lateral resolution but it can detect smaller materials like CNTs or nanoparticles. The refractive index sensitivity of BALM was showcased by several experiments. Images of GO and rGO presented a large difference of contrast even though they only differ by their oxidation state. The dynamic of pyrene derivative adsorption on GO was also discussed.

The parameters influencing the contrast of 2D materials were experimentally investigated. The ARA layer composition and thickness were optimized and a BALM layer of 0.5 nm chromium + 3 nm gold was chosen for the rest of the thesis as it shows a good balance between air and water imaging. The refractive index of the top medium was also presented as a way of increasing contrast. Finally, the wavelength was used to adjust the contrast of monolayer MoS 2 . Furthermore, it was shown that BALM coupled to numerical simulations allows the discrimination of the complex refractive indexes obtained by different techniques. The wavelength dependance was also used to differentiate MoS 2 from WS 2 by canceling the contrast of only one of the monolayer.

In a last part, we studied the dynamic of molecular layer deposition by controlled photodeposition. To do so, we used the photo-dimerization of NBDT whose product is insoluble in water and thus gets deposited on the lighted area. These experiences notably showed the extreme sensitivity (way below the nanometer, even at the single pixel level) of BALM for this type of measures. They also showed the significant improvement of a second transparent and organic layer on top of the gold ARA layer to upgrade the anti-reflective properties of the BALM slide. Finally, this second anti-reflective layer was extended to more common materials (like PMMA) and stacking order (2D material on top).

Chapter III

Combining BALM and electrochemistry

In the previous chapter, we have seen that the BALM configuration has several advantages: it is highly sensitive to refractive index modifications; it is adapted to the high-contrast observation of 2D materials; it allows monitoring molecule deposition at interfaces in real-time and with sub-nm vertical sensitivity.

In addition, BALM presents two interesting properties for its combination with electrochemistry: (1) The anti-reflective coating is made of a metal, therefore it can be used as electrode;

(2) the inverted microscope configuration allows the observation of the interface in liquids and leaves space for additional equipment on top.

The interface observation is made through the anti-reflective layer which, in the following, is also the Working Electrode (WE) of a typical three-electrodes electrochemical set-up, as presented in 

III.1 Electrochemistry of ultrathin gold

The electrochemistry of gold is widely studied in the literature [START_REF] Burke | Novel view of the electrochemistry of gold[END_REF][START_REF] Burke | The electrochemistry of gold: I the redox behaviour of the metal in aqueous media[END_REF][START_REF] Burke | The electrochemistry of gold: II the electrocatalytic behaviour of the metal in aqueous media[END_REF] but the vast majority of the studies concerns thick gold films. In our case, the gold thickness is in the 2-5 nm range so that different behaviors from the typical thick film case can be expected. Furthermore, the BALM substrates include a 0.5 nm chromium adhesion layer, which can potentially have a non-negligible impact. The first step when performing a new electrochemical experiment is to determine the potential window accessible to the system which depends on solvent and substrate stability.

III.1.1 Electrochemical window of thin gold

While trying to find the electrochemical window of the BALM substrates using cyclic voltammetry, we observed results that are specific to ultrathin gold. An example is shown in and it appears that the surface has become highly heterogeneous and presents lots of craters which were not observable before the electrochemical experiment.

The redox couple at 400 mV seems to be responsible for the deterioration of the surface and the crater shapes observed by AFM suggests that the metallic layer surface is reorganized. This redox process may arise from the ultrathin gold or from the chromium adhesion layer. This experiment shows that the potential window of the gold BALM substrate is between 300 and -700 mV (vs. Ag/AgCl) in water. Most of the experiments reported in the following sections were performed within these limits at the exception of few cases (see section III. One can see that the degradation becomes critical after 3 cycles. So, when positive bias above 300 mV were necessary, the experiments were performed with only 2 cycles to exclude a potential impact of the ARA layer degradation on the results. the same than at the beginning of the experiment. Therefore, the BALM slide seems stable in this potential window and for these conditions (water/LiClO 4 ).

In the following experiments, we will be cautious with the potential window, especially in the positive direction.

III.1.2 Impact of UV-ozone on gold

Considering the sensitivity of BALM (its capacity to discriminate the deposition of molecular monolayers), an important part of the preparation of the BALM substrates is the cleaning of the gold layer surface. Gold is known to get polluted by carbonaceous contamination really fast (few minutes time scale) when exposed to air. [START_REF] Smith | The hydrophilic nature of a clean gold surface[END_REF] This is an issue for several studies in particular for Self-Assembled Monolayer (SAM) of thiolates [START_REF] Love | Self-Assembled Monolayers of Thiolates on Metals as a Form of Nanotechnology[END_REF] or Surface-Enhanced Raman Spectroscopy (SERS). [START_REF] Lin | Surface-enhanced Raman spectroscopy: substrate-related issues[END_REF] More importantly for us, it can change the quality of the active surface in electrochemistry therefore detection applications rely on clean gold surfaces. [START_REF] Fischer | Gold cleaning methods for electrochemical detection applications[END_REF] Among the different ways to clean gold substrates, we decided to use the UV-ozone technique as it is effective at removing contaminants from surfaces and as it is already used for the cleaning of the glass slides prior metal deposition by thermal evaporation (as described in the experimental section). The UV-ozone equipment we used only serves for bare substrates cleaning (no lithography resists or molecular layers allowed) in order to have the less contaminant possible inside the chamber.

Nevertheless, Gold is known to form an oxide layer, Au 2 O 3 , when exposed to UVozone. [START_REF] King | Oxidation of gold by ultraviolet light and ozone at 25 • C[END_REF] Therefore, we first need to check its impact on the electrochemistry of the gold substrates. To do so, we first performed the following experiment: a 0.5 nm chromium + 3 nm gold BALM substrate was placed in a UV-ozone chamber for 30 min, Consequently, the reduction peak and the surface deterioration seem to be correlated to the formation of a gold oxide layer.

From this experiment, we conclude that UV-ozone alone is not usable to clean the gold BALM substrates. But the gold oxide Au 2 O 3 is known to be unstable in air [START_REF] Tsai | Instability of gold oxide Au 2 O 3[END_REF] as it is dissociated. Additionally, increasing the temperature activates this reaction. Therefore, we then study the addition of a thermal treatment after the UV-ozone cleaning to produce clean gold substrates.

To that end, we first analyzed a not-cleaned BALM substrate by CV (0 to -700 mV), After the first 15 min UV-ozone exposure, the OCP (open-circuit potential) is shifted toward high potentials and the reduction peak at 300 mV appears. Even though the BALM substrate was exposed a second time to UV-ozone, the thermal treatment reduced the OCP to its "before cleaning" value and the peak is no more observable. All of this proves that the addition of a thermal treatment reduces this irreversible peak and that it corresponds to the dissociation of the gold oxide layer formed by UV-ozone.

The cleanliness and quality of the gold layer after treatment was then verified using AFM and water contact angles. gles of the same BALM substrate, before and after the cleaning method. First thing to be noticed is that the UV-ozone oxidation followed by the thermal dissociation does not produce the crater-shaped holes in the surface. The gold dissociation is homogeneous on the surface as also observed in [START_REF] Berman | Impact of oxygen and argon plasma exposure on the roughness of gold film surfaces[END_REF]. Then the contact angle measurement shows that the UV-ozone clearly decreases the hydrophobicity of the surface. Finally, the thermal treatment does not modify this value which means that the surface is less contaminated than before. A perfectly cleaned gold surface has a theoretical value of 0 • but 30 • is typical of a clean surface measured in air. [START_REF] King | Oxidation of gold by ultraviolet light and ozone at 25 • C[END_REF] We also tried to use X-ray Photoelectron Spectroscopy (XPS) to quantify the carbon/gold ratio but we observed no difference before and after cleaning. It could be due to the fact that the samples have to be pumped over-night before analysis.

Later on, we use the following cleaning method: 15 min UV-ozone, washed with isopropanol, dried with a N 2 flux and finally annealed at 70 • C for 10 min. Now that the potential window of a clean gold substrate is determined, we are going to study the impact of simple electrochemical methods on the optical reflectivity of the gold surface.

III.1.3 Optical changes during basic electrochemical methods

In the next experiments, electrochemistry is performed on the whole slide while the microscope is observing locally the solution/gold interface. The electrochemical response is recorded and synchronized to the movie taken by the microscope. From each image composing the BALM movies, the gray scale of the red channel is averaged on an area of 100 * 100 pixels and compared to the electrochemical response.

a) Cyclic voltammetry

A very used electrochemical method to characterize a system is cyclic voltammetry (CV). We first studied one of the simplest possible system: the CV of 0.1 M KCl in water. The potential was cycled 3 times at 50 mV/s from 0 to -700 mV vs. Ag/AgCl, then the current (blue curve) and the gray scale obtained from the movie were plotted against the potential, as presented in Fig. III.8.a. A first thing to notice is that the reflectivity of the interface is modified when applying a potential, even though the CV mainly shows capacitive current. After the first cycle, which is slightly different for both electrochemical current and reflectivity, the optical response is reversible and almost linear. We explain this as resulting from the Pockels effect of water.

The Pockels effect is a linear electro-optic effect in which the refractive index of materials is modified by an electric field. This effect was observed and measured for water in different configurations by Tokunaga and co-workers. [START_REF] Tokunaga | Pockels effect of water in the electric double layer at the interface between water and transparent electrode[END_REF][START_REF] Nosaka | Gigantic optical Pockels effect in water within the electric double layer at the electrode-solution interface[END_REF][START_REF] Kanemaru | Electrooptic effect of water in electric double layer at interface of GaN electrode[END_REF][START_REF] Kanemaru | Giant Pockels effect of polar organic solvents and water in the electric double layer on a transparent electrode[END_REF][START_REF] Suzuki | Anomalously large electro-optic Pockels effect at the airwater interface with an electric field applied parallel to the interface[END_REF][START_REF] Yukita | Mechanisms of the anomalous Pockels effect in bulk water[END_REF][START_REF] Yukita | Deflection switching of a laser beam by the Pockels effect of water[END_REF] It is linked to the evolution of the charge in the electrical double layer (EDL) at the electrode interface.

They indeed showed that the refractive index of water within the EDL is different from the one of bulk water. They also proved that the electrode material has an important impact on the Pockels effect of water. The effect is for example higher on indium-tin oxide (ITO) than on platinum.

This effect is observable by different techniques but there is still a lot of work to be done (notably with the help of a theoretical support) in order to thoroughly explain why the EDL shows such a different refractive index when compared to the bulk part of the water solution. In future work, thanks to its high refractive index sensitivity, BALM could provide new insights in the underlying phenomenon. In the context of this thesis, which is focused on the investigation of potential application of BALM, our goal regarding this effect was limited to the evaluation of its impact on typical electrochemical experiments.

We indeed needed to evaluate its amplitude to be able to recognize its importance or negligible character in the next studies (in particular the electrografting of thin molecular films).

First of all, when only one cycle is plotted, the optical response shows a slight hystere- Then, CVs on BALM substrates with a gold thickness of 3, 5 and 7 nm were performed.

The optical and electrochemical responses are presented in Fig. III.8.e,f. The thinner the gold, the higher is the optical response. For 7 nm of gold the reflectivity variation is close to the detection limit (noise level) in this configuration. This thickness effect may have two reasons: first, the refractive index sensitivity of BALM depends on the AR properties of the substrate and we showed in the previous chapter that for observation in water, 3 nm of gold is better than 5 and 7 nm. Additionally, the space charge layer in ultrathin gold layer could have a greater impact than the one observed by Tokunaga and co-workers. [START_REF] Kanemaru | Electrooptic effect of water in electric double layer at interface of GaN electrode[END_REF][START_REF] Kanemaru | Giant Pockels effect of polar organic solvents and water in the electric double layer on a transparent electrode[END_REF] In their work, they concluded that the Pockels effect is produced at 90% by the EDL on the water side of the interface and at 10% by the space charge layer within the ITO substrate. In our experiment we use a gold layer so the space charge layer in the metal should have almost zero thickness. However, for the thinnest gold layer this behavior is not well-known.

Finally, Tokunaga and co-workers showed that the Pockels effect was also observable for organic solvents like methanol, ethanol and dimethyl sulfoxide (DMSO). [START_REF] Kanemaru | Giant Pockels effect of polar organic solvents and water in the electric double layer on a transparent electrode[END_REF] DMSO is used for electrochemical experiments but in order to be coupled to BALM, the refractive index of the solvent is important. DMSO has a refractive index of 1.48 [START_REF] Kozma | Direct measurement of the group-velocity mismatch and derivation of the refractiveindex dispersion for a variety of solvents in the ultraviolet[END_REF] which is very close to the one of glass therefore it is not ideally compatible with BALM (at least using conventional glass slides). Looking at the most used organic solvents for electrochemistry, acetonitrile (ACN) seems to be particularly suited as it is stable and has one of the largest electrochemical window. Furthermore the refractive index of ACN is 1.34 [START_REF] Kozma | Direct measurement of the group-velocity mismatch and derivation of the refractiveindex dispersion for a variety of solvents in the ultraviolet[END_REF] which is similar to water so that the same gold thickness for BALM substrates can be used for experiments in water or ACN. We then performed cyclic color is close to unity on the 0-255 scale as compared with 3.5-4 in the water case).

This means that the Pockels coefficient is lower for ACN than for water. It corresponds to what was suggested in the previous work, [START_REF] Kanemaru | Giant Pockels effect of polar organic solvents and water in the electric double layer on a transparent electrode[END_REF] which is that the Pockels effect is dependent on the hydrogen-bond strength of the solvent.

b) Chronoamperometry

We then investigate chronoamperometry which is a pulsed technique. First, we studied the dynamic of the Pockels effect which is related to the charge/discharge of the electrical double layer. To do so, we performed the following experiment in water while is well-known that when the electrolyte concentration decreases, the solution is more and more resistive and the EDL is slower to establish.

These experiments confirm that the BALM technique is able to detect very subtle EDL changes. With improvement in the acquisition speed, it would give access to their dynamics for typical solvent and typical concentration conditions.

c) Electrochemical impedance spectroscopy

Electrochemical Impedance Spectroscopy (EIS) is a more advanced technique analyzing the response of a system over a range of frequency. In the following, our goal is to evaluate if BALM could be used as an optical electrochemical impedance spectroscopy technique and/or what improvement would be needed.

Usually, in EIS experiments, the applied signal is centered on the open circuit potential and its amplitude is lower than 10 mV in order to be in a system independent in time.

However, the response to such a small signal is not detectable optically with our setup. That is why in the following experiment we chose to increase the amplitude of the perturbative signal to 200 mV (peak to peak value). Then an EIS-like experiment was performed in water with 0.1 M LiClO 4 as supporting electrolyte (the cell being in argon), the frequency was set from 1 kHz to 10 mHz while applying a static potential of -300 On the graph, one can see that for frequencies higher than 10 Hz, the BALM signal cannot be differentiated from the background noise. This is due to the measurement itself as the camera images at 25 Hz (one image every 40 ms) and with an exposure time of 25 ms. Above 10 Hz, one cycle is done within less than 25 ms, thus the optical signal is averaged over one or more full cycles giving zero optical changes.

For frequencies lower than 10 Hz, the amplitude of the sinusoidal signal increases and a sinusoidal signal is observed. We decided to stop the experiment at 10 mHz because slower frequencies would require filming for hours which is problematic from a data handling and analysis point of view (for example a 15 min movie corresponds to more than 1 Go of data and contains 22500 images from which it takes around 10 hours to extract local contrast with a conventional processor). Another technical issue is the mechanical stability of the microscope at long time scales (the focus slightly degrades over time at a pace that does not affect the other experiments presented in this manuscript).

We tried to extract the amplitude and the phase of the optical response by fitting optical signal at each frequency with a sinusoid using an home-made Mathematica program but the results were not conclusive. For frequencies close to 10 Hz, the number of points per cycle is too small to obtain a correct fit. Indeed, considering the sampling theorem [START_REF] Shannon | Communication in the Presence of Noise[END_REF] which states that to reconstruct a sinusoidal signal, the sampling rate has to be at least twice the frequency of the analyzed signal. This means that with a standard camera, event if the exposure time was reduced, only signals with a frequency lower than 12.5 Hz could be analyzed precisely. Furthermore, the obtained phase is inconsistent which is probably due to the synchronization between the EIS and the camera. More work is thus needed to properly extract the optical response of an electrochemical impedance spectroscopy experiment.

This experiment shows the first technical limitations of the set-up: stability of the focus over long time, synchronization between the optical and electrochemical signals,

imaging rate and sensibility of the camera. In order to push the boundaries, a high speed / high sensitity camera could bring significant improvements to the EIS experiments but also to the study of any fast reactions at an interface. One needs to note though that the amount of reflected light in a BALM experiment is always low by definition (ARA substrates are optimized to decrease reflectivity). Combining high rate, and high sensitivity without degrading lateral resolution (i.e. without reducing the number of pixel per image) is an instrumental challenge common to many optical techniques and recent progress in commercial scientific cameras are extremely rapid.

III.1.4 Impact of charge transfer on optical changes

Being able to observe faradaic reactions using an optical microscope could bring valuable information to the electrochemical community, as it would allow to locally study the charge transfer. For this purpose, redox mediators are important to characterize the charge transfer at interfaces.

We performed the cyclic voltammetry of a redox mediator on the gold BALM substrate as presented in Fig. III.12. On the same slide, we first performed a similar CV without the redox mediator (blue curves) and then with 10 -2 M ferrocyanide (red curves).

The current response clearly shows the typical "duck-shape" corresponding to the ferricyanide / ferrocyanide redox couple. Whereas the optical response is nearly the same in both cases. This is understandable as the BALM technique is mainly sensitive to refractive index changes and we do not expect it to be different between ferricyanide and ferrocyanide as they only differ in redox state. In order to observe the charge transfer of a redox mediator with an optical microscope, one should use a different approach like fluorescence microscopy if one state is fluorescent and the other one is not. [START_REF] Poulpiquet | A snapshot of the electrochemical reaction layer by using 3 dimensionally resolved fluorescence mapping[END_REF][START_REF] Miomandre | Electrochemical Monitoring of the Fluorescence Emission of Tetrazine and Bodipy Dyes Using Total Internal Reflection Fluorescence Microscopy Coupled to Electrochemistry[END_REF] This type of microscopy could in principle be coupled to the BALM technique and bring complementary information.

III.2 Electrochemical reduction of graphene oxide

Now that we have an approximate overview of the BALM signal within different basic electrochemical investigations, we implement this to the study of 2D materials.

Graphene can be mainly produced by three different ways: mechanical exfoliation of graphite, chemical vapor deposition on metallic surface and decomposition of silicon carbide. Its preparation in solution by oxidation of graphite, exfoliation in single layer of graphene oxide and then reduction of graphene oxide to graphene would be very advantageous, in particular for applications requiring a large amount of graphene.

It is however well-known that reduced graphene oxide (rGO) is quite different from graphene. The reduction of graphene oxide by chemical, thermal or electrochemical methods has been thoroughly studied for the last fifteen years [START_REF] Pei | The reduction of graphene oxide[END_REF][START_REF] Mao | Graphene oxide and its reduction: modeling and experimental progress[END_REF][START_REF] Kuila | Recent advances in the efficient reduction of graphene oxide and its application as energy storage electrode materials[END_REF][START_REF] Chua | Chemical reduction of graphene oxide: a synthetic chemistry viewpoint[END_REF][START_REF] Singh | Graphene oxide: strategies for synthesis, reduction and frontier applications[END_REF] with, as a main objective, the quest for a final product having properties as close as possible to those of pristine graphene. Many techniques have been used to follow the reduction of graphene oxide: Raman spectroscopy, XPS, XRD, conductivity measurements.

Only few publications report information at the single layer level and as discussed in the first chapter, only two techniques, Total Internal Reflection Fluorescence (TIRF) microscopy [START_REF] Chen | Observing the Heterogeneous Electro-redox of Individual Single-Layer Graphene Sheets[END_REF] and Interference Reflection optical Microscopy (IRM), [START_REF] Li | Optical Microscopy Unveils Rapid, Reversible Electrochemical Oxidation and Reduction of Graphene[END_REF] were used to locally study the dynamic of electrochemically driven reduction. They notably concluded that the electrochemical reduction was homogeneous. But both of them used graphene as starting material and then alternated between oxidation and reduction steps controlled by electrochemistry. Moreover they did not use potentials reductive enough (more negative than -0.8 V vs. Ag/AgCl) to completely reduce the functional groups of GO. [START_REF] Viinikanoja | Electrochemical reduction of graphene oxide and its in situ spectroelectrochemical characterization[END_REF] We study here the electrochemical reduction dynamic of mono-and bi-layer graphene oxide. To do this, we prepared large monolayered GO flakes from graphite powder using an evolution of the conventional Hummers' method. [START_REF] Zhao | Efficient Preparation of Large-Area Graphene Oxide Sheets for Transparent Conductive Films[END_REF] Then such flakes were deposited from a water/surfactant solution on gold BALM substrates using the so-called "bubble deposition" technique. The two dynamics are quantitatively described by the extracted time constant (τ) which is twice higher for bilayers than monolayers (τ 1L = 46.1 +/-2.4 min, τ 2L = 102.9 +/-4.2 min). It shows that the electrochemical reduction of GO depends on the number of stacked layers, which is consistent with the fact that as long as the first layer is insulating, it prevents the efficient injection of electrons from the gold to the second layer.

We also tried to extract the dynamic of three GO layers stacked but the areas of interest were too small and the contrast was difficult to extract with enough precision to be conclusive. To our knowledge, this is the first time the dynamic of GO electrochemical reduction is extracted in situ with monolayer precision.

To confirm that the darkening of the GO is indeed related to its reduction, we performed XPS analysis before and after 1 h at -1.1 V. XPS requires samples with much more GO flakes than the density used in a typical BALM experiment. We thus prepared a sample with an increased GO coverage by repeating the bubble deposition technique one was submitted to the electrochemical treatment. This is probably due to the deposition method which produced mostly multilayers and to the limited time of the reduction used for the XPS analysis. In any case, no reduction methods can completely remove all oxygen and reform a fully sp 2 lattice.

III.3 Electrografting of diazonium salts

The following section is the topic of an article recently submitted for publication (July 2019).

Surface functionalization techniques are being used in many different domains such as sensors, anticorrosion, electronics, energy, textile, etc. Electrografting is one of these techniques, which consists of the growth of a covalently bonded organic layer on a conducting substrate through an electrically controlled charge transfer. [START_REF] Belanger | Electrografting: a powerful method for surface modification[END_REF] It has been studied since the 1980s and led to several applications at the industrial stage.

The surface modification can be performed on many different types of substrates using many different types of organic layers. Such versatility, resulted in its integration in applications as diverse as interface engineering in organic electronic devices, [264][START_REF] Stockhausen | Grafting Oligothiophenes on Surfaces by Diazonium Electroreduction: A Step toward Ultrathin Junction with Well-Defined Metal/Oligomer Interface[END_REF][START_REF] Casademont | Electrografted Fluorinated Organic Ultrathin Film as Efficient Gate Dielectric in MoS 2 Transistors[END_REF] anticorrosion coatings, [START_REF] Chaussé | The Electrochemical Reduction of Diazonium Salts on Iron Electrodes. The Formation of Covalently Bonded Organic Layers and Their Effect on Corrosion[END_REF] (bio)sensing, [START_REF] Cao | Advances on Aryldiazonium Salt Chemistry Based Interfacial Fabrication for Sensing Applications[END_REF] batteries, [START_REF] Assresahegn | Advances on the use of diazonium chemistry for functionalization of materials used in energy storage systems[END_REF][START_REF] Alloin | The Interest of Diazonium Chemistry for Aqueous Lithium-Ion Battery[END_REF] etc.

The most studied electrografting method relies on the reduction of diazonium salts.

[271] Several aryldiazonium salts (such as 4-nitrobenzenediazonium tetrafluoroborate, called NBDT hereafter) are stable and easy to synthetize (some being commercially available), and their electrografting forms thin and robust organic films that have been largely studied by different techniques. The use of XPS and infrared spectroscopy [START_REF] Menanteau | Electrografting via Diazonium Chemistry: The Key Role of the Aryl Substituent in the Layer Growth Mechanism[END_REF][START_REF] González | Mapping nanometric electronic property changes induced by an aryl diazonium sub-monolayer on HOPG[END_REF][START_REF] Menanteau | Evidence of monolayer formation via diazonium grafting with a radical scavenger: electrochemical, AFM and XPS monitoring[END_REF] is typical to evaluate the chemical nature of the organic coating. To evaluate the homogeneity of the grafted film, atomic force microscopy (AFM) and scanning electron microscopy (SEM) are regularly used but they only provide post-grafting information.

The real-time process is mostly investigated using the Electrochemical Quartz Crys-tal Microbalance (EQCM) technique. [START_REF] Menanteau | Electrografting via Diazonium Chemistry: The Key Role of the Aryl Substituent in the Layer Growth Mechanism[END_REF][START_REF] Jayasundara | In Situ Studies of the Adsorption Kinetics of 4-Nitrobenzenediazonium Salt on Gold[END_REF][START_REF] Neubert | Functionalization of gold and graphene electrodes by p-maleimido-phenyl towards thiol-sensing systems investigated by EQCM and IR ellipsometric spectroscopy[END_REF][START_REF] Chernyy | Elucidation of the Mechanism of Redox Grafting of Diazotated Anthraquinone[END_REF][START_REF] Laforgue | Characterization of the Deposition of Organic Molecules at the Surface of Gold by the Electrochemical Reduction of Aryldiazonium Cations[END_REF] It provides a very sensitive and continuous evaluation of the film thickness but the information is averaged over the entire grafted surface. None of these techniques combine spatial resolution and real time monitoring. To achieve this necessary combination, different types of optical microscopy techniques have been combined with electrochemistry, for example surface plasmon resonance (SPR) [START_REF] Shan | Imaging Local Electrochemical Current via Surface Plasmon Resonance[END_REF][START_REF] Andersson | Imaging SPR for detection of local electrochemical processes on patterned surfaces[END_REF][START_REF] Mandon | Aryl Diazonium for Biomolecules Immobilization onto SPRi Chips[END_REF][START_REF] Corgier | Protein-Diazonium Adduct Direct Electrografting onto SPRi-Biochip[END_REF][START_REF] Shan | Imaging the electrocatalytic activity of single nanoparticles[END_REF] and ellipsometry imaging. [START_REF] Cumurcu | Sub-nanometer expansions of redox responsive polymer films monitored by imaging ellipsometry[END_REF][START_REF] Yu | Influence of electrostatic interaction on fibrinogen adsorption on gold studied by imaging ellipsometry combined with electrochemical methods[END_REF] These techniques are sensitive to local refractive index changes induced by electrochemical reactions at interfaces. In the case of local mapping of electrografting, ellipsometry [START_REF] Munteanu | In Situ, Real Time Monitoring of Surface Transformation: Ellipsometric Microscopy Imaging of Electrografting at Microstructured Gold Surfaces[END_REF] and light reflectivity microscopy [START_REF] Munteanu | Mapping fluxes of radicals from the combination of electrochemical activation and optical microscopy[END_REF] revealed that NBDT growth occurs at a higher grafting rate along gold step edges of micro-fabricated surfaces. These techniques are powerful to understand the physico-chemical processes at play during deposition by establishing how the heterogeneity of the surface and the solution supply impact the film formation.

Here, we show that BALM can address different classes of problems in the field of electrografting by taking advantage of its real-time imaging and high-contrast capabilities. We notably perform the in situ monitoring of the electrografting of two different diazonium salts on gold. Our results first demonstrate the equivalence between BALM and EQCM responses in terms of precision. More importantly, the next experiments investigate heterogeneous surfaces: gold step edges, graphene oxide (mono-and multilayers), and electrochemically reduced graphene oxide (mono-and multi-layers). They very clearly establish the advantages of combining wide-field observation, very high sensitivity in the vertical direction and real-time operation to unambiguously measure local differences in grafting behavior.

III.3.1 Comparison between BALM and EQCM

One of the first challenges when grafting a new material on a surface is to determine the growth speed. AFM is very precise to compare before-and after-grafting situations and to deduce the deposited thickness. Real-time information on the process dynamics are yet preferable, in particular when the initial grafting speed is high and then saturates. In principle, establishing a precise relationship between the electrochemical current during the grafting and the actual thickness of deposited species is possible for homogeneous surface of precisely known geometry. It is however not straightforward as shown in several studies from different groups. [START_REF] Ceccato | Nitrophenyl Groups in Diazonium-Generated Multilayered Films: Which are Electrochemically Responsive?[END_REF][START_REF] Menanteau | Electrografting via Diazonium Chemistry: From Multilayer to Monolayer Using Radical Scavenger[END_REF][START_REF] Ghorbal | The in situ characterization and structuring of electrografted polyphenylene films on silicon surfaces. An AFM and XPS study[END_REF] To get access to the dynamics on homogeneous surfaces, EQCM is presently the technique of choice.

To show how BALM opens new perspectives on electrografting dynamics measurement, the electro-reduction of a diazonium salt on gold was studied using the configuration displayed in and the voltammetry signal (blue curve) are displayed. Strikingly, the reflectivity curve extracted with BALM strictly reproduces the results obtained by Electrochemical Quartz Crystal Microbalance, by us and by several other groups before. [START_REF] Neubert | Functionalization of gold and graphene electrodes by p-maleimido-phenyl towards thiol-sensing systems investigated by EQCM and IR ellipsometric spectroscopy[END_REF][START_REF] Laforgue | Characterization of the Deposition of Organic Molecules at the Surface of Gold by the Electrochemical Reduction of Aryldiazonium Cations[END_REF][START_REF] Benedetto | Electro-reduction of diazonium salts on gold: Why do we observe multi-peaks?[END_REF][START_REF] Bouden | Electrografting of diazonium salts: A kinetics study[END_REF] This proves that BALM brings equivalent information to the one obtained using EQCM.

In this first experiment, the grafting of NBDT stops after only a few nanometers. In 

III.3.2 Grafting at gold step edges

After having established the sensitivity of BALM to study electrografting dynamics, we now turn to the benefit of its imaging capabilities, which is the main asset of a microscopy-based technique. A very important aspect in the investigation of electrografting relates to the modification of heterogeneous surfaces. With BALM, the reflectivity and its dynamics can be studied locally, down to the single pixel scale and at video-rate. We first consider a simple example of heterogeneous surface: gold electrodes step edges. While simple, this example is representative of large classes of experiments that use micro-fabricated electrodes in particular in the field of electrochemical sensors, where differences in grafted speed at electrode edges can have an important impact. We connect a gold electrode on a glass substrate and use it as a working electrode for the electrografting of TBPFe by cyclic voltammetry. The BALM optical monitoring is shown in Movie-2. The dynamic of this process, studied through the evolution of the reflectivity, is pre- theoretically and higher grafting rate on gold edges was also observed experimentally in the case of NBDT (not TBPFe). [START_REF] Munteanu | Mapping fluxes of radicals from the combination of electrochemical activation and optical microscopy[END_REF] Our present study establishes BALM as a very powerful tool for the direct study of such effects and of their dynamics. Note that Fig. III.16.e sets a limit to the use of our setup for TBPFe films that should not be thicker than ∼50 nm. This limit is however not intrinsic to the technique and only relates to the color dynamics of our conventional camera. In addition, the range of thickness where BALM is the most suited (0.5-50 nm) is the one of interest in most studies and the most difficult to access with other techniques (in particular the sub 10 nm range).

III.3.3 Electrografting on 2D materials

As a matter of fact, the BALM technique can go much further in terms of complexity of heterogeneous surfaces. Below, we combine the observation of atomically thin (2D) materials to the operando study of diazonium electrografting. Chemical modifications of 2D materials are key to extend their uses in several fields. [START_REF] Dai | Functionalization of Graphene for Efficient Energy Conversion and Storage[END_REF][START_REF] Quintana | Organic Functionalization of Graphene in Dispersions[END_REF][START_REF] Chen | Functionalization of Two-Dimensional Transition-Metal Dichalcogenides[END_REF][START_REF] Dreyer | The chemistry of graphene oxide[END_REF] In particular, diazonium chemistry is intensively studied as a way to improve their functionality in the fields of energy, electronics, filtration and sensors. [START_REF] Cao | Advances on Aryldiazonium Salt Chemistry Based Interfacial Fabrication for Sensing Applications[END_REF][START_REF] Huang | Diazonium Functionalized Graphene: Microstructure, Electric, and Magnetic Properties[END_REF][START_REF] Paulus | Covalent Electron Transfer Chemistry of Graphene with Diazonium Salts[END_REF][START_REF] Greenwood | Covalent Modification of Graphene and Graphite Using Diazonium Chemistry: Tunable Grafting and Nanomanipulation[END_REF][START_REF] Knirsch | Basal-Plane Functionalization of Chemically Exfoliated Molybdenum Disulfide by Diazonium Salts[END_REF][START_REF] Gao | Engineered Graphite Oxide Materials for Application in Water Purification[END_REF] Here, the ability of BALM to monitor in-situ the electrografting of diazonium salts is combined with the high z-axis resolution enabling the observation of graphene oxide (GO) and electrochemically reduced graphene oxide (ErGO) mono and multilayers.

To investigate the diazonium functionalization of GO, large single-layer GO flakes are deposited on a gold BALM substrate using the same method as in Part III.2 above.

Since some of the flakes fold or overlap, different areas composed of one, two or three In this second case, we observe that: (i) the grafting speed is slightly lower for gold than for single-layer and double-layer ErGO, the two latter being almost similar to each other; (ii) for the three types of areas the grafting starts at the same potential, close to 0 V vs. Ag/AgNO 3 ; (iii) as for the GO case, no edge effects are observed along the Ag/AgNO 3 .

In terms of homogeneity, Fig. III.17 and III.20 do not provide evidence for a higher grafting rate at defects or edges. Several electrochemical studies on graphitic materials (graphite, graphene, graphene oxide) have concluded that the presence of defects or edges is favorable for charge transfer. [START_REF] Jaouen | Localized electrochemistry for the investigation and the modification of 2D materials[END_REF][START_REF] Güell | Structural Correlations in Heterogeneous Electron Transfer at Monolayer and Multilayer Graphene Electrodes[END_REF][START_REF] Velický | Electron Transfer Kinetics on Mono-and Multilayer Graphene[END_REF] The difference in our case could come from the limited lateral resolution of an optical technique. This is however improbable considering the size of individual pixels in our images. It is more probable that the mild grafting conditions used in Fig. III.17 and III.20 (minimum potential -900 mV) are favorable in terms of homogeneity (similarly to the case of gold electrodes). [START_REF] Lebon | Fine growth control of electrografted homogeneous thin films on patterned gold electrodes[END_REF] Several studies also reported an increase in charge transfer when increasing the number of layers. [START_REF] Jaouen | Localized electrochemistry for the investigation and the modification of 2D materials[END_REF][START_REF] Güell | Structural Correlations in Heterogeneous Electron Transfer at Monolayer and Multilayer Graphene Electrodes[END_REF][START_REF] Velický | Electron Transfer Kinetics on Mono-and Multilayer Graphene[END_REF] For example, the charge transfer kinetics has been observed

to double with FeCN 6 3-and IrCl 6 2-on graphene when going from 1 to 2 layers. [START_REF] Valota | Electrochemical investigation of chemical vapour deposition monolayer and bilayer graphene on the microscale[END_REF] These results could explain the fact that for ErGO, the grafting is faster for double-layer than single-layer and that both cases get grafted faster than gold.

Altogether, our results show that the chemical composition of the layer plays a crucial role in the kinetics of charge transfer and that BALM can reveal very subtle changes.

It also paves the way for the investigation, at the local scale, of new materials electrografting, notably van der Walls heterostructures. Furthermore, BALM is not limited to gold as anti-reflective absorbing layer, but it can be extended to other metals (platinum, copper, silver, etc.) and the controlled deposition of many materials can be studied on BALM substrates.

III.4 Copper electrodeposition

BALM is not limited to the study of organic thin film electrografting since any material with a different refractive index than glass or the solvent modifies the reflectivity of the interface. Therefore the electrodeposition of metals can also be investigated. In practice, it is even easier as metals are highly absorbing materials, which means that even a small amount of electrodeposited material drastically changes the reflectivity.

Metals particles and nanoparticles are well-known as surface modification methods to add new functionalities to surface (sensing, [START_REF] Hernández-Santos | Metal-Nanoparticles Based Electroanalysis[END_REF]307] catalysis, [START_REF] Koper | Structure sensitivity and nanoscale effects in electrocatalysis[END_REF] biomedical, [START_REF] Pankhurst | Applications of magnetic nanoparticles in biomedicine[END_REF][START_REF] Chithrani | Determining the Size and Shape Dependence of Gold Nanoparticle Uptake into Mammalian Cells[END_REF] etc.). The electrodeposition method is interesting on conductive substrates because it ensures a good electrical contact between the substrate and the particles.

In certain cases, this method allows the control of the shape and size of particles by tuning the deposition process and electrolyte.

The mechanism of nucleation and growth of metal particles resulting from electrochemical deposition is mainly studied by an analysis of the current / time / voltage characteristics during deposition coupled to post-deposition imaging (AFM, SEM, TEM). [START_REF] Bosch-Navarro | Controlled electrochemical and electroless deposition of noble metal nanoparticles on graphene[END_REF][START_REF] Ustarroz | Electrodeposition of Ag nanoparticles onto carbon coated TEM grids: A direct approach to study early stages of nucleation[END_REF][START_REF] Hussein | Tracking Metal Electrodeposition Dynamics from Nucleation and Growth of a Single Atom to a Crystalline Nanoparticle[END_REF] Comparisons between local observation and electrochemical signal are difficult because the current is averaged over a large number of particles with a certain dispersion of shape, size and spatial distribution. Another approach consists in reducing the size of the electrode to decrease the number of deposited particles. To This preliminary experiment was performed early in the thesis, using a BALM slide without the 15 nm electrodes (preventing a voltage drop between the side and the center of the slide), therefore the applied potential is not fully reliable. Nevertheless, it

shows that BALM is suited to investigate the electrodeposition of metal particles and that it can bring information on the number of nucleation points, the surface coverage and to a certain extend, on the crystalline nature of the particles. The lateral resolution of BALM is limited by diffraction but it does not mean that particles smaller than this limit are not observable as discussed in section II.1.

Similar experiments using BALM were performed in the group of F. Kanoufi in 2018.

[ [START_REF] Lemineur | Combining electrodeposition and optical microscopy for probing size-dependent single nanoparticle electrochemistry[END_REF][START_REF] Lemineur | The promise of antireflective gold electrodes for optically monitoring the electro-deposition of single silver nanoparticles[END_REF] They notably established the relationship between BALM signal and particle size using an SEM calibration. They also showed that the limit of particle detection is around 10 nm in diameter. Microelectrodes were investigated in order to observe the entire working electrode surface and thus comparison between the BALM signal and the electrochemical response was precise. Furthermore, their BALM experiments comforted some nucleation mechanism and Ostwald ripening was observed in situ (small particles dissolve and redeposit onto larger particles).

III.4.2 Copper intercalation in graphene oxide

As for electrografting of diazonium salts, metal electrodeposition constitutes an ideal model system to study local surface modification effects on 2D materials. In the following, we study copper deposition on gold substrate on which graphene oxide flakes were deposited. Except few studies on graphene or HOPG, [START_REF] Bosch-Navarro | Controlled electrochemical and electroless deposition of noble metal nanoparticles on graphene[END_REF][START_REF] Lai | Nucleation, aggregative growth and detachment of metal nanoparticles during electrodeposition at electrode surfaces[END_REF][START_REF] Lomax | Electrodeposition of Au on basal plane graphite and graphene[END_REF] the electrodeposition of metals on 2D materials was barely investigated. R. Dryfe and D. Lomax (University of Manchester) have reported the use of in situ AFM for the study of gold deposition on graphene [START_REF] Lomax | Electrodeposition of Au on basal plane graphite and graphene[END_REF] and the group of P. Unwin (University of Warwick) has investigated silver deposition on HOPG using SECCM. [START_REF] Lai | Nucleation, aggregative growth and detachment of metal nanoparticles during electrodeposition at electrode surfaces[END_REF] A GO modified gold surface was first electrodeposited with copper by chronoamper- In both cases, a few bright spots starts to appear on the gold surface around 0 mV vs.

ometry
Ag/AgCl and their number rapidly increases. At -23 mV, one can clearly see that the start to show the beginning of the deposition as small dots appear on their surfaces.

The contrast of ErGO multilayers have not evolved yet. Interestingly, the edges of ErGO monolayers sides (i.e. close to gold) are less covered than the center of these flakes. This is consistent with the fact that the copper ions in the solution get depleted by the efficient deposition on bare gold, so that locally, close to the ErGO monolayer edges, the concentration is lower. When scanning backwards from -183 to -17 mV, small dots continue to appear on gold and the gold surface is almost completely covered with copper. They demonstrated that palladium and copper intercalate between graphene oxide layers and that the palladium growth is self-limited to 5 nm in thickness whereas copper growth is not limited. They provided key structural characterizations to their study: optical images, AFM topography and HRTEM. The optical image after metal deposition is similar to our observations and the HRTEM study unambiguously proves that palladium is indeed intercalated between GO layers and not simply deposited on top.

Our experiments are in very good agreement with their study. It supports the idea that we observe in situ the intercalation of copper between GO layers. We show that the intercalation occurs first within the tick GO multilayers, then between the first and second layer and that finally, copper also gets deposited on GO single-layer, or between GO single-layers and gold (the latter hypothesis being favored by Nair and co-workers who suggested that palladium is electrodeposited below the GO monolayers). During the copper dissolution, the thick intercalated copper layers behave similarly to liquid droplets (see notably the image at +363 mV) which may be due to highly concentrated copper diluted in water.

The ErGO experiments show the opposite behavior than the GO one as copper is not intercalated between ErGO multilayers. The electrodeposition on ErGO follows the trend of a blocking material which increases the over potential necessary to reduce copper at its surface when increasing the number of stacked layers. This result is counter intuitive as ErGO flakes have better electrical conductivity than GO but it is known that the Under Potential Deposition (UPD) of copper on carbon materials like rGO is unfavorable [START_REF] Wu | Nucleation Mechanism of Electrochemical Deposition of Cu on Reduced Graphene Oxide Electrodes[END_REF] whereas it is possible on gold. [START_REF] Williamson | Dynamic microscopy of nanoscale cluster growth at the solid-liquid interface[END_REF][START_REF] Manne | Atomic-Resolution Electrochemistry with the Atomic Force Microscope: Copper Deposition on Gold[END_REF] The difference between GO, ErGO and gold may be due to specific interactions between Cu 2+ and oxygen groups. GO is indeed investigated by several groups for depollution/filtration application and specifically for the removal of Cu 2+ from water. [START_REF] Yang | Folding/aggregation of graphene oxide and its application in Cu 2+ removal[END_REF] Something to notice is that in both cases (GO and ErGO), even after a full cycle of intercalation and de-intercalation, the materials remain intact (at the observation scale).

Considering the vertical resolution of BALM confirmed in Chapter II with transparent molecules, it is very unlikely that copper residues remain on gold, single-and doublelayers of GO and ErGO at 446 mV. Only thick GO stacks were not fully de-intercalated

The experiments presented in this section demonstrate that the redox state of graphene oxide controls the intercalation of copper and that this could be used to control the shape and size of metallic nanosheets. They are complementary to the one of Nair and co-workers who proved that copper is intercalated within GO flakes. BALM provides in situ information on the deposition dynamics and could be very useful in this developping context.

III.5 Conclusions on Chapter III

In this chapter, the combination of BALM and electrochemistry was discussed. We first showed that the ultrathin gold substrate is limited to potentials lower than 0.3 V vs.

Ag/AgCl and that the slide cleaning prior electrochemistry has an impact on the stability of the substrate. The UV-ozone method has to be followed by a thermal treatment in order to produce stable and clean gold surfaces. Then, basic electrochemical methods were performed while monitoring the reflectivity of the interface. We showed that the BALM optical signal is modified when applying cyclic voltammetry, chronoamperometry and electrochemical impedance spectroscopy. This modification is due to the Pockels III.5 Conclusions on Chapter III effect which is related to the refractive index changes within the electrical double layer, therefore BALM is sensitive enough to probe the establishment of the double layer.

Then the ability of BALM to image precisely 2D materials was combined to electrochemical reactions. The dynamic of the electrochemical reduction of graphene oxide was followed in situ and the relationship between the number of stacked layers and the reduction time constants were determined. We also studied the electrografting of diazonium salts and showed that BALM provides equivalent information to the Electrochemical Quartz Crystal Microbalance (EQCM) but with a microscope configuration.

It was used to demonstrate the higher grafting rate of TBPFe at edges of gold electrodes. We also used this configuration to probe the electrografting speed at graphene oxide and electrochemically reduced graphene oxide flakes. We showed the grafting efficiency dependence over the number of stacked layers as well as their electrical conductivity. Finally, BALM coupled to electrochemistry was extended to the electrodeposition of copper. Copper was first deposited on gold and showed the type of obtainable information (number of nuclei, surface coverage and crystalline nature of the particles).

Then, GO and ErGO were deposited on gold and the electrodeposition of copper was directly observed. The nature of the deposition was demonstrated to be completely different as copper is intercalated between multilayers GO whereas ErGO does not allow intercalation to occur.

This chapter establishes the assets of BALM as a powerful tool to bridge electrochemistry and high-contrast 2D materials observation.

Conclusions & future directions

The objective of this thesis was to evaluate the potential of the Backside Absorbing Layer Microscopy (BALM) technique as a tool to study in situ and locally some of the optical, chemical and electrochemical properties of 2D materials, without using a scanning probe.

The main results were already summarized in sections II.5 and III.5. The developed experiments showed the versatility of BALM, its sub-nanometer sensitivity, its capability to study dynamical processes of surface reactions and especially for the local and time-resolved observation of heterogeneous surfaces, establishing the technique as a precious tool for nanoscience research laboratories.

We notably studied in details the parameters influencing the performances of the technique. We first investigated the impact of the thickness of the anti-reflecting absorbing layer and selected a 0.5 nm chromium / 3 nm gold combination as the trade-off for imaging molecular thin films and nanomaterials both in air and in water. This ARA coating on glass is particularly powerful to produce highly contrasted images of 2D materials (in particular graphene oxide and monolayers of transition metal dichalcogenides) and to observe reactions at the BALM substrate surface. The main limitation is that the gold anti-reflective layer is sensitive to oxidation which requires precautions when used for electrochemistry. The influence of the chromium adhesion layer on the electrochemical stability and on the optical properties of the ARA layer remains to be studied. ARA coatings produced by other methods could be useful in future work. In preliminary experiments not reported here (see the experimental part), we tested several options. For instance, we deposited an aminated silane SAM on glass prior gold deposition as it is known to promote adhesion. This method is useful for optical studies as it removes the highly light absorbing chromium layer and makes the system easier to simulate. Unfortunately, the obtained coating is not stable within the electrochemical reduction window and in acidic media. Such substrates were not used in the reported experiments but could be used for BALM applications that do not require this particular chemical stability. Gold could also be replaced by any light absorbing materials like platinum, aluminum, etc. Interestingly, as initially proposed by D. Ausserré, graphene could also be used as ARA material in principle: it absorbs light in a broad spectral range, its rugosity is potentially ideal (atomic scale), the thickness can be tuned using multilayers. As a test, we deposited high-quality CVD grown graphene (provided by V. Bouchiat from Institut Néel, Grenoble) directly on glass and imaged the sample using the same inverted microscope as for BALM experiments (but without the gold ARA layer). The result is presented in the experimental section (Fig. Exp.1). Graphene mono-and multi-layers appear darker than glass both in air and in water confirming that by controlling the number of graphene layers, graphene-based ARA coatings could be produced. They would constitute promising carbon electrodes for electrochemical experiments coupled to BALM. However, one should notice that with the present status of graphene production and transfer methods, the homogeneity of such substrate would be an issue. Even with the large-scale, high-quality graphene domain used, it could be difficult to differentiate features coming from the graphene ARA layer from those of the added materials under study.

After the ARA thickness was studied, the refractive index of both the substrate and the top medium were shown to be adjustable, within certain limits. Indeed, the top medium refractive index has to be lower than the one of the substrate to achieve anti-reflective conditions with absorbing materials. When using glass, the top medium is limited to solvent having a refractive index below 1.5. And as it was shown, the closer the substrate and top medium refractive indexes are, the lower the gold thickness is to obtain efficient AR properties. This can be problematic as it is difficult to reproducibly produce smooth gold coatings with a thickness below 3 nm. At the exception of acetonitrile, acetone and ethyl ether, most of the common organic solvents have a refractive index higher than 1.4 (THF = 1.41, DMF = 1.43 and DMSO = 1.48). This limit can be overcome by changing the substrate with sapphire (n = 1.77). The top medium also restrains the material to observe as their refractive indexes have to be different to produce contrast.

The wavelength of the incoming light was used to understand and improve the contrast of MoS 2 monolayers and bilayers. The experiments were compared to numerical estimations and it was showed that BALM can contribute to discriminate the complex refractive index values obtained by several groups using other methods. Measurements of (n,k) are usually done with more complex optical apparatus and compared to extended theoretical models. BALM provides additional information which can be confronted to the literature (for example, even with the simple approximations of the model, values of k MoS 2 below 2 cannot account for the observed BALM contrast in the blue spectral range). The wavelength study also showed that monochromatic sources can be used to discriminate different materials on the same sample as exemplified with MoS 2 and WS 2 . In the future, another way to compare materials would be the use of Any conventional transparent (or low k) material can be used coupled to the gold layer.

In the future, such materials can provide new functionalities to the BALM substrate.

For instance, PDMS could be used to couple BALM with microfluidic studies. Another perspective consists in exploiting aluminum oxide as an electrically insulating second layer to couple optical and electrical studies. Preliminary studies were initiated recently with connected MoS 2 flakes on glass/gold/alumina substrates.

The above mentioned wavelength and second layer studies were coupled to numerical estimations. The simple model used (Fresnel equations available in Comsol) is only a few steps away from being quantitative/predictive. It would further need to take into account additional parameters: different angles contributions to account for the numerical aperture of the objective, the surface roughness which can be significant for the thinnest gold layers, the exact complex refractive index of ultrathin gold and chromium layers, the exact spectral distribution of the light source (when not using monochro-matic light) and the spectral sensitivity of the camera.

The configuration of the inverted microscope makes BALM suitable for its combination with electrochemistry. We first used this capacity to apply potentials on the ARA layer and study several electrochemical reactions. We showed that the substrate we selected is limited to potentials lower than 0. In a close future, I think that the Licsen team could advantageously put at profit the combination of BALM and electrochemistry to study electrocatalytic reactions like the Hydrogen Evolution Reaction (HER) and the Oxygen Reduction Reaction (ORR) at 2D materials surfaces or on CNTs, which are central to the group scientific thematics. In this domain, F. Kanoufi and co-workers showed that BALM can be used for the observation of hydrogen bubbles at the surface of gold. [START_REF] Stockmann | Single LiBH 4 nanocrystal stochastic impacts at a micro water/ionic liquid interface[END_REF] This is interesting for the HER study for which efficient platinum-free catalysts are challenging to develop. A particularly interesting 2D material to study for this reaction is MoS 2 monolayer. We performed some initial tests in this direction but we did not observe any bubble formation on MoS 2 or even on platinum deposited on gold. This may be because the current was too low at those areas to produce bubbles or the viscosity of our electrolyte was too low to retain bubbles at the gold surface (the observations reported in [START_REF] Stockmann | Single LiBH 4 nanocrystal stochastic impacts at a micro water/ionic liquid interface[END_REF] were done in a viscous ionic liquid). A lot of work is needed to observe catalytic reactions with BALM and the field is in its infancy. One way to study reactions with such low refractive index modification at the surface could be to combine BALM with other probes like fluorescent ones which can be specific to the surrounding pH or oxygen level.

We coupled BALM with electrochemistry but it can obviously be further combined with many other characterization techniques that can fit on top of an inverted microscope. on top, the imaging should be stopped or very well filtered during the measurements.

Scanning probe techniques like AFM or SECM are not sensitive to light, therefore they can be performed simultaneously to the BALM observation. The coupling to SECM could be very powerful. It could for example provide the precise distance between the tip and the substrate (using a fluorescence labeling strategy [START_REF] Sundaresan | Visualizing and Calculating Tip-Substrate Distance in Nanoscale Scanning Electrochemical Microscopy Using 3-Dimensional Super-Resolution Optical Imaging[END_REF]) as well as direct structural information of the mapped area which could be directly correlated to the local electrochemistal signal without SEM or AFM post-studies.

In a more global context, it would be appreciable to work more with biologists to implement new optical microscopy techniques. This type of coupling started in electrochemistry with fluorescence microscopy [START_REF] Bouffier | Coupling electrochemistry with in situ fluorescence (confocal) microscopy[END_REF] and Surface Plasmon Resonance (SPR) [START_REF] Yuan | Studying the electrochemistry of single nanoparticles with surface plasmon resonance microscopy[END_REF] but it is still really specific to some particular systems. BALM could address more generic/typical systems.

BALM is highly versatile and the set-up does not require an expensive apparatus to be implemented. It starts to disseminate in the community. Recently, the group of A. Pénicaud at CRPP reported an image of individual single-wall carbon nanotubes (see the supporting information section of [START_REF] Bepete | Hydroxide Ions Stabilize Open Carbon Nanotubes in Degassed Water[END_REF]). As already mentioned, the group of F. Kanoufi

Experimental section

Slide manufacturing

The production of thin metallic films on glass is well-known in the literature and gold coated cover slips with thicknesses as low as 10 nm can be bought from Aldrich. But, the deposition of gold on glass is not straightforward as the adhesion of noble metals on glass is poor. Thus, gold coatings with thicknesses lower than 10 nm are not commercials. The Watchlive start-up initially provided us with some BALM slides with 5 nm of gold. Due to the very large number of tests necessary for this work and the many different configurations used, it was decided to produce the coatings in the laboratory.

More than 600 slides were necessary.

After the production of the gold coated glass slides, we characterized the deposited thickness by AFM. The rugosity and electrical conductivity of the coatings were also analyzed in some representative cases as they both relate to the continuity of the gold layer. Rugosity was around 0.3 nm RMS (extracted on 2*2 µm AFM images) for classical BALM slide, which is the resolution limit of our AFM. 2-probes electrical conductivity was quickly evaluated using a conventional multimeter. The obtained value for the typical BALM slides used for electrochemical experiments is around few ohms at the mm scale. This value was our reference for the different production methods.

Note that less conductive substrates, which cannot be used for electrochemistry can still provide improved contrast in other types of experiments.

The most important parameter influencing the adhesion of metals on glass is the cleanliness of the glass surface prior deposition. Many different methods are used in the literature such as cleaning in a Piranha solution, in KOH, etc. We decided to clean the glass slides following a procedure developed in the laboratory by a former student (Thesis of T. Bourgeteau [START_REF] Bourgeteau | Development of hybrid photocathodes for solar hydrogen production[END_REF]):

• Sonication for 10 min at maximal power in Deionized (DI) water with soap (diluted commercial Decon)

• Rinsing thoroughly with DI water

• Sonication for 10 min in DI water (twice)

• Rinsing with ethanol

• Sonication for 10 min in acetone

• Sonication for 10 min in isopropanol

• Drying with N 2

• 15 min UV-ozone cleaner

• Immediate use

The BALM anti-reflective coating (chromium + gold) was deposited directly after the cleaning process by thermal evaporation using a Joule heating system (Plassys). The deposition was always performed at a pressure below 5.10 -6 mbar pressure and the deposition speed rate (monitored by a quartz crystal microbalance) was kept around 0.1 nm/s. After several tests, the minimal thickness of chromium to obtain a satisfactory adhesion with our equipment was found at 0.5 nm. For some experiments, the gold thickness was decreased to the minimum possible. It was found that 3 nm gold produces continuous films which are electrically conductive. Lower thicknesses presented higher electrical resistivity corresponding to poorly percolating gold particles.

In order to get rid of chromium notably for its highly light absorbing properties and possible impact on electrochemical experiments, we tried other methods. First, we investigated the use of silane-based SAMs which are known to self-assemble on glass and support the deposition of gold. We performed the vapor deposition of (3-aminopropyl)trimethoxysilane. The cleaned glass slides and the silane solution were placed in a vacuum chamber, pumped to few mbars, closed for 30 s, pumped again and closed for 30 s. Finally, the slides were removed and directly placed in the thermal evaporator for gold only deposition. Using this method, the minimal gold thickness required to have a continuous film was 5 nm. Unfortunately, such coating was is not stable within the electrochemical reduction window described previously nor in acidic media. Therefore we preferred to keep the 0.5 nm Cr + 3 nm Au coating. But the above described method can nevertheless be used for other experiments if necessary.

Finally, we also investigated sputter deposition of gold using an equiment dedicated to the metallization of SEM samples. We succeeded in depositing continuous gold films with a 5 nm thickness but the repeatability was too low. More uniform layers (without 2 nd layer islands) would be needed to use such substrate for the observation of other 2D materials deposited on top.

Synthesis and transfer of 2D materials

Graphene oxide synthesis. GO was prepared as described by Morimoto et al. Graphene oxide transfer by the bubble technique. This deposition method was developed and applied to GO by Joël Azevedo during his thesis. [START_REF] Azevedo | Assemblage contrôlé de graphène et de nanotubes de carbone par transfert de films de tensioactifs pour le photovoltaïque[END_REF] A mixture of 0.8 mg/mL GO in water (using the final GO synthesis solution) with SDBS (Sodium dodecylbenzenesulfonate) at 1 CMC was prepared. Using a pipette, a semispherical bubble of this dispersion was deposited in a special chamber and let to drain for 30 This deposition method was originally developed for oxidized silicon wafers therefore it has to be adapted to gold substrates which do not have the same surface properties.

Though it remains more difficult to obtain un-folded / non-aggregated large flakes on BALM slides than on Si/SiO 2 and the method has to be continuously adapted.

MoS 2 and WS 2 CVD. The following synthesis is conventional in literature and has been progressively optimized at Licsen by several persons. A detailed description can notably be found in the thesis of H. Cassademont [START_REF] Casademont | Semi-conducteurs 2D pour l'électronique flexible : évaluation du potentiel du MoS 2 monocouche en tant que matériau de canal[END_REF] The growth takes place in a quartz tube inserted in a single-chamber tubular oven, as presented in Fig. In practice, PMMA is spin-coated on the wafer and is then placed in a KOH mixture (30% mass) to etch the SiO 2 layer. The PMMA membrane stays at the surface and is transferred in fresh water (at least twice) to remove KOH. Finally, the membrane is transferred to the target substrate, dried and placed in acetone to remove the PMMA which leaves the substrate with the TMDs domains at the surface.

BALM set-up and data analysis programs

BALM set-up. The inverted microscope is a Reitchert MeF3 A equipped with an halogen lamp (64655 HLX from Osram), a 63x oil immersion objective (HCX PL APO 63x/1.4 from Leica) and a Canon EOS 6D camera. When needed, the light was filtered by band-pass filters (10 nm FWHM) or optical density filters from Edmund optics. The light power sent to the interface is high as the reflected light is minimal, thus we tentatively measured the potential temperature evolution of the BALM slide surface using an home-made micro-fabricated resistive thermometer (produced by e-beam lithography on a glass slide). The electrical resistivity of the resistive wire was monitored while the light power was increased to its maximum. The thermometer was calibrated in a temperature controlled probe station. On the BALM microscope, no increase in tem- 

Figure I. 1 :

 1 Figure I.1: Optical microscopy techniques to image 2D materials. (a) Original first observation of graphene in 2004 by optical reflection microscopy on a 300 nm SiO 2 /Si substrate, reprinted with permission from [12], (b) optimized imaging of Graphene Oxide (GO) (∼ 100 µm large) on 70 nm Si 3 N 4 /Si substrate, reprinted with permission from[START_REF] Jung | Simple Approach for High-Contrast Optical Imaging and Characterization of Graphene-Based Sheets[END_REF], (c) ellipsometry imaging of graphene, reprinted with permission from[START_REF] Braeuninger-Weimer | Fast, Noncontact, Wafer-Scale, Atomic Layer Resolved Imaging of Two-Dimensional Materials by Ellipsometric Contrast Micrography[END_REF], (d) Fluorescence Quenching Microscopy (FQM) imaging of MoS 2 , reprinted with permission from[START_REF] Tan | Seeing Two-Dimensional Sheets on Arbitrary Substrates by Fluorescence Quenching Microscopy[END_REF].

  sented in Fig. I.2.b. The substrate can be made of polymers; therefore the technique was used to probe in situ the graphene cracks propagation under mechanical strain, as shown in Fig. I.2.c-d. The mechanical properties of 2D materials are out of the scope

Figure I. 2 :

 2 Figure I.2: Optical techniques to observe defects in 2D materials. (a) Dark-field microscopy, reprinted with permission from [36], (b) Interference Reflection Microscopy (IRM),(c-d) in situ IRM images of graphene under uniaxial strain. Scale bars: 5 µm. Reprinted with permission from[START_REF] Li | Direct Optical Visualization of Graphene and Its Nanoscale Defects on Transparent Substrates[END_REF].

Figure I. 3 :

 3 Figure I.3: Comparison of the observation of MoS 2 monolayers using different optical spectroscopy techniques. (a) Raman, (b) photoluminescence, (c) Second Harmonic Generation (SHG) microscopy, (d) Third Harmonic Generation (THG) microscopy. Scale bars: 10 µm. Reprinted with permission from [107].

  [START_REF] Karvonen | Rapid visualization of grain boundaries in monolayer MoS 2 by multiphoton microscopy[END_REF] A comparison of Raman, photoluminescence, SHG and THG in the case of MoS 2 is presented in Fig.I.3.[START_REF] Karvonen | Rapid visualization of grain boundaries in monolayer MoS 2 by multiphoton microscopy[END_REF] 

Figure I. 4 :

 4 Figure I.4: Evidence of edge state conductance of MoS 2 by the MIM technique.In this technique, the microwave signal strikes on the surface and some is reflected by the sample, then the output signal is measured and related to the local resistance and capacitance of the sample. In this experiment, the local conductance was presented at different bias of a MoS 2 field-effect transistor. Reprinted with permission from[START_REF] Wu | Uncovering edge states and electrical inhomogeneity in MoS 2 field-effect transistors[END_REF].

  described above, Raman and photoluminescence microscopy are able to image single-layers with high-resolution (for tip-enhanced versions) but at first they are spectroscopy techniques. They can investigate small changes in the quality or environment of 2D materials, therefore they have been thoroughly used coupled to STM/AFM topological information to probe the chemical reactivity of 2D materials. [133-144] A prototypical example of these studies is the functionalization of graphene by diazonium chemistry. The dynamic of the spontaneous chemical bonding process was extracted by Raman microscopy and it is presented in Fig. I.5.It is also important to note that the dynamic of graphene oxide photo-reduction was investigated using photoluminescence and absorption/emission microscopy.[START_REF] Mcdonald | Direct Observation of Spatially Heterogeneous Single-Layer Graphene Oxide Reduction Kinetics[END_REF][START_REF] Sokolov | Direct Observation of Single Layer Graphene Oxide Reduction through Spatially Resolved, Single Sheet Absorption/Emission Microscopy[END_REF] 

Figure I. 5 :

 5 Figure I.5: Local dynamic of graphene functionalization followed by Raman mapping. Reprinted with permission from [142].

  The most common way to correlate the electrochemical properties of 2D materials with local information is to perform standard electrochemistry on samples with precise knowledge of the defects under investigation. But this requires other techniques to characterize the samples first such as AFM, SEM, Raman, etc. and other unknown or unobservable parameters may have a significant influence on the results.Another approach has been developed with the rise of scanning probe microscopy techniques. Several groups developed new SPM techniques to probe local electrochemistry. These techniques use different probes such as a scanning microelectrode (Scanning ElectroChemical Microscopy, SECM), a functional AFM cantilever, a scanning pipette (Scanning ElectroChemical Cell Microscopy, SECCM) or a confined microdroplet, as presented in Fig. I.6. Depending on the scanning conditions, local information can be obtained and plotted as electrochemical maps. The opposite is also possible as local modifications of 2D materials are possible using the same probes.

Figure I. 6 :

 6 Figure I.6: Presentation of the different probe techniques to perform localized electrochemistry. (a) Scanning ElectroChemical Microscopy (SECM), (b) AFM-SECM, (c) Scanning ElectroChemical Cell Microscopy (SECCM), and (d) Microdroplet cell. WE: WorkingElectrode, CE: Counter Electrode, RE: Reference Electrode, and QCRE: Quasi Counter Reference Electrode. The green triangle represents a piece of 2D material under study.[START_REF] Jaouen | Localized electrochemistry for the investigation and the modification of 2D materials[END_REF] 

Figure I. 7 :

 7 Figure I.7: In situ optical images of Li intercalation in MoS 2 . (a) Through the top surface, (b) through open edges. Scale bars: 5 µm. Reprinted with permission from [184].

Fig. I. 7 . [ 184 ]

 7184 Fig. I.7. [184] The electro-ablation of TMDs was also investigated in 2018 by optical reflection microscopy and the dynamic of the process was showcased. [186] Recently, the Interference Reflection Microscopy (IRM) and the fluorescence microscopy techniques were used to study the oxidation and reduction of graphene. [187, 188] The local dynamics are reported at video-rate and a mechanism is suggested. Examples of IRM images of graphene during the oxidation and reduction process are presented in Fig. I.8.

Figure I. 8 :

 8 Figure I.8: In situ Interference Reflection Microscopy (IRM) images of electrochemical oxidation and reduction of monolayer graphene. (a-c) Oxidation at 1.6V, (d-e) reduction at 0 V. Scale bars: 5 µm. Reprinted with permission from[START_REF] Li | Optical Microscopy Unveils Rapid, Reversible Electrochemical Oxidation and Reduction of Graphene[END_REF].

Fig. II. 1 .

 1 This coating adds one interface and thus, the incident light is first partially reflected by the {incident medium/coating layer} interface and partially transmitted. The light transmitted in the coating layer is then partially reflected by the {coating layer/emergent medium} interface. The layer properties (refractive index and thickness) are chosen so that, the light reflected by the two interfaces interfere destructively, resulting in no reflected light (I support = 0).

Figure II. 1 :

 1 Figure II.1: Schematic explanation of Anti-Reflective coatings.

Figure II. 2 :

 2 Figure II.2: Effect of a transparent coating on the reflection of the air/glass interface (simulation results for λ = 450 nm, n air = 1, n glass = 1.5, and light perpendicular to the interface).

Figure II. 3 :

 3 Figure II.3: Gold ARA layer at the air/glass interface. Schematics with (a) light coming from the air, (b) light coming from the glass. Comsol calculations of (c) reflection and absorption in the two configurations, (d) zoom on the reflection of a very thin gold layer.

Figure II. 4 :

 4 Figure II.4: BALM configuration. (a) Schematic, (b-c) anti-reflective properties of the BALM configuration and effect of the addition of a material at the imaging surface.

  Figure II.5: Representation of contrast enhancement by the BALM microscope. Images of MoS 2 flakes deposited on a gold BALM substrate(0.5 nm Cr + 3 nm Au), (a) imaged with a classic optical microscope, (b) imaged with BALM.

Figure II. 6 :

 6 Figure II.6: Experimental resolution limit of the BALM set-up. (a) BALM image of chromium triangles on gold with increasing separation, (b,c,d) associated gray scale profiles. Carbon nanotubes imaged with (e) SEM and (f) BALM.

Figure II. 7 :Figure II. 8 :

 78 Fig. II.7.On the left image, taken in air, it is straightforward to distinguish the flakes from the surface. As GO tends to fold and creates multilayers, the image allows counting the number of layers stacked on top of each others. This is exemplified by the gray scale profile across the flake as multilayers are incrementally darker. Furthermore, the image shows even small defects like wrinkles. Interestingly, due to the inverted microscope configuration, the emergent medium can be replaced by any liquid. Air (left image) was then replaced by water (right image) while keeping the same level of information.

  Figure II.9: GO / rGO discrimination. (a) BALM image in air of rGO, (b) same rGO flake with the addition of a fresh GO flake. Red channel only. [3]

Fe 3 O

 3 4 nanoparticles. Fig. II.10 shows images in air of the rGO flake before and after deposition. The particles were dispersed in toluene, then a drop was dried onto the rGO BALM surface and finally a drop of toluene was added to remove the particles.

Figure II. 10 :

 10 Figure II.10: Adsorption of Fe 3 O 4 nanoparticles on rGO. (a) BALM image in air before deposition, (b) in air after deposition, (c) after rinsing with toluene, (d) zoom of (b). [3]

  the reflected intensity was obtained by dividing the gray scale with the exposure time of the camera and it was plotted against ARA thickness, as presented in Fig. II.11.a. The two curves present a minimum reflection for really thin ARA layer as previously explained in Fig. II.3.c using the numerical simulations. The experimental results showthat the optimum gold thickness for AR substrates is around 3 nm in air and around 1 nm in water. It reflects respectively 2.7 and 3 times less light than glass alone. The reflection is lower for water than air as its refractive index is higher.Then graphene oxide was deposited on the BALM slides and the contrast of the monolayers was plotted in Fig. II.11.b. GO images with really low contrast (< 1%) were not plotted due to difficult extractions leading to significant errors. In air, GO monolayers are only visible with at least 2 nm of gold and the contrast is maximum for 3 nm of gold before it decreases. Images in water are even more interesting: first, GO is visible even on glass alone but with a really limited contrast (< 2%) as shown in Fig.II.11.c. Then, the contrast is maximum for 1 nm gold but interestingly with a positive value contrarily to the observations so far (Fig.II.11.d). This means that GO reflects more light than the ARA coating. Finally, the contrast is inverted (negative value) and decreases when increasing the ARA layer thickness.

Figure II. 11 :

 11 Figure II.11: Impact of gold thickness, (a) on reflected light, (b) on monolayer GO contrast, (c-f) examples of GO images in different configurations.

Figure II. 12 :

 12 Figure II.12: Impact of the emergent medium refractive index, (a) on the contrast of monolayer GO deposited on 0.5 nm Cr + 1 nm Au, (b) BALM image in water (n = 1.33), (c) same flake but using a mixture of 80% glycerol and 20% water (n = 1.44).

First, we

  Fig. II.13.c-e. BALM and AFM show the same level of details of the flakes and it confirms that the flakes are monolayers and that the small triangles in the middle of the flakes correspond to the beginning of a second layer. BALM can thus be used as an efficient characterization technique for the post-synthesis imaging of MoS 2 over very large areas. Two examples are presented in Fig. II.13.f-g. The left image shows a MoS 2 flake obtained in CVD conditions where there was oxygen left during the growth. The flakes were partially oxidized at high temperature (after the triangular domains were formed), probably preferentially at defect sites and along grain boundaries resulting in fragmented flakes. Such issue was not observable with our conventional microscope (except for the most defective synthesis and only once the problem was known). It was confirmed by AFM on selected triangles but BALM allows scanning cm 2 areas within seconds, which is helpful considering the limited homogeneity of our CVD process. The right image (Fig. II.13.g) shows a typical CVD MoS 2 flake with different types of defects originated both from the synthesis (nucleation of second layer) and from the transfer (folded edge) as well as the nucleation point at the center of the triangle. This type of image could particularly be used to study the fractal growth of the second layer.

Figure II. 13 :

 13 Figure II.13: Imaging MoS 2 with BALM. (a) BALM image in air, (b) in water, (c-e) comparison of the same flakes by AFM and BALM, (c) AFM topography, BALM images (d) in air and (e) in water, (f-g) examples of BALM images in air of CVD grown MoS 2 (black and white images).

Figure II. 15 :

 15 Figure II.15: Wavelength dependence of MoS 2 BALM contrast. Images in air and water (a) without filters, (b) 450 nm filter and only the blue channel of the camera, (c) 550 nm filter and only the green channel, (d) 650 nm filter and only the red channel.

Figure II. 16 :

 16 Figure II.16: Experimental and theoritical contrast of monolayer MoS 2 . (a-b) Experimental contrast extracted from the images of Fig. II.15, (a) in air and (b) in water, blue curves correspond to images taken at 450 nm, green curves at 550 nm and red curves at 650 nm. (c-d) Calculated contrast (a) in air and (b) in water. The dotted blue curves correspond to the modification of k only at 450 nm to k MoS 2 = 2.25 whereas the plain blue curves correspond to k MoS 2 = 1.5.

  are presented in Fig. II.17. One can see that the refractive index differs a lot from the publications.

Figure II. 17 :

 17 Figure II.17: Comparison of the complex refractive index of MoS 2 . (a) refractive index, (b) extinction coefficient.[START_REF] Funke | Imaging spectroscopic ellipsometry of MoS 2[END_REF][START_REF] Morozov | Optical constants and dynamic conductivities of single layer MoS 2 , MoSe 2 , and WSe 2[END_REF][START_REF] Liu | Optical properties of monolayer transition metal dichalcogenides probed by spectroscopic ellipsometry[END_REF][START_REF] Zhang | Measuring the Refractive Index of Highly Crystalline Monolayer MoS 2 with High Confidence[END_REF] Reprinted with permission from[START_REF] Khadir | Optical Imaging and Characterization of Graphene and Other 2D Materials Using Quantitative Phase Microscopy[END_REF] 

Fig

  Fig. II.17 in three different ranges, around λ = 450, 550 and 650 nm and considered the values represented by crossed-circles in this figure. The simulated contrast for monoand bi-layer MoS 2 are plotted in Fig. II.16.c-d considering a MoS 2 thickness of 0.65 nm/layer. These simulations provide a reasonable approximation of the experimental contrasts in all cases at the notable exception of one image. Indeed, the model indicates that in air and at λ = 450 nm, the MoS 2 monolayers should be darker than gold but the experimental image clearly shows that they are brighter. To tentatively explain this single discrepancy, we first note that the extinction coefficient of MoS 2 obtained by the different groups highly differ for wavelength below 500 nm. We thus investigated the influence of k MoS 2 (λ 450 nm) on the simulated contrast. To do so, we progressively modified this value from 1.5 (Zhang et al. value) to 2.25 (a value representative of average literature values and very close to the values reported by Khadir et al. [98] and Morozov et al. [94] as shown in Fig. II.17.b). This k = 2.25 value produces the simulated blue-dotted curve in Fig. II.16.c-d. With this change, the calculated contrast now follows the experimental trend (i.e. monolayers are brighter than gold in air at 450 nm). We also verified that this change in k MoS 2 at λ = 450 nm does not impact the result in water (blue dotted-curve in Fig. II.16.d).

Figure II. 19 :

 19 Figure II.19: BALM set-up for the study of organic layer deposition by photodimerization of NBDT.

Figure II. 20 :

 20 Figure II.20: Light-induced deposition of molecules at three optical powers. The deposition is performed with the hexagonal diaphragm partly closed and the BALM images are acquired with the diaphragm fully opened. At mid experiment, the exposed area is moved by ∼ 20 µm along the arrow direction, (a) maximum intensity (I 0 ), (b) 0.4 * I 0 , (c) minimum intensity, (d) AFM profiles along the arrow direction, (e) mass spectrum of the deposited layer showing that it is mainly composed of dinitro-diphenyl resulting from the light-induced dimerization of NBDT.

  spectrum of the final product which confirmed the dimerization of NBDT, as presented in Fig. II.20.e. This experiment was repeated for three optical powers: first, at the maximum light power possible with our lamp, then we added a filter reducing the incoming light intensity to 40% of its initial value, and finally, at the minimum light intensity possible while still being able to record a movie. The final BALM images (diaphragm fully open) and AFM profiles are presented in Fig. II.20.

Figure II. 21 :

 21 Figure II.21: Reflected light during the photo-deposition, (a) against time, (b) against layer thickness.

Figure II. 22 :

 22 Figure II.22: Evaluation of the vertical resolution of the BALM technique. (a) Zoom on a part of the reflectivity curve of Fig. II.21.b corresponding to data averaged over 100 * 100 pixels, (b) same area but using data from a single pixel, (c-d) distribution around a linear fit. The standard deviation is 10 pm and 147 pm in (c) and (d) respectively.

Fig. II. 21 .

 21 From such experiment, the capability of BALM to detect extremely small changes at the substrate surface can be evaluated by estimating the vertical resolution, as presented in Fig. II.22. To do so, we used the reflectivity curve at maximum light power plotted as a function of the organic film thickness. A zoom on the curve (in the 5-8 nm of deposited thickness range) is used and linearly fitted. The distribution of the data around this linear fit is plotted in Fig. II.22.a,c. The obtained standard deviation is as low as 10 pm. This very high vertical resolution is obtained with gray scale data averaged over 100 * 100 pixels corresponding to ∼ 7 * 7 µm 2 . Such small area is perfectly suited for homogeneous surfaces or for typical chemical-or bio-sensing experiments. But the same information can also be obtained at the single pixel level corresponding to ∼ 70 * 70 nm 2 . The reflectivity was also extracted at this single pixel scale and plotted against thickness. It was similarly fitted linearly and the distribution was plotted in Fig. II.22.b,d.

(

  thickness, refractive index and extinction coefficient of the metal and the second layer), it should be possible to design an AR coating adapted to any given experiment. This is exemplified by computing the reflectivity of the glass/gold/layer2/water interface using Comsol and Fresnel equations (with the already mentioned approximations). The impact of the second layer complex refractive index is presented in Fig. II.23.

Figure II. 23 :

 23 Figure II.23: Comsol simulation of the reflected light by a double layer coating composed of 3 nm of gold and a 2 nd of material with complex refractive index (n layer2 ; k layer2 ) (at λ = 550 nm and normal incidence). (a) For k layer2 = 0, as a function of the second layer thickness and refractive index, (b) thickness of the second layer giving minimal reflection for different values of (n layer2 ; k layer2 ).

  lution of the reflected light is shown as a function of the thickness and refractive index of a transparent second layer (its extinction coefficient is first set at zero), as presented in Fig. II.23.a. The estimations show the impact of the refractive index on the layer thickness at minimal reflection as well as the quality of the obtained AR coating. They particularly display the same parabolic curve as obtained experimentally in Fig. II.21.With this particular gold thickness, it shows for example that a higher n value for the second layer gives lower reflectivity at the optimal thickness. Then, Fig. II.23.b, presents the impact of the extinction coefficient of the second layer on its thickness at minimal reflection. When working with a second layer of known optical properties, this graph can be used as an indicative abacus to help selecting the preferable thickness. Note that since gold is already strongly absorbing, applying second layers with higher k is not efficient.Using the dimerization of NBDT molecules, the n and k values of the resulting film are unknown. But using the two graphs in Fig.II.[START_REF] Albrektsen | High resolution imaging of few-layer graphene[END_REF], one can see that in order to obtain the minimum reflection at a thickness of ∼ 22 nm, the organic coating must have k < 0.1 and n around 1.55. This confirms (as discussed in section II.3.3) that with the support of a more accurate model, BALM could in principle be used to estimate the complex refractive index of any deposited material. It would notably require the precise knowledge of n an k values of the ultra thin gold coating and to include the contribution of angles and surface roughness.

Figure II. 24 :

 24 Figure II.24: Contrast of monolayer GO on gold during the light-induced deposition. (a) Contrast estimation using n layer2 = 1.55 and k layer2 = 0, (b) reflectivity of gold (red curve) and experimental GO contrast (blue curve) (c) BALM images extracted from the green channel at t = 0, t = 3 min 6 s, t = 5 min 12 s and t = 6 min 43 s. For clarity, the gray scale was restricted to 0-196, 0-100, 0-75 and 0-75 because the images are progressively darker. This correction does not impact the contrast values.

Figure II. 25 :

 25 Figure II.25: BALM images of GO flakes on gold, extracted from the green channel of Movie-1. The images were corrected as follow: the gray scale was simply restricted to 0-128, 0-96 and 0-64 to compensate the progressive darkening of the images. This does not impact the extracted contrast. (a) At t = 0 s, C = -0.046, (b) at t = 50 s, C = -0.119, (c) at t = 156 s, C = -0.167.

  Fig. II.24.a. This calculated contrast qualitatively corresponds to the experimental observation. A focus on the contrast improvement emerging during the first step of the second layer deposition is presented in Fig. II.25. Three images (green channel) were extracted from Movie-1. The contrast is C = -0.046 at t = 0, C = -0.119 after 50 s and it reaches a maximal value of C = -0.167 after 156 s. This represents a contrast improvement by a factor of 3.6, which is a major step for the observation of GO, notably when considering that images in Fig. II.25 are taken in water where high contrast optical images of GO are particularly difficult to obtain.

Figure II. 26 :

 26 Figure II.26: Contrast of GO monolayers on PMMA/gold 2-layer AR substrates. (a) Estimation of GO contrast for PMMA above 4 nm gold in air and in water, (b) experimental GO contrast in air and water, (c) schematic of the experiment, (d) BALM image showing the best contrast for GO in air (the gray scale of the image was restricted to 0-150 for clarity. This does not affect contrast extraction).

56 II. 5

 565 Fig. II.26.d. The experimental results were also compared to the numerical estimation.

  Fig. III.1.a. Thanks to a dedicated home-made cell, an electrolytic solution can be added on top and a Counter Electrode (CE) and a ReferenceElectrode (RE) can be placed in the solution. In such configuration, it is possible to work with as much solvent as needed preventing the potential impact of solvent evaporation during kinetic studies. Furthermore, the cell can be closed and placed under argon or oxygen for electrochemical studies in a controlled atmosphere.As seen in the previous chapter, most ARA layers used in this work are made of gold which is a well-studied material in electrochemistry. The typical ARA layer thickness suited for observation in liquids is around 3 nm. With such thickness, we have observed that the electrochemistry is heterogeneous over the slide because of the layer electrical

Figure III. 1 :

 1 Figure III.1: BALM set-up combined with electrochemistry. (a) Schematic of the cell using the gold ARA layer as Working Electrode, (b) image of a BALM slide (24 mm in diameter) used for electrochemistry and composed of gold patterns of different thicknesses (3 nm in observation areas and 15 nm to suppress the impact of the thin layer resistivity).

Fig. III. 2 .

 2 We performed cyclic voltammetry in water and 0.1 M LiClO 4 as supporting electrolyte. We scanned 10 times from 700 to -700 mV (vs. Ag/AgCl) at 50 mV/s. The obtained current response clearly shows a reversible redox process at 400 mV. During the CV, we observed the modification of the surface with the emergence of black dots all over the observed area. A BALM image of the surface after the 10 cycles is shown in Fig. III.2.b. The surface was also characterized by AFM (Fig. III.2.c)
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 14 which were performed up to 500 mV. This possibility is explained by the previous experiment since, during the cyclic voltammetry, a BALM movie was recorded and Fig. III.3 reports the images at the end of the 6 first cycles.

Figure III. 2 :

 2 Figure III.2: Potential window of the gold BALM substrate. (a) 10 cycles of cyclic voltammetry at 50 mV/s in water with 0.1 M LiClO 4 and placed under argon, (b) BALM image at the end of the 10 cycles, (c) AFM image after the CV.

Figure III. 3 :

 3 Figure III.3: BALM images at the end of each cycles of the previous CV (Fig. III.2).

Figure III. 4 :

 4 Figure III.4: Stability of the gold BALM substrate. A CV of 30 cycles was performed in water with 0.1 M LiClO 4 under argon. The CV was performed at 50 mV/s between 0 and -700 mV (vs. Ag/AgCl). (a) Final BALM image, (b) AFM image after the CV.

  then washed with isopropanol (IPA), dried with a N 2 flux and then directly placed in the BALM cell for analysis. Cyclic voltammetry was performed in water with 0.1 M LiClO 4 under argon, the potential was scanned 10 times at 50 mV/s between 730 and -700 mV (vs. Ag/AgCl) and the current response is presented in Fig. III.5.a. The CV clearly shows, during the first cycle, an irreversible reduction peak at 300 mV which seems correlated with the reduction observed previously (part III.1.1) and is drastically decreased after the first cycle. Final AFM and BALM images are provided in Fig. III.5.b-d. The AFM image shows the same crater shapes as before and the BALM images show dots (which are probably the some craters) all over the surface.

Figure III. 5 :

 5 Figure III.5: Impact of UV-ozone on the gold BALM substrate. (a) CV after 30 min of exposure to UV-ozone, (b) AFM image after the CV, (c) final BALM image, (d) zoom of (c).

Figure III. 6 :

 6 Figure III.6: Impact of UV-ozone and thermal treatment on the reduction peak of gold oxide. (a) CV of uncleaned gold, (b) CV after a 15 min exposure to UV-ozone on the same BALM substrate, (c) CV after an exposure to 15 min of UV-ozone followed by a thermal treatment (10 min at 70 • C).

Figure III. 7 :

 7 Figure III.7: Impact of the cleaning method on the surface properties of gold. (a-b) AFM images before and after, (c) contact angle.

Figure III. 8 :

 8 Figure III.8: Cyclic voltammetry of gold. (a) CV at 50 mV/s in 0.1 M KCl in water, red curve is the gray scale response and the blue curve is the current response, (b) same data but only the second cycle is plotted, (c) CV at different scan rates in KCl 0.1 M in water, (d) associated current responses, (e) CV for different gold thicknesses at 50 mV/s in KCl 0.1 M in water, (f) associated current responses.

  sis as presented in Fig.III.8.b. This is maybe a sign of a different charge dynamics at the interface (accumulation vs. depletion). The impact of the scanning speed was studied. To do so, CVs were performed in 0.1 M KCl in water on the same gold BALM substrate. In order to compare the results, the gray scale at 0 mV vs. Ag/ACl is subtracted to the obtained optical response and plotted as presented in Fig. III.8.c,d. The scanning speed does not show any impact in the 50-500 mV/s range.

Figure III. 9 :

 9 Figure III.9: Cyclic voltammetry of gold in acetonitrile, at 50 mV/s with 0.1 M TBAP in the potential range 0 to -800 mV.

  Figure III.10: Optical response to chronoamperometry in water. (a) 0.1 M KCl, (b) 10 -4 M KCl.

Figure III. 11 :

 11 Figure III.11: Raw optical response to an Electrochemical Impedance Spectroscopy experiment, top graph is the time at the end of the applied frequency and bottom graph is the corresponding optical response. EIS is performed in water with 0.1 M LiClO 4 under argon and by applying a 200 mV amplitude sinusoidal signal centered at -300 mV vs. Ag/AgCl.

Figure III. 12 :

 12 Figure III.12: CV of ferrocyanide on a gold BALM substrate. (a) Optical responses, (b) current responses. Blue curves without redox mediator and red curves using 10 -2 M ferrocyanide. CVs are performed at 50 mV/s in 0.1 M KCl as supporting electrolyte in water and placed under argon, (c) CV of 0.1 M TBAP in ACN at 50 mV/s.
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 224 When used on Si/SiO 2 substrates, this technique produces very homogeneous GO films with almost non-folded flakes. It is more difficult to apply to gold substrates but can still produce small aggregates of GO flakes with large areas of monolayers and limited amount of wrinkles and folds. A BALM image (in air) of GO flakes on gold is presented in Fig. III.13.a. Then the slide was placed in water with 0.1 M Na 2 SO 4 as supporting electrolyte and flushed with argon. A chronoamperometry method was applied (using typical parameters from the literature, [261]), -1.1 V (vs. Ag/AgCl) during 6.5 h, and BALM images were taken every minute. Note that taking regular snapshots in place of recording a full movie allows adjusting the focus once in a while. At the end of the experiment, the solution was removed and an image was taken in air (Fig. III.13.b).The before / after comparison of BALM images shows that Electrochemically reduced Graphene Oxide (ErGO) is obviously darker than GO as previously discussed in II.2.2.It also confirms that the reduction is homogeneous at this micrometric observation scale. From the series of in situ images, the contrast of mono-and bi-layer GO was extracted for each images using a home-made Mathematica program. It was then plotted against time and fitted by a simple exponential decay function (Fig. III.13.c).

Figure III. 13 :

 13 Figure III.13: Electrochemical reduction of graphene oxide. (a) BALM image in air before reduction, (b) BALM image in air after reduction for 6.5 h at -1.1 V vs. Ag/AgCl in 0.1 M Na 2 SO 4 in water and under argon. (c) contrast of monolayer GO (1L-GO) and bilayer (2L-GO) during the electrochemical reduction (extracted from the green channel and fitted with a simple exponential decay function), (d) C 1s XPS spectrum of GO and electrochemically reduced GO (only 1 h at -1.1 V).

  Fig. III.13.d reports the C 1s core level spectra of the GO and ErGO thin films. The obtained C 1s spectra are typical of literature results for GO reduced by different methods (see for example Ref. [262]). In particular, the reduction process reduces the intensity of all contributions at high binding energies corresponding to the different C-O bonds (C=O-OH, C≡O, C-OH,...) and conversely increases the sp 2 C-C contribution. The reduction remains incomplete.

  Fig. III.14.c, both the frequency shift of the quartz balance upon grafting (black curve)

Fig. III. 14

 14 Fig. III.14.b, ∼84% of the grafting occurs during the first voltammetry cycle (from theopen-circuit potential to -900 mV vs. Ag/AgNO 3 ). Then the deposition speed rapidly decreases (<9% during the second cycle) and eventually stops after four cycles. However, BALM can also be used to study thicker electrografted films, which growth is not self-limited by the insulating nature of the grafted material. As an example, Fig. III.15 reports a similar experiment but conducted with a different diazonium salt: tris-bipyridine iron (II) diazonium salt (called TBPFe in the following). Since TBPFe is redox-active the grafted film can provide electrons at its surface allowing the growth to continue upon cycling (see Ref.[START_REF] Lin | Physical Realization of a Supervised Learning System Built with Organic Memristive Synapses[END_REF][START_REF] Lebon | Fine growth control of electrografted homogeneous thin films on patterned gold electrodes[END_REF] for details on the synthesis and electrochemical properties of TBPFe). Fig. III.15 shows that for five voltammetry cycles, the first cycle only accounts for 44% of the reflectivity change, while the fourth and fifth cycles still correspond to approximately 10% each.

Figure III. 14 :

 14 Figure III.14: Comparison between BALM and EQCM. (a) Schematic of the BALM set-up, (b) electrografting of NBDT by cyclic voltammetry (50 mV/s) on the BALM setup. The red curve is the reflected light intensity measured on the red channel of the camera and averaged over 50 µm 2 . The blue curve is the global cyclic voltammetry signal, (c) same electrografting experiment but on an EQCM set-up. The black curve is the change of frequency of the quartz crystal (corresponding to the mass change).

Figure III. 15 :

 15 Figure III.15: Electrografting of TBPFe on gold, by cyclic voltammetry (50 mV/s) on a gold BALM substrate. The red curve is the reflected light intensity measured on the red channel of the camera and averaged over 50 µm 2 . The blue curve is the global cyclic voltammetry signal.

  Fig. III.16.a and III.16.b display BALM images and AFM profiles of the edge of the gold electrode respectively before and after grafting in the conditions reported in Fig. III.16.c. Both the BALM image and the AFM profile acquired after grafting in such potential range (down to -1.5 V vs. Ag/AgNO 3 ) clearly evidence a very significant excess of grafted TBPFe at the edge of the electrode. The final grafted thickness is indeed ∼131 nm at the edge and ∼44 nm away from the edge.

Figure III. 16 :

 16 Figure III.16: Electrografting of TBPFe at step edges of gold on glass. BALM images in air with associated AFM profiles, (a) before grafting, (b) after grafting by cyclic voltammetry (50 mV/s, 5 cycles, -0.1 V to -1.5 V), (c) cyclic voltametry signals: applied potential (black curve) and measured current (blue curve), (d-e) BALM signal during the grafting of TBPFe recorded at two different areas of the gold electrode: (d) away from the step edge, (e) single pixel location at the step edge.

Figure III. 17 :Figure III. 18 :

 1718 Figure III.17: Electrografting of NBDT on Graphene Oxide. (a) BALM image in air before grafting. The colored dash boxes represent the areas used for reflectivity extraction on the bare gold surface (orange), on monolayer GO (brown), on two stacked GO layers (green) and three stacked GO layers (red), (b) BALM image in air after grafting, rinsing in acetonitrile and drying in a nitrogen flux, (c) Upper panel: first cycle of the cyclic voltammetry, lower panel: change in reflectivity induced by the electrografting of NBDT and extracted in the area marked in (a).

Figure III. 20 :Figure III. 21 :

 2021 Figure III.20: Electrografting of NBDT on Electrochemically reduced Graphene Oxide. (a) BALM image in air before grafting. The colored dash boxes represent the areas used for reflectivity extraction on the bare gold surface (orange), on monolayer ErGO (brown), on two stacked ErGO layers (green), (b) BALM image in air after grafting, rinsing in acetonitrile and drying in a nitrogen flux, (c) upper panel: first cycle of the cyclic voltammetry, lower panel: change of reflectivity induced by the electrografting of NBDT and extracted in the area marked in (a).

Figure III. 22 :

 22 Figure III.22: BALM-coupled electrochemical setup for real-time imaging of the electrochemical deposition of copper. (a) Schematic representation of BALM coupled to electrochemistry; the ARA layer is connected and acts as working electrode (WE), a gold counter electrode (CE) and an Ag/AgCl reference electrode (RE) are immersed in the solution. (b) Temporal evolution of the deposition of copper under chronoamperometry at -140 mV and -160 mV vs. Ag/AgCl -scale bar 10 µm. (c) Example of BALM images of the electrodeposition of copper at -140 mV vs. Ag/AgCl. (d) Zoom of the rectangle area in blue during the same sequence. (e) Example of BALM images of the electrodeposition of copper at -160 mV vs. Ag/AgCl -scalebar 5 µm. [3]

  at 0 V vs. Ag/AgCl. A series of obtained images extracted from Movie-5 are presented in Fig. III.23 (it is strongly recommended to watch the movie). During the first 4 seconds of this experiment, no obvious change of the reflectivity is observed on the gold or the GO flakes. Then, very bright dots start to appear on gold and GO flakes. Interestingly, the changes are extremely selective in terms of GO thickness: after 5 seconds, the areas of the surface composed of 2 or more layers of GO are almost completely covered with white dots, while the GO monolayers and the gold substrate are still barely affected. Fig. III.23 constitutes a particularly clear example of the capability of BALM to observe local changes in heterogeneous samples and, specifically in the case of 2D materials, for processes that depend on the number of layers. In order to understand this preliminary result, we present below complementary experiments performed using cyclic voltammetry in place of chronoamperometry.

Figure III. 23 :Figure III. 24 :

 2324 Figure III.23: Electrodeposition of copper on a BALM substrate covered with graphene oxide flakes by chronoamperometry, 0 V vs. Ag/AgCl.

Fig. III. 25

 25 Fig. III.25 presents the electrodeposition on GO (left colomn) and ErGO (right colomn).

  Figure III.25: BALM images during the electrodeposition of copper on BALM substrates covered with GO or ErGO flakes.

Figure III. 26 :

 26 Figure III.26: BALM images during the electrodissolution of copper on BALM substrates covered with GO or ErGO flakes.

Fig. III. 26

 26 Fig. III.[START_REF] Kyle | Centimeter-Scale High-Resolution Metrology of Entire CVD-Grown Graphene Sheets[END_REF] presents the electrodissolution of copper from the same samples at positive potentials. On the ErGO side, the experiment is exactly reversed: bright dots starts to be removed from the ErGO monolayers and then the gold surface gets back to its initial aspect. Note that the copper dissolution from gold takes place abruptly (in a very short potential range around 410 mV). On the GO side, the experiment is also reversible, but to a lower extend. Bright dots are entirely removed from the gold surface before 363 m V and from the GO mono-and bi-layers before 446 mV. However, GO multilayers remain brighter at this potential (see the tick GO areas marked with arrows).

Figure III. 23 ,

 23 Figure III.23, III.25 and III.26 show important differences in the copper deposition process as a function of the number of layers. This is particularly striking in the GO casewhere the GO monolayers are much less affected than double-layers and thick layers. Recently (June 2019), the group of R. Nair (University of Manchester) studied the electrochemical deposition of palladium and copper on graphene oxide sheets.[START_REF] Su | Self-Limiting Growth of Two-Dimensional Palladium between Graphene Oxide Layers[END_REF] 

  the polarization. Polarizers could easily be added to study materials with anisotropic optical properties such as phosphorene. In terms of limitations, one should however keep in mind that filtering the light with band-pass filters or polarizers drastically decreases the reflected light signal which is already very low by principle. Low signal could prevent the recording of movies at regular acquisition speed and resolution. Further improvement of the set-up would thus require the use of laser sources for single wavelengths or of a high-power lamp with a monochromator for the continuous adjustment of λ.Using the continuous deposition of an organic second layer on top of the gold substrate, we experimentally demonstrated several features of BALM: (i) It can follow the deposition of transparent organic molecules, with sub-nanometer vertical resolution even at the single pixel level; (ii) The parameters of a second layer can be adjusted to drastically improve the contrast of an observed material (such as graphene oxide); (iii)

3 V

 3 vs. Ag/AgCl due to oxidation/degradation issues. Cyclic voltammetry and chronoamperometry were performed. They notable show that BALM is sensitive enough to probe the charge and discharge of the electrical double layer. Preliminary tests of optical electrochemical impedance spectroscopy were also initiated. The EIS experiments revealed some of the present limitations of the set-up: the sensitivity of the camera and its imaging rate which are too low to study phenomenon with sub-40 ms dynamics. Nevertheless, these limitations could be overcome with high-speed/high-sensitivity cameras which are progressively becoming standard.The capabilities of the technique were used to observe electrochemical reduction reactions: the reduction of GO, the electrografting of diazonium salts and the electrodeposition of copper. Examples of such real-time studies are very scarce in literature, in particular in the field of 2D materials. The reflectivity signal was in particular demonstrated to be equivalent to the one of the electrochemical quartz crystal microbalance for organic layer deposition but in addition the microscope provides precious local information (such as the selectivity of certain processes as a function of layer number in stacks of GO or ErGO flakes). It has to be noted that the optical signal saturated for the study of thick TBPFe layers (above 50 nm) because of the limited dynamic of the camera. This was even more important for the metallic deposition as copper nucleation points directly appear as saturated bright spots due to the very high extinction coefficient of copper. A camera with a larger dynamic could be useful for the study of thick and/or light absorbing materials. On the other hand, other techniques such as ellipsometry already exist to study thick layers and the most difficult studies concern thin layers (below 50 nm) and 2D materials.

First

  and foremost, BALM can be used as an observation platform to speed up other characterizations by allowing the fast mapping of the sample and thus efficiently direct another technique toward an area of interest. Coupled techniques can be separated in two types: sequential or simultaneous experiments. Indeed, one should remind that a major fraction of the intense incoming light is transmitted through the substrate thus, if one wants to place a light sensitive technique such as Raman, photoluminescence, etc.

Figure Exp. 1 :

 1 Figure Exp.1: Images of CVD graphene on glass using the same inverted microscope as BALM, (a) in air, (b) in water.
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 344 Graphite (3 g) was added to H 2 SO 4 (75 mL) and then KMnO 4 (9 g) was slowly added at 0 • C under continuous stirring without exceeding 5 • C. The mixture was kept at 35 • C for 2 h before quenching with water (75 mL) under vigorous stirring and cooling so that temperature does not exceed 50 • C. Finally, H 2 O 2 (7.5 mL) was slowly added to the mixture cooled at 0 • C. It was then purified by centrifugation until the pH became neutral and a small part of the final GO solution was freeze dried to measure the mass concentration.

Figure Exp. 2 :

 2 Figure Exp.2: GO transfer by the bubble technique. (a) A bubble of water and surfactant containing GO flakes is drained for 30 s, (b) the BALM substrate is placed up-side down on the bubble for GO deposition.

2 Figure Exp. 3 :

 23 Figure Exp.3: CVD synthesis of MoS 2 and WS 2 . (a) Schematic of the CVD synthesis, (b) picture of the CVD oven, (c) SEM image of large single-layer MoS 2 domains.

Figure Exp. 4 :

 4 Figure Exp.4: Schematic of TMD transfer by PMMA coating.

Figure Exp. 5 :

 5 Figure Exp.5: BALM cell (b) in electrochemical configuration, (c) exploded view of the cell.

FIGURE R. 1 :

 1 FIGURE R.1: (a-c) Représentation schématique du principe de la microscopie optique BALM. (b) La fine couche d'or associée à la configuration inversée (lumière venant du verre) produit des interférences destructives. Il n'y a donc presque pas de lumière réfléchie. (c) Si un matériau est déposé à la surface, il est observé avec un très bon contraste. (d-f) Images BALM d'une surface présentant des monocouches de MoS 2 et de WS 2 . Pour λ = 600 nm le contraste de la monocouche de MoS 2 est presque nul par rapport au substrat ce qui permet de différencier les matériaux. (g-i) Images BALM extraites d'un film pris pendant le dépôt contrôlé d'une seconde couche antireflet organique sur de l'oxyde de graphène, le contraste est triplé entre (g) et (i).

  

  

  

  

  

  

  

  

  

  

  

  the two materials have different colors. So, even without filters, BALM can be used to easily differentiate MoS 2 from WS 2 . This could be very helpful for the study of van der Waals heterostructures. Using filters, the contrast difference between the two materials is varied. At λ = 550 nm, the difference is comparable to the one obtained with white light, whereas at 600 nm, the contrast of the MoS 2 monolayers versus gold is almost zero while the WS 2 monolayers are still easily observable. The difference of visibility between the two materials is thus maximized. This last feature adds to the interest of using monochromatic light of adjustable wavelength.

5 Cr + 1 nm Au slide and BALM images were taken as presented in Fig. II.18. First, one can see that

do so, Scanning ElectroChemical Microscopy (SECM) [START_REF] Tel-Vered | Generation and Detection of Single Metal Nanoparticles Using Scanning Electrochemical Microscopy Techniques[END_REF][START_REF] Velmurugan | Nucleation and growth of metal on nanoelectrodes[END_REF] or Scanning Electro-Chemical Cell Microscopy (SECCM) [START_REF] Chithrani | Determining the Size and Shape Dependence of Gold Nanoparticle Uptake into Mammalian Cells[END_REF] have been used. Recently, the use of optical microscopy techniques (darkfield, SPR and holography) helped the study of nanoparticles electrodeposition or dissolution by counting and sizing the particles. [START_REF] Hill | A Dark-Field Scattering Spectroelectrochemical Technique for Tracking the Electrodeposition of Single Silver Nanoparticles[END_REF][START_REF] Batchelor-Mcauley | Simultaneous electrochemical and 3D optical imaging of silver nanoparticle oxidation[END_REF][START_REF] Patel | Deciphering the Elementary Steps of Transport-Reaction Processes at Individual Ag Nanoparticles by 3D Superlocalization Microscopy[END_REF][START_REF] Hill | Single Ag Nanoparticle Spectroelectrochemistry via Dark-Field Scattering and Fluorescence Microscopies[END_REF][START_REF] Fang | Plasmonic Imaging of Electrochemical Oxidation of Single Nanoparticles[END_REF][START_REF] Wonner | The electrochemical dissolution of single silver nanoparticles enlightened by hyperspectral dark-field microscopy[END_REF] The group of F. Kanoufi at Itodys (Paris-Diderot University) notably coupled optical observations with micro-electrode electrochemistry. [START_REF] Brasiliense | Correlated Electrochemical and Optical Detection Reveals the Chemical Reactivity of Individual Silver Nanoparticles[END_REF][START_REF] Brasiliense | Monitoring Cobalt-Oxide Single Particle Electrochemistry with Subdiffraction Accuracy[END_REF][START_REF] Brasiliense | Optoelectrochemical In Situ Monitoring of the Cathodic Formation of Single Cobalt Nanoparticles[END_REF][START_REF] Brasiliense | Electrochemistry of Single Nanodomains Revealed by Three-Dimensional Holographic Microscopy[END_REF] Here, we propose the use of the BALM microscopy technique to observe in situ electrodeposition processes of copper on gold.

Copper electrodeposition is well-known in the literature [START_REF] Grujicic | Electrodeposition of copper: the nucleation mechanisms[END_REF][START_REF] Hsu | Dynamical growth behavior of copper clusters during electrodeposition[END_REF][START_REF] Gileadi | Studies of Electroplating Using an EQCM. I. Copper and Silver on Gold[END_REF][START_REF] Nagar | The Effect of the Substrate Characteristics on the Electrochemical Nucleation and Growth of Copper[END_REF][START_REF] Qiao | The impact of cations on nucleus density during copper electrodeposition[END_REF] and can thus serve as a model system. Nevertheless, the field lacks of fast and in situ characterization techniques to extract the number of nuclei, the surface coverage, etc. Furthermore, it is challenging to study the deposited particles as they are rapidly dissolved by the electrodeposition solution which modifies their size and shape after the process ended.

III.4.1 Copper on gold

The first step is to demonstrate the use of BALM coupled to electrochemical deposition.

The following experiment studying the deposition of copper on gold was published in the Supplementary Material section of Ref. [START_REF] Campidelli | Backside absorbing layer microscopy: Watching graphene chemistry[END_REF].

The BALM set-up is set in the electrochemistry configuration: the gold ARA layer (0.5 nm Cr + 3 nm Au) is used as working electrode, a gold mesh is used as counter electrode with an Ag/AgCl reference electrode. The electrodeposition of copper is performed in water with 10 -2 M CuSO 4 electrolyte and the solution is adjusted at pH = 2 using diluted H 2 SO 4 . Then chronoamperometry experiments are performed and movies are taken at the same time. From the movies, series of images are selected and the surface coverage of copper on gold is extracted, as presented in Fig. III.22. Two different chronoamperometry experiments are performed for 10 minutes, one at -140 mV and the other at -160 mV vs. Ag/AgCl with the corresponding images extracted from Movie-3 and Movie-4 respectively. For each image, the surface coverage was extracted using the Gimp software and a mask with the same color threshold for all images.

From images one can see that the particles appear as bright spots growing with time.

The number of nuclei is obviously higher for -160 mV than -140 mV, resulting in faster surface coverage even though the metal particles are bigger at -140 mV. It further at ITODYS implemented the technique and published three studies in the last years on its coupling to electrochemistry. [START_REF] Lemineur | Combining electrodeposition and optical microscopy for probing size-dependent single nanoparticle electrochemistry[END_REF][START_REF] Lemineur | The promise of antireflective gold electrodes for optically monitoring the electro-deposition of single silver nanoparticles[END_REF][START_REF] Stockmann | Single LiBH 4 nanocrystal stochastic impacts at a micro water/ionic liquid interface[END_REF] They notably studied the electrodeposition of silver nanoparticles and showed that the lateral resolution allow identifying particles as small as 10 nm in diameter. They also applied the microelectrode strategy to correlate the optical signal with the electrochemical current. In 2018, a PhD thesis supervised by F. Lagarde started at the ISA-Lyon (Institut des Sciences Analytiques) with the aim of using ARA substrates as sensitive and specific detection substrates for biological pathogens. In order to promote and facilitate the use of BALM, the experimental part hereafter gathers a series of key elements that could be useful to new users. It concerns the fabrication of the anti-reflective coatings by several methods, the set-up itself and a few home-made Mathematica scripts used to extract local data from movies and images.

To conclude, this work aimed at providing a thorough evaluation of the advantages and limitations of the BALM technique. Its remarkable advantages were evidenced by performing original experiments on molecular thin films and 2D materials and through the coupling of BALM to electrochemistry. The limitations were examined in details and whenever possible, improvements were proposed. I hope this work will contribute to establish BALM as a key technique for the nanoscience community.

1-Direction = "C:......"; %% file location 2-name = ; %% file name without the extension 3-z1x = ; z1y = ; z2x = ; z2y = ; z3x = ; z3y = ; %% top / left pixel coordinates of the three studied areas 4-width = ; %% width of the square areas 5-RGB = ; %% 1 to select the red channel, 2 for green, 3 for blue and if nothing, average the three channels 6-SetDirectory[Direction]; 7-tfilm = Import[""<>ToString[numerof]<>".MOV", "Duration"]; %% import the duration of the movie 8-liste = {"Area 1 x" z1x, "Area 1 y" z1y, "Area 2 x" z2x, "Area 2 y" z2y, "Area 3 x" z3x, "Area 3 y" z3y, "Area width" l, "Duration" tfilm}; %% set the first value of the lists 9-listez1 = {"Area 1"}; listez2 = {"Area 2"}; listez3 = {"Area 3"}; listet = {"Time"}; 10-nbimage = Dimensions[Import[""<>ToString[name]<>".MOV", "Frames"]]; 11-nbi = nbimage[ [START_REF] Jaouen | Ideal optical contrast for 2D material observation using bi-layer antireflection absorbing substrates[END_REF]]; %% import the number of images in the movie 12-For[i = 1, i < (nbi + 1), i++, %% feedback loop to process all images one by one [START_REF] Zhang | Atomic force microscopy for two-dimensional materials: A tutorial review[END_REF] The code for movies is easily modified for sequences of images by replacing the importation of data.

A Python program was created to extract averaged RGB values in selected ares directly from the computer screen with the camera feedback. We regularly used it as a first information of the success (or not) of an experiment. Indeed, the overnight Mathematica treatment of movies cannot be used alone to detect experimental anomalies (such as a connection issue to the potentiostat for example). Dans un dernier chapitre, nous avons d'abord étudié la plage de stabilité électrochimique de l'or car son épaisseur nanométrique le rend très sensible. Nous avons ainsi observé la dégradation de la surface pour des potentiels supérieurs à 0,3 V vs.

Ag/AgCl. Par contre le substrat étant très stable pour les potentiels inférieurs à 0,3 V, nous avons décidé de nous intéresser principalement à des réactions de réduction dans cette thèse. Par la suite, l'impact du protocole de nettoyage des substrats BALM sur la voltamétrie a été étudié. La technique originellement utilisée était l'exposition à l'UV-ozone mais nous avons montré que celle-ci oxydait l'or à la surface, ce qui détériore drastiquement la surface d'observation lors de l'application de potentiels. Nous avons donc ajouté une étape de recuit après le traitement à l'ozone, ce qui permet une réduction de l'or sans altérer la surface. Nous avons ainsi déterminé un protocole de préparation des substrats antireflets combinant l'UV-Ozone et un recuit thermique produisant des substrats avec le moins de contaminations possible et une bonne stabilité en électrochimie. L'étude de la dynamique de dépôt de couches moléculaires a notamment permis de montrer à la fois l'extrême sensibilité de BALM pour ce type de mesures et l'apport significatif des multicouches antireflets pour l'augmentation du contraste lors de l'observation des matériaux 2D. L'un des atouts principaux de BALM venant de sa combinaison à d'autres techniques, nous nous sommes particulièrement intéressés au couplage de mesures optiques et électrochimiques pour lesquelles le revêtement antireflet sert d'électrode de travail. Nous avons ainsi pu étudier optiquement la dynamique de réduction électrochimique de l'oxyde de graphène (GO), l'électro-greffage de couches minces organiques par réduction de sels de diazonium sur le GO et sa forme réduite (rGO), ainsi que l'intercalation d'ions métalliques entre feuillets de GO. En combinant versatilité et fort-contraste, BALM est ainsi établi comme un outil prometteur pour l'étude des matériaux 2D et en particulier pour la caractérisation locale et in situ de leur réactivité chimique et électrochimique.
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