General introduction

The large interest and development of nanomaterials in areas as diverse as heterogeneous catalysis, energy conversion, molecular electronics and storage, bio-sensing or therapeutics, can be explained by the virtually limitless functionalities offered by this class of material. The understanding and optimization of functional nanomaterials requires the development of characterization techniques with sufficient sensitivity which can operate at the nanoscale and under the operating conditions of these materials (in situ, operando), i.e. active site identification, operating mechanism (chemical modification), detection of reaction intermediates... Characterization of nanomaterials is usually achieved by microscopy and spectroscopy techniques which operation conditions can however strongly compromise in situ applications, e.g. Ultrahigh Vacuum (UHV), possible beam damages, signal screening by the solvent or by the atmosphere. Among benchtop spectroscopies, the emergence of vibrational Raman spectroscopy for in situ characterizations this last two decades, especially when coupled to optical microscopy (Raman microscopy: µRaman), is spectacular. The wealth of information contained in vibrational signatures, the clear vibrational signatures, the non-invasive sampling process and the possibility to work in aqueous solutions (visible excitation and weak scattering signal of water) explain this burst of interest among the material science community. The introduction of Surface Enhanced Raman Spectroscopy (SERS) in the early 70's, which circumvented the poor sensitivity of Raman spectroscopy and brought the detection threshold of Raman spectroscopy down to the molecular level constitutes a major breakthrough.

Ultimately, the association of scanning probe microscopy techniques (SPM) with signal enhancement processes laid the foundation to the introduction of Tip-Enhanced Raman Spectroscopy (TERS or nanoRaman).

TERS is an emerging technique with an exceptional sensitivity, which can resolve vibrational signature of single nanoobjects, i.e. nanoparticles down to single molecule. Introduced in the late 90s, this technique almost remained at the conceptual stage of its development for many years, being a privilege of only a handful of research groups worldwide. The first demonstration of TERS implementation in water in 2009 (and under electrochemical conditions EC-TERS a few years later) and the concomitant apparition of the commercial instruments with advertised TERS capability triggered a surge of interest, especially in the material chemistry and life science communities. The exceptional sensitivity of TERS and the wealth of information, contained in its vibrational signatures, was demonstrated in 2013 through imaging under vacuum of the vibration modes, of a single porphyrin molecule on an Ag(111) surface. In 2014, it was demonstrated through the composition imaging in the ambient of a single carbon nanotube with a 1.7 nm resolution. [START_REF] Chen | A 1.7 Nm Resolution Chemical Analysis of Carbon Nanotubes by Tip-Enhanced Raman Imaging in the Ambient[END_REF] If TERS ready instruments, which provide a robust optical coupling, have emerged on the microscopy market, the main impediment to the fast emergence of TERS has been and still remains the difficult conception of probes with controlled properties. Defined taper angle and radius of curvature, chemical stability (silver oxidation) and wear resistance are crucial parameters, which determine the occurrence and the stability at the probe apex of an effective plasmon resonance at a given excitation laser wavelength, prerequisite to high and reproducible signal enhancements. The difficult optical coupling in liquids between the Raman probe (monochromatic laser) and the TERS-active scanning probe, due to the optical path distortion at the multiple interfaces, constitutes a major challenge to the development of in situ/operando TERS, where each imaging mode (Tunneling microscopy: STM, Atomic Force Microscopy: AFM, Shear-force microscopy SfM) introduces various levels of technical complexity. Despite significant achievements of a few groups worldwide, the application in liquid environment remains challenging, without existing commercial solution so far.

As early as 2015, LISE took part in the race to develop TERS by acquiring a robust optical coupling system and by developing efficient TERS probes by electrochemical dissolution of gold and silver wires. LISE has since joined the few leaders in the field by producing the first TERS composition mapping of a molecular layer in a liquid medium (organic solvent) in 2016, and by demonstrating TERS mapping measurements under electrochemical conditions with 8 nm lateral resolution in 2018, using partially insulated STM-TERS probes. The in situ STM-TERS mode has been developed so far, however still limits the TERS study field to conductive, low height objects/samples, strongly immobilized on surfaces.

The main objective of this work has been to broaden the range of systems possibly studyable, e.g. nanoobjects (nanoparticles, 2D materials on insulating substrates) and poorly conducting layers (passive layers, semiconductor materials), by expanding TERS developments in the AFM mode, in liquids and under polarization (EC-AFM-TERS). This work, which focuses around the development of robust TERS active AFM probes and of electrochemical Tip-Enhanced Raman spectroscopy, is divided into 4 independent chapters, organized as follows.

Chapter 1 presents the general background of the techniques used in this work. The general principles of Raman spectroscopy will be detailed, along with the SPM techniques, with a focus on AFM microscopy. Progress in TERS implementation in liquids and under electrochemical conditions will be exposed chronologically. The different set-up developed in LISE laboratory and the bottleneck to the development of AFM-based EC-TERS in this work will then be exposed.

Chapter 2 will focus on the manufacturing of TERS-active AFM probe. The chapter will first present a brief review of TERS probe fabrication processes established throughout the years, highlighting the major optimization steps. Further, the manufacturing process of the probes for this study will be presented. The procedure optimization leading to the production of TERSactive AFM probes made from bulk metal (gold and eventually of silver) will be detailed.

Finally, the characteristics (e.g. the tip radius of curvature) and the mechanical properties, i.e. resonance frequency, spring constant and cantilever features of the bulk metal AFM probes, will be exposed.

Chapter 3 will cover the performance evaluation of the home-made TERS probes, and their ability to resolve nanostructures; topography (AFM) and composition (TERS). The initial technical developments in the work, allowing the evaluation of the TERS performance of the handmade probe in liquid, will then be exposed.

Chapter 4 is dedicated to the characterization of electroactive systems by EC-AFM-TERS. Associated instrumental developments, i.e. optimization of spectro-electrochemical cells, will be presented. The ability to track the electrochemical reduction of a molecular compound carrying a redox entity (nitro) by TERS, will be evaluated on transparent and non-transparent electrodes.

In conclusion, we will summarize the most important results achieved through this work and present the envisaged perspectives. The rise of spectroscopy

Even prior any idea of atomic description of the matter, Archimedes realized one of the first chemical analysis by measuring the density of a crown and determining that silver had been added to gold. This example underlines that determining the composition of mixtures, considering from organic to inorganic compounds, has always been an important topic that has stimulated development of innovative techniques over history. Our present society being based on technological developments, complex materials are being synthesized in almost any aspect of daily life. In electrocatalysis for example, one needs to tailor electrodes that trigger reactions as close as possible to the thermodynamic limits, in order to optimize energetic yield while preventing catalyst poisoning. [START_REF] Hersbach | Tailoring the Electrocatalytic Activity and Selectivity of Pt(111) through Cathodic Corrosion[END_REF] Usually, mechanisms are explained by considering subtle changes at the nanometric scale, that need to be observed in operando conditions.

In this context, electromagnetic radiation from light energy has always been used to follow chemical evolutions or degradations. The panel of spectroscopic approaches is now so extended that being exhaustive is impossible. UV-visible spectroscopy is indeed an easy way to follow reaction kinetics in a bulk solution. The rise of pump-probe absorption and fluorescence approaches in the femtosecond (even sometimes attosecond) domain now allows to determine chemical reaction paths, as recognized by the Nobel prize attributed to Ahmed Zewail in 1999. 3 From the visible domain, spectroscopy has been also extended towards lower and larger wavelengths. From the initial radiographies, the success of X-Ray diffraction resorts from deduction of atom positions in a crystal from the Bragg's law: atomic planes act like a grating and have typical lengths close to the incident wavelength. Nowadays, synchrotron sources provide access to 3D structures of thin films or complex proteins, even with temporal dynamic resolution in some cases. [START_REF] Sedigh Rahimabadi | Review on Applications of Synchrotron-based X-ray Techniques in Materials Characterization[END_REF] Operando X-ray photoelectron spectroscopy in addition gives access to oxidation states of a catalyst as a function of electrode potential. [START_REF] Saveleva | Insights into Electrocatalysis from Ambient Pressure Photoelectron Spectroscopy[END_REF] At the other range of the spectrum, IR (and to a minor extent terahertz) spectroscopies are probing molecular vibrations. 6 Their use for deciphering product composition played a major role in elaborating novel synthetic methods in organic or organometallic chemistry, even if nowadays these tend to be supplanted by NMR spectroscopies.

Last but not least, non-linear or scattering spectroscopies are also key in some domains.

Second harmonic or sum/difference frequency generation (SFG/DFG) are still very complex methods to implement, but Raman approaches become increasingly important since cheap and "plug and play" systems, however with good sensitivity, are now available on the market. [START_REF] Fiebig | Second-Harmonic Generation as a Tool for Studying Electronic and Magnetic Structures of Crystals: Review[END_REF] Raman spectroscopy, like IR, is sensitive to molecular vibrations. [START_REF] Le Ru | Principles of Surface-Enhanced Raman Spectroscopy[END_REF] Nevertheless, a visible source is usually used. Since this PhD work relies on Raman spectroscopy, more details will be provided below. 

Towards spatially resolved measurements

All the above mentioned approaches focus on adapting the excitation wavelength to the physicochemical parameters that are probed, but are by default bulk and not local methods (see below for their combination). However, as mentioned above, looking at the nanoscopic composition is also a key problem in modern science. The optical microscope, invented by Antonie van Leeuwenhoek in the 17 th century, is particularly adapted to objects with dimensions greater than micron, like living organisms. [START_REF] Wollman | From Animaculum to Single Molecules: 300 Years of the Light Microscope[END_REF] Abbe and Rayleigh demonstrated that the lateral resolution of a microscope depends on the wavelength and numerical aperture of the objective according to:

𝑑 = 𝜆 2𝑛 𝑠𝑖𝑛 𝜃 = 𝜆 2𝑁𝐴 (1.1)
Hence, with a 400 nm light and an objective with NA = 1.4, one gets 143 nm in the best conditions, which is not sufficient for scrutinizing complex materials such as nanoparticles.

To face this issue, super-resolution approaches were developed and found exceptional applications in biophysics, providing 3D images of cell components distributions. Quite different strategies and variations were implemented, from fluorescence correlation spectroscopy up to photobleaching recovery. [START_REF] Lu | Fluorescence Spectrum Photo-Bleaching Analysis for Distinguishing Microorganisms (Bacteria and Fungi) from Other Particles in Air[END_REF] Many of them take profit from the intense signal arising from fluorescent tags, which further gives the access to temporal resolution. The Nobel prize was attributed in 2014, on surpassing the limitations of the light microscope by developing super-resolved fluorescence microscopy. [START_REF]MLA Style: Press Release[END_REF] Another strategy for overcoming optical diffraction limit, and therefore increase spatial resolution, is to use lower wavelengths, as proposed by electron microscopies. [START_REF] Courtland | Pushing the Limits: Technological Advances Are Triggering; a Revolution in Electron Microscopy[END_REF] Indeed, Heisenberg uncertainty principle states that:

∆𝑥∆𝑝 ≥ ℎ 4𝜋 (1.2)
where p is the uncertainty on the momentum and x is the one on the position.

In an electron microscope, electrons are accelerated under high voltages so that exceptional spatial (pm) and energy resolutions (meV) are attained. All concepts pertaining to visible optics (lengths aberration corrections, interferences, etc) can be transposed with the electrons. Even if electron microscopies (in transmission or field emission) are currently used in many laboratories, their implementation in situ is particularly heavy. Another limitation stands from the high energy beams utilization that triggers decomposition of the solvent or studied material arising from radiolytic reactions. These effects may be hard to control and even strongly interfere with the mechanism that is scrutinized. [START_REF] Sutter | In Situ Liquid-Cell Electron Microscopy of Silver-Palladium Galvanic Replacement Reactions on Silver Nanoparticles[END_REF] In this general context, the birth of scanning probe microscopies (SPMs) initiated a scientific revolution in 1982 when Binnig and Rohrer invented the scanning tunneling microscope (STM). They were attributed the Nobel prize in 1986, only 4 years after the first proof of concept. [START_REF]The Nobel Prize in Physics[END_REF] Here, spatial resolution does not rely onto optical concepts. Rather, a tip with a low curvature radius is approached close enough to a surface until a tunnel current is detected.

Keeping this tunnel current constant, thanks to a feedback loop, is typically used to access topography with atomic or molecular resolution, even in liquids. [START_REF] Chen | Introduction to Scanning Tunneling Microscopy: Second Edition[END_REF] At low temperature and in vacuum, scanning tunneling spectroscopy is sensitive to the molecular structure and composition (local density of electronic states by inelastic tunneling spectroscopy IETS), but these conditions are very far from operando ones. Nevertheless, the major inconvenient of STM is that since a tunnel current should be detected, the material to be studied should be electrically conductive (or at least semi-conductive).

To circumvent this problem, the same team gave birth to the atomic force microscope (AFM) in 1985. Here, any substrate can be scrutinized, so that now AFM has supplanted STM.

Indeed, 7484 references were found for a search in Web of Science with "Scanning tunneling microscopy" in the title, whereas 14989 were obtained for "Atomic force microscopy". Many different ways of using AFM are now available. The operating principles of AFM will be provided below.

However, scanning probe microscopies (SPMs), i.e. STM and AFM still lack true chemical analysis at the nanoscale. This gap is being filled by the two complementary methodologies of AFM-IR and TERS that are depicted in the following.

The atomic force microscope

Even if the original AFM involved an STM above a cantilever, this technique was popularized following the implementation of the cantilever movement tracking by a 4-quadrant photodiode. We recall below the main characteristics related to common AFM measurements.

Technical description of an AFM

An AFM interfaces the nanoworld with the human scale. The key components of an AFM are:

 A nanoprobe for raster scanning

The AFM tip mounted on a thin cantilever (~100 µm long) and attached to a millimeter size silicon chip to ease its handling.

The cantilever is characterized by its spring constant k. If one considers k = 5 N.m -1 (a common value), a displacement of 1 nm involves a force of only 5 nN. While it may seem small, the pertinent physical quantity is the applied pressure to the surface, which is performed by the tip.

At the extremity of the cantilever, the tip interacts with the surface. The most important characteristic of the tip is its radius of curvature R. Current silicon tips have R on the order of 2-10 nm. However, smaller (but much more expensive and fragile) tips are also available. In fact, as will be further described in Chapter 3, the obtained image always results from the convolution of the studied object and the tip shape. Hence, more reliable images are obtained with smaller tips. The upper surface of the cantilever is usually coated with a metallic layer (if the tip itself is not metallic), since it should reflect the laser as explained below.

 A laser and a 4 quadrant photodiode

As sub-nanometer movements of the tip need to be followed, those need to be translated in larger displacements. This is performed thanks to illumination of the cantilever by a laser (registration laser) as described in Figure 1.2c. A small change in the deflection angle of the cantilever (arising from the substrate topography) translates into a micrometric or millimetric distances after a few centimeters trajectory. The laser spot may be easily followed thanks to a 4-quadrant photodiode detector. In fact, this device is thus sensitive to a vertical movement of the cantilever (deflection), but also to lateral ones that may be induced by friction on the surface, for example. A calibration procedure allows the tensions on the photodiode to be converted into movements of the cantilever (in nm).

 A piezo stage for nanodisplacements

Imaging with subnanometric resolution necessitates a very precise positioning system.

Conventional stepper motors do not possess the necessary precision and are only used for global approach. Instead, in piezoelectric systems high voltages are translated in small displacements, which is ideal for nanopositionning. The electronics and mechanical integration of piezoelectric systems for nanoscience are now routinely performed. Since the movement does not vary perfectly linearly with the voltage, capacitive sensors are often added to ensure a good linearity. The signal of the photodiode is then used to adjust the z piezo position thanks to a feedback loop.

 A feedback loop

As the force on the tip increases, the deflection signal shifts from the value far from the surface. If the force is ought to be too large, the tip may be damaged or even broken. In order to avoid this, an electronic feedback loop aims at maintaining the applied force constant. More precisely, a set-point corresponds to the desired applied force. At a constant frequency, the deviation ("error") to this set-point is measured. The tension of the piezo stage is then corrected so as to compensate the error. The reactivity of the systems can be tuned thanks to the so-called integral gain. At a fixed position, integration over a long time averages electrical and mechanical noise. However, while imaging or approaching the tip towards the surface, the system should be reactive enough to adjust the force (proportional gain). Those two opposite considerations induce that for each imaging conditions, an optimal gain needs to be found to obtain the best possible image.

Interaction forces at the nanoscale

Many different forces may play a role in AFM measurements. We recall below a few of them.

Van der Waals (VDW) forces -VDW arise when polarizable systems are separated by a distance d interact together, giving rise to an attraction decreasing proportionally to d -6 .

However, integration of VDW forces for a sphere over a plane as relevant for AFM leads to:

𝐹 𝑉𝐷𝑊 (𝑑) = -𝐴 𝐻 𝑅/6𝑑 2 (1.3) With AH the Hamaker constant, R the sphere radius of curvature and d the distance between the surfaces.

For very short distances, Pauli principle states that two fermions with same characteristics cannot be at the same position, so that there is necessarily a repulsion. It depends in 1/d [START_REF]MLA Style: Press Release[END_REF] in the VDW model.

Capillary forces -In the air, condensation of physisorbed water on the substrate, or on the probe, leads to formation of a water layer that creates a meniscus. The attractive force, associated to rupture of this meniscus, is usually very high and may prevent any precise measurement.

Electrostatic forces -If the surface and the tip are charged, electrostatic repulsion or attraction occur. Kelvin probe AFM takes benefit from these interaction to extract the local work function from the surface.

Double-layer forces -These forces may be viewed as electrostatic ones when the experiment is carried out in liquids. Here, the electrode charge is compensated by ions from the electrolyte, creating the so-called double layer. If the tip is charged as may occur with silicon tips in water (this is strongly pH dependent), a force may arise. As the double layer structure is potential-dependent, the forces may vary during an electrochemical experiment.

Chemical forces -Specific chemical interactions may occur between a modified tip and the scrutinized surface. They are usually studied when the tip/surface distance is varied in the mode called force spectroscopy. Imaging by force spectroscopy has been used for example to recognize specific proteins on a cell surface. In the work presented here only bare tips will be used, thus minimizing specific interactions.

Different operating modes

There are many different approaches to image a surface. The most common are described below.

 Contact mode

This mode is the original one developed. Here, the tip interaction with the surface is maintained constant thanks to the z feedback loop, while surface is scanned in the XY plane.

The main advantage of this mode is its simplicity, but several drawbacks are nevertheless commonly faced. In fact, if a hard surface is modified by a soft layer such as molecular ones or biological systems, the tip may scratch the surface and damage the sample upon scanning. In some cases the tip may be even eroded. This drawback may however be turned into an advantage to evaluate the thickness of a hard surface modified with a soft system: a first small area is first imaged so as to remove the coating, and afterwards a larger image is acquired in oscillating mode that leaves the sample intact.

 Oscillating mode "tapping"

This mode has now become the most popular. Here, a small piezoelectric actuator, integrated to the tip holder, is used to modulate the z position of the cantilever with a sinusoidal excitation. Prior the experiment, the resonance frequency of the cantilever oscillation is found by sweeping the "piezo frequency". It relies typically between 50 and 300 kHz for standard commercial tips. Then, a constant frequency, close to the resonance one, is chosen. In the case of amplitude modulation, the signal fed to the feedback loop is the vertical oscillation amplitude (deflection), whereas frequency modulation change is monitored in resonant frequency. Near the surface, the oscillation amplitude of the cantilever becomes lower. The great advantage of tapping mode is that the contact with the surface is only intermittent, preserving its integrity. One drawback, however, is that the precise force applied between the tip apex and the sample is unknown. This is the reason why some AFM constructors developed hybrid modes.

 Hybrid modes

First introduced by Bruker under the name PeakForce®, hybrid modes present complex tip movements. Even if each manufacturer has its own implementation, the same general idea is to benefit from the oscillating mode to move to different sample location in xy at a rather large distance from the sample, and perform at each sample point location (pixel) an approach curve up to a force set-point that is precisely defined. This gentle imaging mode has become very popular to analyze biological samples and cells since the applied force may be reduced up to a few piconewtons.

Another advantage of these modes is to allow electrical conductivity to be estimated, since a true contact is established upon the approach. Apart from force, many other measurements such as electrical or magnetic ones can be performed simultaneously with those based on force. Infrared or Raman spectroscopies may also be coupled with AFM as described below.

Coupling AFM with IR spectroscopy

Obtaining spectroscopic information below the diffraction limit necessitates a change in paradigm. For vibrational spectroscopy, several approaches were proposed. In this section we focus on those pertaining to IR spectroscopy. Fast raster-scan imaging of sample surfaces (single frequency / integration time of < 10 ms per image pixel allowed) is possible using tunable fixed-frequency quantum cascade lasers (QCL). AFM topography and the mechanical phase of the probe oscillation were recorded simultaneously with all near-field IR images. Single-point nearfield spectra can be acquired using a tunable broadband mid-infrared laser. This coherent mid-infrared light is generated through the nonlinear difference-frequency combination of beams from two near-infrared fiber lasers. An asymmetric Michelson interferometer using translating mirror enables the collection of demodulated nearfield amplitude (Sn) and phase (φn) spectra. Lucas et al. 19 showed the possibility of studying phase distribution in LixFePO4 microcrystals by ex situ nanoscale IR imaging. The latter showed high sensitivity by detecting not only spectral signatures of LiFePO4 and FePO4, but also their metastable intermediates, such as Li0.34FePO4 and Li0.66FePO4, exhibiting excellent chemical contrast, as seen on the 
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The second one, proposed by Alexandre Dazzi in 2005 [START_REF] Dazzi | Local Infrared Microspectroscopy with Subwavelength Spatial Resolution with an Atomic Force Microscope Tip Used as a Photothermal Sensor[END_REF] and now available commercially, benefits from a photothermal effect. Indeed, if a system absorbs IR light corresponding to vibration of a molecular analyte that should be detected, then heating occurs locally. As a consequence, dilatation occurs, which translates into a vertical displacement of the tip. Pulsed IR laser are then used in this technique. Initially, the ringtone of the tip, induced by the laser pulse was measured, and the spectrum was reconstructed afterwards. The rising of QCL lasers now allows the pulse frequency to be adjusted in order to optimize signal acquisition, perform faster imaging and detect smaller objects.

AFM-IR finds applications in wide range of domains, from polymers to art to biology. [START_REF] Dazzi | Chemical Mapping of the Distribution of Viruses into Infected Bacteria with a Photothermal Method[END_REF] But even if the photon energy does not match any vibrational or electronic transition, it may be scattered. The majority of the photons are scattered elastically, therefore with the same energy as the incident photon. This is also called Rayleigh scattering. However, some photons are scattered inelastically, with an energy higher (anti-Stokes) or lower (Stokes) than the incident photon. The energy difference corresponds to molecular vibrations and allows Raman spectrum to be acquired. As anti-Stokes Raman scattering requires the molecule to be usually in the first excited vibrational state, it is less likely to occur. Also, anti-Stokes Raman scattering is much weaker than the Stokes one.

From the molecular point of view, Raman scattering depends on the polarizability of the molecule. In addition, selection rules are also important criteria to take into account, so that Raman spectra are usually very different from IR ones. Because of the development of easy to use and sometimes cheap systems, Raman spectroscopy is now becoming increasingly popular among the community of analytical chemistry.

Confocal Raman microscopy

Raman spectroscopy can be coupled to optical microscopy and piezo-stages offering high resolution compositional mapping capabilities (the so called microRaman spectroscopy).

In plan-resolution -The lateral (in the XY sample plane) resolution, i.e. the ability to distinguish two surface objects as separate entities, is diffraction limited (Abbe, 1873) and can be defined according to the Abbe, Rayleigh (1896) or Sparrow criterions as roughly half of the wavelength of illumination:

𝐴𝑏𝑏𝑒 𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑥,𝑦 =  𝑒𝑥𝑐 2𝑁𝐴 ~𝑒𝑥𝑐 2 (1.4)
with NA the numerical aperture of the objective defined as n*sin(θ) with n the refraction index and θ the half-angle of collection. This lateral resolution in Raman microscopy, is much lower than with IR microscopy, i.e.(sub) micrometric (1 µm at 785 nm, 0.336 µm at 248 nm excitation with a 0.90 NA /100x objective). Note that for Raman spectroscopy, the spatial resolution is nearly constant along the spectrum as a typical Raman spectrum (4000 cm -1 ), is contained within 30 to 200 nm, depending on the excitation wavelength. Since lateral resolution is equivalent to the half of the laser excitation wavelength, this means that excitation lasers in a shorter wavelength range provide better resolution. On the other hand, objectives with the larger numerical aperture improve the spatial resolution. One of the main difficulties is finding the best compromise of using the laser of short excitation wavelength and still avoid fluorescence effect, which would perturb the observation of the final Raman signal. 

𝐴𝑏𝑏𝑒 𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑧 = 2 𝑒𝑥𝑐 𝑁𝐴 2 (1.5)
The discrimination of different structures in a sample strongly relies on the confocal instrument design and pinhole diameter. When the latter is fully adjustable, the possible depth resolution can be of 1-2 µm in Raman. This can allow precise analyzing of individual sample layers. Hence, besides the excitation wavelength and microscope objective, the final depth resolution depends also on the sample structure.

Raman process efficiency

When a molecule scatters an external incident light source, the total intensity of the radiation is proportional to the square of the induced dipole moment:

𝐼 = 16𝜋 4 3𝑐 3 𝜈 4 • 𝜇 𝑖,0 2 (1.6)
where 𝑐 is the speed of light and 𝜇 𝑖,0 is the amplitude of the induced dipole moment. Due to the dependence on the fourth power of the frequency, the scattered intensity is much stronger for radiations of short wavelength, i.e. high frequency.

The intensities of the scattered lines depend also on the intrinsic properties of the studied system, more specifically on the scattering cross-section 𝜎, which is defined as the ratio between the total scattered power (in W) and the irradiance of the incoming radiation (in W/m 2 ) and has therefore the dimensions of an area. For a single Stokes transition i, the number 𝑁 𝑠 of light quanta inelastically scattered per atom, per length of material 𝑑𝑧 per solid angle element 𝑑𝛺, can be defined as:

𝑑𝑁 𝑠 = 𝑁 𝑎 𝑁 𝑜 ( 𝜕𝜎 𝑖 𝜕𝛺 ) 𝑖 𝑑𝛺𝑑𝑧 (1.7)
where 𝑁 𝑎 is the number of molecule per unit volume in the lower energy state, 𝑁 0 is the number of incident light quanta and the ratio (

𝜕𝜎 𝑖 𝜕𝛺 ) 𝑖
is the differential cross-section, described by a complex formula.

With respect to other optical spectroscopies (e.g. fluorescence), the Raman effect appears to have the lowest cross section. Taking the example of a benzene molecule, the Raman scattering cross-section of the ring respiration mode at 992 cm -1 , with excitation at 514.5 nm, is 4.0.10 -28 cm². For comparison, its fluorescence cross-section is of the order of 10 -17 cm². In summary, not only the Raman transitions are difficult to observe, but also they can be easily and completely screened by other light-emitting effects (as fluorescence).

Since Raman scattering cross-sections are usually rather weak, one should find amplification methods when low quantities of analyte should be detected. Using resonant Raman molecules may be an alternative, but this cannot be applied to any situation. This problem is emphasized for fluorescent systems since in some cases fluorescence emission may completely dominate the recorded signal. For that purpose, Surface-Enhanced Raman Spectroscopy (SERS) has now become a key domain. It is described in the next sections. By solving Poisson equation for the electrostatic potential, and by taking into account the finite dimensions of the NP and the nature of the external medium, Mie showed that the cross section for absorption may be expressed as [START_REF] Aubertin | Propriétés optiques, spectroscopiques et électrochimiques d'auto-organisation tridimensionnelles de nanoparticules[END_REF] :

κ 𝐴𝑏𝑠 = 12𝜋𝑅 3 𝜔 𝑐 𝜀𝑒 3 2 ℑ𝔪(εm) (ℜ𝔢(ε m ) + 2ε e ) 2 + ℑ𝔪(ε m ) 2 (1.8)
Where R is the radius of the sphere, m the dielectric constant of the metal, e the dielectric constant of the environment and  the pulsation. Dielectric properties strongly depend on the wavelength. Hence, when the denominator is minimum, an absorption occurs at the socalled localized surface plasmon resonance (LSPR) peak. For silver and gold, the maximum is usually in the visible range, so that nanoparticles solutions are colored. The position and intensity of LSPR peak depends on the size and shape of the nanoparticle, but also on their possible aggregation and dielectric surrounding medium. In comparison, aluminum presents a plasmon absorption in the UV range.

Another essential parameter that can affect both LSPR and field enhancement is the coupling between several nanostructures: a simple example is the LSPR of a gold NP dimer. As the gap between two NPs decreases from 20 nm to 1 nm, the LSPR is red-shifted by ca. 145 nm and the field is highly enhanced in the gap. [START_REF] Haidar | Highly Stable Silica-Coated Gold Nanorods Dimers for Solution-Based SERS[END_REF] This specific region of space, where the field enhancement is maximum, is called a hot spot. This term will be used in the following for SERS and TERS experiments. One can now understand why these properties of nano-sized metallic materials can be of tremendous interest for Raman spectroscopy: the intensity of the scattered signal can be considerably increased in presence of metallic nano-objects, opening the way to enhanced spectroscopy for the characterization of low cross section materials, molecules or nano-objects.

Surface-Enhanced Raman Spectroscopy (SERS)

SERS makes profit of the strong electric field enhancement, provided by a nanostructured substrate with plasmonic properties.

Discovery -This enhancement of Raman signal was first experienced by Fleischman in 1974 in his studies on the changes of Raman scattering of a pyridine monolayer, adsorbed on a silver electrode as a function of the applied electrochemical potential. 27 The enhancement mechanism of the signal was then discovered by Van Duyne and Creighton, simultaneously in 1977, in works where the role of the silver substrate was pointed out. 28,29 Initially SERS was performed on electrochemically roughened substrates, which displays a random distribution of hot spots on the surface. Since the 90's, potentialities of SERS have been increasingly

exploited and single-molecule detection could be achieved in 1997. [START_REF] Nie | Probing Single Molecules and Single Nanoparticles by Surface-Enhanced Raman Scattering[END_REF][START_REF] Kneipp | Single Molecule Detection Using Surface-Enhanced Raman Scattering (SERS)[END_REF] Top-down or bottomup nanofabrication processes now allow the design of reproducible and tunable SERS substrates (lithography, 3D NP assembly). 32

Electromagnetic enhancement vs chemical enhancement -SERS effect mainly depends on the electromagnetic enhancement, determined by the LSPR on the metal surface. Along with the metal type and substrate surface structure, also the molecular structure at the surface proximity plays an important role. This so-called chemical effect originates from the presence of specific interactions between the adsorbed molecule and the substrate (adsorption, complex formation). Although it is widely discussed, this effect could be related to the charge transfer resulting from the interaction between the molecule under study and the metal substrate (charge transfer between the LUMO energy level of the molecule and the Fermi level of the metal or the HOMO level of the molecule and the free levels of the metal, which should be as close as possible). The chemical effect, therefore, requires a strong coupling between the molecules and the substrate, such as a direct absorption of the molecule on the surface.

Beyond the modifications, induced by the change of geometry of the molecule associated with a simple physisorption, the existence of a charge transfer is likely to modify the selection rules, or however the Raman activity of the various modes of vibrations of the molecule.

Under certain conditions, this interaction could make the Raman excitation resonant and thus explain the exacerbated intensity of the Raman signal. The chemical effect, which is difficult to characterize, nevertheless seems to contribute less significantly than the electromagnetic effect to the amplification of the Raman signal. The prediction of chemical enhancement has been calculated between the 10 2 -10 3 , while SERS enhancement can increase up to 10 8 -10 9 .

The total SERS enhancement is presented as:

𝐸𝐹 𝑆𝐸𝑅𝑆 = 𝐼 𝑆𝐸𝑅𝑆 𝑁 𝑆𝐸𝑅𝑆 ⁄ 𝐼 𝑁𝑅𝑆 𝑁 𝑁𝑅𝑆 ⁄ (1.9)
where ISERS and INRS represent intensity of SERS effect and normal Raman scattering, while NSERS and NNRS correspond to the number of the molecules regarding molecules adsorbed on the substrate (metal) surface and those in the sample bulk, respectively. [START_REF] Ringe | Single Nanoparticle Plasmonics[END_REF] 1.3.6.

Implementation in situ

Conventional Raman uses visible lasers. Hence, carrying out Raman measurements in liquid media can be performed rather easily, as long as the medium remains transparent.

However, the implementation might be rather tedious, when scattering by the solvent (or the supporting electrolyte in electrochemical experiments) may interfere and dominate the signal arising from the analyte. Signal may however be recovered when SERS is implemented.

Besides, a great advantage of working in water is that the Raman cross section of this solvent is very weak. MicroRaman and SERS experiments are thus routinely implemented in water [START_REF] Lucas | Raman Opportunities in the Field of Pathological Calcifications[END_REF] , as well under electrochemical conditions. Another advantage to implement Raman versus IR spectroelectrochemical experiments is that electrodes of reduced sizes can be used in thin layer cells, which are purposely tailored. This allows ones to reach conditions closer to classical electrochemical experiments for which the working electrode size should be much lower than the counter electrode one.

Tip Enhanced Raman Spectroscopy

In 2000, four groups simultaneously proposed to combine the Raman enhancement, provided by a metallic nanostructure with a scanning probe method, inventing Tip Enhanced Raman Spectroscopy (TERS). TERS can be seen as nanometric single SERS hot spot, positioned at the apex of a SPM probe, enabling the chemical imaging of a sample. The strength of this approach is that the scrutinized sample is not altered and its Raman response can be extracted at each point of the sample by a strong and localized electric field by scanning the metal tip over the sample. Figure 1.9 compares TERS to SERS and confocal Raman spectroscopy. Below, we describe the main aspects to take into consideration when realizing TERS experiments.

1.4.1.

Different TERS configurations

There are three main geometries that are implemented in TERS experiment as depicted in Figure 1.10. For each one, laser illumination and signal collection are achieved through the same objective. In side and top illumination, a linearly polarized beam is focused onto the tip apex via a long-working distance objective. A significant fraction of the electric field is parallel to the tip shaft in this configuration, allowing an important field enhancement. The advantage of the transmission set-up is that high NA oil-immersion objectives may be used. They however require a substrate that is at least semi-transparent. Also, since in principle the electric field is now orthogonal to the tip shaft, amplification should not occur. To circumvent the problem, a circularly polarized beam, provided by a liquid crystal device, can be used. [START_REF] Iftime | Control of Chirality of an Azobenzene Liquid Crystalline Polymer with Circularly Polarized Light[END_REF] However, it has been observed that even without this beam conditioning, obtaining TERS is sometimes possible. [START_REF] El-Khoury | From SERS to TERS and Beyond: Molecules as Probes of Nanoscopic Optical Fields[END_REF] This stresses the major role, played by the local geometry and atomic tip configuration at the apex, which can only barely be determined. Other configurations using either two objectives or a parabolic mirror are less common. [START_REF] Zhang | Tip-Enhanced Raman Spectroscopy[END_REF][START_REF] Kurouski | Infrared and Raman Chemical Imaging and Spectroscopy at the Nanoscale[END_REF] 1.4.2.

TERS sensitivity and spatial resolution

The TERS enhancement factor is defined as the ratio between the signal intensity obtained in TERS, compared to the one obtained in standard confocal Raman measurements, taking into account the number of molecules that are probed for each technique:

𝐸𝐹 = 𝐼 𝑁𝐹 𝐼 𝐹𝐹 × 𝑁 𝐹𝐹 𝑁 𝑁𝐹 (1.10)
where INF is the near-field intensity of a vibrational mode provided by TERS and IFF the intensity of the same mode in the far-field spectrum (microRaman). NNF and NFF are the number of molecules probed in near-field and far-field, respectively. Practically, the evaluation of the EF requires to be able to distinguish between the pure TER signature and the far-field signal and to assess the number of molecules probed in each case.

The discrimination between the far-field and the near-field signal is easy as a TER spectrum is the sum of INF and IFF. The pure far-field signal is obtained usually by collecting a spectrum after pulling the tip away from the sample. When the objective and the tip are fixed and when a side or top illumination mode is used (which is our case in this work), the FF contribution is obtained after retracting the sample by a few nanometers (usually 10 to 50).

In TERS, the substrate also plays a key role in the EF. Indeed, in gap-mode TERS, a noble metal substrate is used to carry the analyte, in other words, the sandwich metal/analyte/metal is a plasmonic junction. This configuration is similar to the one met, when two NPs are displayed close one to each other. A hybrid plasmonic mode is created in those conditions, and the LSPR is modified. [START_REF] Halas | Plasmons in Strongly Coupled Metallic Nanostructures[END_REF] It is then observed that TERS signal is larger and strongly depends on the distance. [START_REF] Pfisterer | Reactivity Mapping of Nanoscale Defect Chemistry under Electrochemical Reaction Conditions[END_REF] The electric field enhancement may be calculated numerically. A first purely electromagnetic approach resorts to the dipole/dipole approximation (DDA). For example, Lagugne-Labarthet et al. could calculate the field confinement at different distances between a gold surface and a gold tip as displayed in Figure 1.11. [START_REF] Becker | Gap-Plasmon-Enhanced Nanofocusing Near-Field Microscopy[END_REF] Nevertheless, this approach does not justify spectra obtained in SERS or TERS at very short distances. Indeed, intensity of the signal became much larger, and new peaks appeared, suggesting that selection rules were overpassed. Recently, the group of J. Aizpurua theoretically introduced the concept of picocavity: a single atom, positioned at the tip apex, produces an extreme confinement of the field. Here, quantum calculations are necessary to explain the spectrum. [START_REF] Benz | Single-Molecule Optomechanics in "Picocavities[END_REF] These also justify the extreme spatial resolution that can be attained in TERS, as described in the next paragraph. Submolecular Raman imaging was first shown by Zhang et al. in 2013. 45 In 2019, the same group, and independently the one of Apkarian et al., reached a spatial resolution within angstrom-scale. [START_REF] Lee | Visualizing Vibrational Normal Modes of a Single Molecule with Atomically Confined Light[END_REF] This means that each bond can be addressed individually at a single molecule level, which represents an ultimate resolution. Nevertheless, these experiments are performed at low temperature and in ultra-high vacuum in dedicated specific set-ups, which are thus very far from conditions that are under focus in the present work (room temperature and in liquids).

In the air, a lateral resolution of 1.7 nm was reached by Kawata et al. on single-wall carbon nanotubes. It is noticeable that here the radius of curvature of the tip was 30 to 80 nm, thus much larger that the studied object. This raises the question of the origin of spatial resolution in TERS. While a picocavity is supposed to be involved for submolecular resolution, the confinement was calculated to be proportional to (Rtip.d) 1/2 in standard gap mode configuration. [START_REF] Becker | Gap-Plasmon-Enhanced Nanofocusing Near-Field Microscopy[END_REF] This model, which considers only classical electromagnetic theory, can easily account for resolution below 10 nm and down to 1 nm for a tip radius around 5 nm. Biological objects, such as DNA or peptide assemblies, can also be scrutinized by TERS as shown by the group of Bonhommeau. [START_REF] Najjar | Tip-Enhanced Raman Spectroscopy of Combed Double-Stranded DNA Bundles[END_REF][START_REF] Bonhommeau | Tip-Enhanced Raman Spectroscopy: A Tool for Nanoscale Chemical and Structural Characterization of Biomolecules[END_REF] The TERS tip radius, EF factor and cantilever stiffness thus play a major role in the quality of TERS images. Many different approaches, either starting from commercial silicon tips or home-made ones were elaborated to create TERS-active AFM probes. They will be described in Chapter 2. Hence, either low magnification objectives should be used, or only small area should be imaged. [START_REF] Pfisterer | Reactivity Mapping of Nanoscale Defect Chemistry under Electrochemical Reaction Conditions[END_REF] Most of the EC-TERS set ups are based on the electrochemical coupling with STM.

TERS implementation in liquids and under electrochemical conditions

However, the STM technique requires conductive samples and surface features (roughness, surface object) of small dimensions. Coupling AFM with EC-TERS can overcome these drawbacks and allows application to a variety of samples with no requirement for the tip insulation. both functionalized with a sub-monolayer of NB. Areas of different color evidence the heterogeneities of the NB reduction process on the two substrates. Adapted from [52].

Recent development of Ren et al. 53 (2020) further broadened AFM-EC-TERS measurements by using top-illumination with immersion water objective of a high numerical aperture. The efficiency of implemented system was confirmed by electrochemical redox study on polyaniline.

Initiated in LISE laboratory in 2015, STM-TERS imaging in liquids has been demonstrated

for the first time in 2016. Here, an air objective in top configuration was used, and only a thin layer of liquid was dispatched on the sample. To minimize evaporation, the chosen solvent was hexadecane. This configuration is however only hardly suitable to study electrochemical systems requiring to handle at least three electrodes. Therefore, water immersion objectives were introduced in 2017. [START_REF] Touzalin | Capturing Electrochemical Transformations by Tip-Enhanced Raman Spectroscopy[END_REF] The great advantage is that focusing of the laser on the tip is rather straightforward. A first step consisted in inventing the tip-SERS methodology for which molecules are grafted on a TERS tip. This represents easier implementation since no substrate is required. Then, in 2019, [START_REF] Touzalin | Electrochemical Tip-Enhanced Raman Spectroscopy Imaging with 8 Nm Lateral Resolution[END_REF] with a similar configuration, electrochemical TERS imaging was realized with a spatial resolution of approximately 8 nm (see Figure 1.15a). Here, the tip is bent to ca 45° to allow the laser focus. However, the use of STM-TERS is restricted to only conductive, low height objects/samples that are strongly immobilized on surfaces. Bottom, TERS mapping at fixed polarization (0 V) of a gold substrate functionalized with an azobenzene-derived alkanethiol immersed in 50 mmol.L -1 Na2SO4 spectra extracted from the TERS map across a surface feature (setp).

Adapted from [55]; b) EC-AFM-TERS -Top, setup (NT-MDT microscope) using a water-dipping objective guiding both lasers (AFM registration laser illuminating the cantilever and the Raman laser focused on the tip apex). Bottom, potential-dependent TERS spectra of 2.2 nm PANI layer on Au film in 0.1 mol.L -1 HCl solution. Adapted from [53]. Note that in both configurations, a sample scanner is used, so that the tip-laser alignment is not lost upon mapping.

TERS in LISE -Description of the set-up

The TERS-ready system acquired in 2015 in LISE, coupling a Raman spectrometer and two SPM microscopes, was acquired from Horiba/ AIST.

The Raman system is a LabRam HR Evolution Raman microscope with 5 illumination wavelength (473, 532, 594, 633 and 785 nm). A first EM-amplified Andor Newton camera allows us to record fast imaging still with a good sensitivity using the so-called swift mode. It is completed with a second camera, more sensitive in the near-infrared region, typically combined with 785 nm excitation. The laser may be directed to the Raman microscope translating stage or toward two SPM systems (upright and inverted microscope). A first scanning probe microscope (SmartSPM) is placed onto an optical coupling system (Omegascope). The laser may be directed either above the sample or to the side. For samples studied in the air, the side access is the most common one as the apex of the tip can be easily visualized without shadowing effects of the probe holder (STM) or the cantilever (AFM). The AFM registration laser has a wavelength of 1300 nm to avoid any possible interference with the TERS measurements recorded at 633 nm. An automatic alignment procedure allows us to adjust the position of the AFM registration laser on the cantilever and to search for the excitation frequency, leading to the max cantilever amplitude in non-contact mode (oscillating/tapping mode). A second system (Combiscope) allows illumination of the tip apex from below through the sample. It thus requires that the sample is at least partially transparent to allow illumination and collection of the scattered light.

Measurements in liquids -Note that these two optical coupling system were not primarily conceived for implementations in liquids. Therefore, even if for both systems, liquid cells (see 

A typical TERS implementation sequence

For precise implementation of the in situ AFM-TERS measurements (i.e. in liquid environment), there are several necessary steps to be followed, preferably in the air, to ensure the quality of the tip and/or the sample for sufficient AFM and TERS experiments.

 Tip-sample approach and landing

The AFM tip holder with firmly fixed tip and the cell-sample-holder are mounted on the Combiscope microscope (or SmartSPM) with the connected tip holder to the AIST-NT conductive unit. When the tip is applied to the tip holder and connected to the AIST-NT conductive unit, first step is to search for the reflective cantilever in the Laser Adjustment window using the find tip procedure (Figure 1 

 Rough optical alignment

The second implementation step consists in the rough alignment of the tip apex and the laser using under optical control (manual alignment of the SmarSPM microscope position X,Y,Z on the Omegascope optical coupling platform and motorized alignment of the whole AFM head on the Combiscope). After the tip is approached on the sample, the laser position is readjusted on the tip apex using objective piezo-scanner controls (XY and XZ).

 Hot-spot screening

Once the tip is "landed" on the sample surface, a precise search of the hotspot position, i.e. the point of the tip apex which provides the maximal signal enhancement, can be conducted through "objective" mapping. Hyperspectral objective maps XY and XZ of the tip apex are acquired to determine the hotspot position accurately, as shown in Figure 1.20c.

TERS signal (Raman signature of thiolated azobenzene) is measured at the hotspot position (bright (white) intensity) while no signal is acquired slightly away from the hotspot (farfield/microRaman signal). 

Conclusions / Challenges for AFM-EC-TERS

As by 2022, there has been only several published works about TERS implementation in liquid and under electrochemical conditions (EC-TERS), and even a fewer coupling AFM-EC-TERS. Inverted configuration using bottom illumination and transparent samples has been shown as the easiest configuration to be implemented and therefore has been used the most. The classical strategy, followed for probe fabrication and detailed in the first part of this chapter, has been coating of a commercial silicon/silicon nitride AFM probes with thin films of plasmonic materials. These materials enable precise tuning of the tip composition and design, and therefore of the resulting plasmonic properties, but at the expenses of the robustness.

Gold coated AFM probes for instance, provide strong enhancement in the red spectral region [START_REF] Verma | Tip-Enhanced Raman Spectroscopy: Technique and Recent Advances[END_REF] , Ag-coated probes exhibit the highest enhancement in the blue-green spectral region, but are prone to oxidation. Aluminum, which exhibits enhancement in the UV and deep UV spectral regions, can be another possible plasmon material for coating AFM probes, but it is not commonly used. [START_REF] Verma | Tip-Enhanced Raman Spectroscopy: Technique and Recent Advances[END_REF] Additional layers are usually required such as adhesion layers (e.g. Cr, Ti) [START_REF] Pettinger | Surface-Enhanced and STM-Tip-Enhanced Raman Spectroscopy at Metal Surfaces[END_REF][START_REF] Zhu | Nano-Raman Spectroscopy with Metallized Atomic Force Microscopy Tips on Strained Silicon Structures[END_REF][START_REF] Oguchi | Light-Transmittable Ultrasmooth Gold Film for Gap-Mode Tip-Enhanced Raman Scattering Spectroscopy[END_REF][START_REF] Sackrow | Imaging Nanometre-Sized Hot Spots on Smooth Au Films with High-Resolution Tip-Enhanced Luminescence and Raman Near-Field Optical Microscopy[END_REF][START_REF] Ossikovski | Simple Model for the Polarization Effects in Tip-Enhanced Raman Spectroscopy[END_REF][START_REF] Ramos | Near-Field Artifacts in Tip-Enhanced Raman Spectroscopy[END_REF][START_REF] Tanirah | Fabrication of a Plasmonic Nanocone on Top of an AFM Cantilever[END_REF][START_REF] Lkhamsuren | Fabrication of Mechanically Stable Au-Coatings on Probes of Atomic Force Microscopes for Nano-Mechanical and -Optical Measurements[END_REF] to limit fast mechanical peeling-off, and protective layer (e.g. alumina, silica) to protect from the oxidation.

An alternative to these fragile coated-probes is to design bulk metal AFM probes, as already proposed for local electrical properties measurements either in the ambient (e.g. bulk platinum probes for conductive AFM: CAFM) or in liquids and under polarisation (e.g. gold probe partially insulated for Scanning Electrochemical Microscopy using AFM feedback: SECM-AFM). This technical solution, allowing the production of robust AFM probes, was the one followed in this work to enable the development of TERS measurements under electrochemical conditions. Later in this chapter, we will therefore introduce an optimized manufacturing process of TERS-active AFM probes, inspired from the protocol proposed by

Macpherson in 2000 and further developed by Demaille's group. A few refinements of these protocols and of procedures developed in our group earlier for the production of TERS-active STM probes will be described. The properties of the manufactured gold probes will then be extracted, i.e. tip geometry (tapper angle and radius of curvature ROC), cantilever features, resonance frequency, quality factor and spring constant.

Although the fabrication of silver probes has been also covered in this work, this chapter will mainly expose the results from the optimized procedure for gold hand-made AFM-TERS probes, achieved in this work.

Brief review of TERS probe manufacturing processes

Different classes of TERS-active probes are reported in the literature: probes with tips covered with an uniform metallic layer [START_REF] Downes | Simulations of Atomic Resolution Tip-Enhanced Optical Microscopy[END_REF] , tips coated with rough metal nanoparticles [START_REF] Deckert | Spatial Resolution in Raman Spectroscopy[END_REF] , tip apex functionalized with single metal nanoobjects [START_REF] Wang | Sequential Electrochemical Oxidation and Site-Selective Growth of Nanoparticles onto AFM Probes[END_REF] , tip design engineered by precise "milling"

techniques [START_REF] Umakoshi | Highly Efficient Plasmonic Tip Design for Plasmon Nanofocusing in Near-Field Optical Microscopy[END_REF] and tips made of bulk metal [START_REF] Wang | Tip-Enhanced Raman Spectroscopy for Investigating Adsorbed Species on a Single-Crystal Surface Using Electrochemically Prepared Au Tips[END_REF] . The different techniques used to produce such TERS-active probes will be presented in the following.

Physical deposition of plasmonic material on silicon tips

Physical vapour deposition (PVD) techniques consist in "vaporizing" materials from a solid source at very high vacuum, generating physical coating onto a substrate either by the condensation or accumulation of atoms or clusters. Most common PVD techniques are thermal deposition, electron beam evaporation and sputtering. The latter is using magnetron sputter process in the vacuum chamber, delivering more significant roughness and overall broader morphological quality of deposited material. [START_REF] Baptista | Sputtering Physical Vapour Deposition (PVD) Coatings: A Critical Review on Process Improvement and Market Trend Demands[END_REF] Thermal evaporation produces tips with aggregated metal grains [START_REF] Taguchi | Optical Antennas with Multiple Plasmonic Nanoparticles for Tip-Enhanced Raman Microscopy[END_REF] , while sputtering and electron beam evaporation create deposition of smoother films.

Tunability of enhancement properties with physical vapor deposition (PVD)

Sub or top dielectric layers -It has been shown that refractive index (n) strongly affects the surface plasmon resonance of metal-coated AFM tip. In the early stage of TERS development,

Fisher's group used tips made from glass instead of silicon as a base material. Also Lewis et al. [START_REF] Hung | Potential Application of Tip-Enhanced Raman Spectroscopy[END_REF] used glass tips, changing the enhancement factors (EF), by lowering the refractive index and gaining better plasmon resonance in shorter wavelength region. Gao et al. [START_REF] Gao | Refractive Index Determination of SiO_2 Layer in the UV/Vis/NIR Range: Spectrophotometric Reverse Engineering on Single and Bi-Layer Designs[END_REF] for instance, found that adhesion layer of materials with low refractive index, such as SiO2 (n = 1.5), SiOx (n = 1.5-2.05) and AlF3 (n = 1.4), are beneficial to TERS signal enhancement of AFM tips coated with silver films. While silver island clusters deposited by sputtering method show SPR in the range of 600 nm [START_REF] Yeo | Tip-Enhanced Raman Spectroscopy -Its Status, Challenges and Future Directions[END_REF] , the use of adhesive layers of high refractive index shifts the SPR to the 500 nm range.

Effect of corrugation -Signal enhancement properties of the probe are strongly affected by the nature of the plasmonic material, but also by its structure and morphology. The lowest enhancements have been reported from smooth metal coated tips in the visible region, while the highest enhancement are obtained for roughened or corrugated metal coated surfaces. [START_REF] Taguchi | Optical Antennas with Multiple Plasmonic Nanoparticles for Tip-Enhanced Raman Microscopy[END_REF][START_REF] Saito | Polarization-Controlled Raman Microscopy and Nanoscopy[END_REF][START_REF] Sharma | Tip-Enhanced Raman Scattering-Targeting Structure-Specific Surface Characterization for Biomedical Samples[END_REF] The metal nanostructures or the grains on the surface of a tip work as resonant dipole antennas, which efficiently couple the optical radiation between far-field and nearfield. The latter depends on the grains size, which are comparable to the surface plasmon polaritons (SPPs) wavelength. [START_REF] Smolyaninov | Resolution Enhancement of a Surface Immersion Microscope near the Plasmon Resonance[END_REF] Note that a smooth and sharp tip can still have reasonable amount of enhancement due to the lightning rod effect, which however is independent from the wavelength of the irradiation. Differences in the EF between discretely arranged grains on the tip, rough corrugated and smooth tips are seen on the Focused ion beam (FIB) can be used for precise shaping of coated metal probe (Figure 2.

2).

This technique yields high reproducibility fabrication, well defined and adjustable resonance frequency and increased EF (> 10 3 ). 79 In gold tip fabrication, nanocones have been obtained by combination of metallization, FIB induced deposition of an etch mask and Ar ion milling. [START_REF] Fleischer | Gold Nanocone Near-Field Scanning Optical Microscopy Probes[END_REF] Coaxial Optical Antenna shaped by FIB has been also reported to provide great enhancement enabling TERS imaging of nanoobjects deposited on dielectric substrates. [START_REF] Weber-Bargioni | Hyperspectral Nanoscale Imaging on Dielectric Substrates with Coaxial Optical Antenna Scan Probes[END_REF] In 2005, Farahani et al. [START_REF] Farahani | Single Quantum Dot Coupled to a Scanning Optical Antenna: A Tunable Superemitter[END_REF] designed a bow tie-shaped antenna at the AFM tip apex, resulting in tips with strong Raman signal enhancement, but low quality AFM imaging. Schuck et al. [START_REF] Bao | Mapping Local Charge Recombination Heterogeneity by Multidimensional Nanospectroscopic Imaging[END_REF] fabricated similar probes with good AFM imaging properties. Plasmon nanofocusing using light-plasmon couplers have been also proposed. This allows the excited plasmons to travel toward the tip apex creating an intense confined field at the tip apex. Di Fabrizio et al. [START_REF] De Angelis | Nanoscale Chemical Mapping Using Three-Dimensional Adiabatic Compression of Surface Plasmon Polaritons[END_REF][START_REF] Bek | Tip Enhanced Raman Scattering with Adiabatic Plasmon Focusing Tips[END_REF] placed a photonic crystal cavity and a plasmonic waveguide [80]; c) optical antenna with feed gap, adapted from [81]; d) conical photoniccrystal associated with a plasmonic waveguide, adapted from [83 , 84]. Zenobi et al. [START_REF] Opilik | Chemical Production of Thin Protective Coatings on Optical Nanotips for Tip-Enhanced Raman Spectroscopy[END_REF] proposed the addition of silica layers on Ag and Au tips (STM-TERS probes)

Protection against wear out and oxidation (air and liquid) -

as protection against wear, oxidation and also contamination (with thiophenol for instance).

The procedure involves tip functionalization with 3-mercaptopropyltriethoxysilane (MPS)

followed by silica shell growth on the nanotip in contact an activated sodium silicate solution.

They show the possibility of producing controlled thickness of protective silica coating layer for gold and silver tips (Figure 2.5 below). The final tips can also be applicable for AFM-TERS measurements. 88 Partial conclusion -One of the advantages of probe coating with PVD are easy and controlled tuning of the plasmon absorbance by adjusting the coating properties such as thickness, grain size and composition. [START_REF] Verma | Tip-Enhanced Raman Spectroscopy: Technique and Recent Advances[END_REF] Many other procedures have been proposed, such as shaping tips with FIB or tip fabrication including probe pre-and post-heating with annealing steps in between. Those methods provide controlled thickness of coated layers with enhanced TERS signal.

On the other hand, disadvantages as weaker EF compared to electrochemically etched gold or silver tips [START_REF] Blum | Tip-Enhanced Raman Spectroscopy -an Interlaboratory Reproducibility and Comparison Study: TERS Interlaboratory Comparison[END_REF][START_REF] Walke | Silver Nanowires for Highly Reproducible Cantilever Based AFM-TERS Microscopy: Towards a Universal TERS Probe[END_REF] , low reproducibility [START_REF] Walke | Silver Nanowires for Highly Reproducible Cantilever Based AFM-TERS Microscopy: Towards a Universal TERS Probe[END_REF][START_REF] Shi | Advances in Tip-Enhanced Near-Field Raman Microscopy Using Nanoantennas[END_REF] , short-lifetime [START_REF] Shi | Advances in Tip-Enhanced Near-Field Raman Microscopy Using Nanoantennas[END_REF][START_REF] Agapov | Protecting TERS Probes from Degradation: Extending Mechanical and Chemical Stability: Protecting TERS Probes from Degradation[END_REF] due to the poor mechanical stability and weak mechanical resistance of deposited material are reported. Therefore, additional deposition of adhesive layer of silica onto gold and silver probes, was obtained as a successful method for achieving high TERS enhancement and prolonged lifetime of coated tips.

(Electro) chemical deposition

Other alternatives for TERS active probe coating, based on a deposition of a metal layer (Au or Ag) onto a silicon AFM probe, are chemical and electrochemical deposition. Single particle TERS -Preparation of "single particle" TERS probe is a powerful alternative to physical deposition techniques. Deposition techniques of a single nanoparticles on the tip apex have also been obtained from electrochemically grown gold nanoparticle [START_REF] Yang | Rational Fabrication of a Gold-Coated AFM TERS Tip by Pulsed Electrodeposition[END_REF][START_REF] Huang | Tip-Enhanced Raman Spectroscopy: Tip-Related Issues[END_REF] or chemically grown silver nanoparticle, using electroless deposition, silver mirror deposition or photo induced reaction [START_REF] Li | Situ Raman Spectroscopic Studies on the Current Oscillations during Gold Electrodissolution in HCl Solution[END_REF][START_REF] Barsegova | Controlled Fabrication of Silver or Gold Nanoparticle Near-Field Optical Atomic Force Probes: Enhancement of Second-Harmonic Generation[END_REF][START_REF] Coluccio | Plasmonic 3D-Structures Based on Silver Decorated Nanotips for Biological Sensing[END_REF] . Enhancement of signal up to 20 times compared to regular TERS tips were reported. [START_REF] Fleischer | Gold Nanocone Near-Field Scanning Optical Microscopy Probes[END_REF][START_REF] Anger | Enhancement and Quenching of Single-Molecule Fluorescence[END_REF]100 Vakarelski and Higashitani et al. + ion adsorption and following reduction on the commercial Si AFM probe. Two main procedures of that deposition method are surface hydrophilization and sensitizing. 103,104 When the probe is immersed in the mixture of silver nitrate stock solution including ammonia, as complexing agent and tartrate, as reducing agent, probe is instantly coated from the autocatalytic electroless deposition.

Electrochemical deposition -

AgNO3(aq) + 2NH3 ⇋ [Ag(NH 3 ) 2 ] + (aq) + NO3 -(aq) C4H4O6 2-(aq) + 6 [Ag(NH 3 ) 2 ] + (aq) + 8OH -(aq) ⇋ 2C2O4 2-(aq) + 6H2O(l) + 12NH3(aq) + 6Ag(s)
Different deposition time results in various morphologies of the probe coating and thickness. Longer deposition time, such as 15 min, forms silver aggregates which decrease TERS signal, while shorter deposition time of 5 min provides smooth silver coating. Despite the fact that this deposition process can generate uniform coating on "difficult" substrate shapes 105 and can produce tips with ROC between 30 and 50 nm, the method still shows low reproducibility.

Precise metal coating thickness can be also obtained via wet-chemistry procedure (Figure 

Partial conclusion -

The benefits of coating by (electro)chemical deposition are controlled morphology, acquired through adjustment of the solution concentration, applied potential, reaction time, and thin deposition thickness between few angstroms to several mm.

Compared to vacuum deposition processes, this method is simpler, environmentally friendlier and more cost-effective [START_REF] Downes | Simulations of Atomic Resolution Tip-Enhanced Optical Microscopy[END_REF] with tip time preparation within only few minutes. On the other hand, fabricated probes undergo chemical degradation and nanoparticle-coated tips exhibit mechanical loss of surface material under large applied forces during measurements.

Electrochemical etching

Electrochemical etching is yet another alternative for manufacturing TERS active probes.

Among other fabrication processes, this is the most broadly used method, due to its endurance, low-cost production and high yield performance, along with optimized conditions.

This method is based on EC etching of thin metallic wire, which most commonly uses platinum (or W, Mo, Pt/Id) for STM application. This method was further adapted by TERS research teams using plasmonic materials (Ag, Au). Kim et al. 110 The enlarged illustration represents the electrochemical etching process with bias applied. The stepper motorized actuator, stepper controller, waveform generator and multimeter are connected to a computer to automate the electrochemical etching process.

General principle -

2.1.3a -Electrochemical etching of gold

Gold can be etched with CN -or Cl -containing solutions. Given the severe toxicity of KCN solutions, they cannot be used as an etching bath, despite producing smooth tip surface.

Therefore, only nontoxic chloride-based etchant bath and associated electrochemical procedure will be described hereafter. Gold is usually etched within an electrochemical bath composed of HCl and ethanol and low etching voltage (e.g. 3.0 V). The reactions during Au etching process were explained by Bin Ren et al. (2004) 111,112 as:

Au 0 + 4Cl -⇋ [Au +III Cl4] -+ 3e - E0 = 1.002 V
which can be decomposed into the two half-reactions:

Au 0 + 2Cl -⇋ [Au +I Cl2] -+ e - E0 = 1.154 V [Au +I Cl2] -+ 2Cl -⇋ [Au +III Cl4] -+ 2e - E0 = 0.926 V
Dissolution is the first step of etching process, where the gold-chloride complexes are formed (e.g. AuCl4 -). A downward flow of AuCl4 -appears along the wire, slowing down the etching of the wire lower part. The accumulation of gold-chloride complexes at the electrode induces depletion of Cl -ions and formation of gold oxides which temporarily passivates the gold and stop the etching processes. 113 Dissolution can resume temporally when chlorine complexes diffuse away (relaxation) giving rise to current spikes (oscillations) [START_REF] Li | Situ Raman Spectroscopic Studies on the Current Oscillations during Gold Electrodissolution in HCl Solution[END_REF]111,114 . Note that at high potential, spikes of dissolution overlay with the oxidation of the solvent (gas evolution: see Figure 2.12). Sudden meniscus jumps upon polarization during the etching process can result in stepped structure of the gold tip surface.

Gas evolution ("bubbling effect") -Bubbling effect comes from formation of Cl2 and O2 at the gold anode and H2 at the ring-shaped cathode. This causes undesirable bubbling, mechanical instability which has a negative influence on probe surface, accounting for rough surface profile and not precise cut-off. Generated gas can also cause sudden jumps of the meniscus during EC etching as mentioned above. Another issue is associated to over-etching, when the tip apex and the solution surface remain in contact through the micro-meniscus after the lower part of the wire detaches. [START_REF] Shi | Advances in Tip-Enhanced Near-Field Raman Microscopy Using Nanoantennas[END_REF] Presence of ethanol in the etching solution reduces bubbling effect during etching process and provides smooth tip surface. Yang et al. 117 showed highly reproducible etching with KCl (2.79 mol.L -1 ) aqueous solution and a salt bridge between saturated KCl and agar, using three-electrode etching system (CE:

Varieties of etching bath solutions and polarization -

Au ring, RE: Ag/AgCl; DC potential to WE 1.1-1.5 V) for precise control of the etching potential as will be detailed below.

Polarization -Final tip shape is determined by the reaction rate, which is controlled by the applied potential and not by the shape of the meniscus. 117 In general, DC electrochemical etching is more simple and common method for fabricating Au tips, giving more reproducible apex radius of curvature and smooth apex profile, as compared to the other etching techniques. 118 AC polarization or rectangular voltage pulses was introduced to limit blocking of the electrochemical process as observed upon DC polarization. AC polarization enables the control of etching parameters (high and low limit voltage, time, cycles) 119 and exhibits a possible way of limiting overetching. 114 DC polarization at low voltages (1.5 V, 1.7 V, 1.9 V) in the HCl/ethanol (1:1) electrolyte provide faster EC etching. Optimal etching, producing smooth and sharp tips, was acquired between 1.8-2.2 V. 114 AC polarization, with square wave voltage at amplitudes 1.5 and 1.9 V and impulse duration of 220 ms, provides smooth tip profile with tip ROC of 18 nm.

2.1.3b -Refinements of the etching platform and sequence

Beaker cell -As mentioned above, hydrogen gas evolution at the cathode can disturb the etching process. Kharintsev et al. 114 proposed the use of additional "beaker" in the solution to separate the cathode and the anode (gold wire), therefore limiting the "bubbling effect" (Figure 2.11a). Modified EC cell with etching potentials at 1.5, 1.7 and 1.9 V, provided more uniformed supply of Cl -into the "necking" region, where the corrosion of the gold is faster.

Improved etching process of gold wire provided increased reproducibility of TERS probes manufacturing and produces smooth tip surface and radius of curvature with approximate size of 27 nm. Note that the introduction of the beaker separation may increase the electrolyte resistance between the two electrodes, affect the actual potential of the etched wire. 114 Although production of TERS-active probe using a three-electrode system was first published in 2018 by Yang et al. 117 , our group started using it as early as 2014. As illustrated in Cut-off -Circuit cut-off was introduced for better control in the final step of EC etching. A current detection device cuts off the circuit (disconnects the CE for instance), when the etching current drops below a threshold value. This step is crucial, when the lower part of the wire, being just below the meniscus surface, is cut off and falls down. Therefore, using the cut off device, the upper part (the final etched tip) of the wire is protected from possible further tip etching. A similar device was developed in LISE (see section 2.2.1).

Pulling system -A pulling system was proposed by Kharintsev et al. 114 in 2011, to provide upward movement of the gold wire during the etching process. By using the precise drawing rate of the wire (at 5 μm.s -1 and 20 μm.s -1 ) at DC voltage of 1.9 V control, tip profile can be obtained. To control the tip meniscus properties, isooctane, which forms an organic layer at the solution-air interface, was added to the etching bath. This constitutes an original and straightforward way to limit over-etching leading to rough and blunt tip profile. Designed tips have a smooth and cone profile with the opening angle of 5° and a possibility of fabricating filament-like gold tips (see Figure 2.13). 114 The EC sequence was performed for 10-15 s at a DC voltage of 2.0 V, using 2-electrode system with Pt wire loop as a cathode and Ag microwire as an anode. This method produced probes with radius size below 30 nm. Hence, the majority of EC etching sequences for Ag wires were proposed in a two-step polarization sequence. This approach was first proposed by Finally, the cantilever is glued on an AFM silicon chip. To be used as an SECM probe, tip and cantilever are insulated by deposition of cathodic electrophoretic paint. A small metal electrode is exposed, by either heat curing (paint retraction) 127 , seen on Figure 2.15, or electrostatic discharge 132 (paint removal). This procedure yields bulk metal AFM probes with cone shape tip. Protocol adaptation to TERS application -The adapted protocol of TERS-AFM probe manufacturing has been introduced by Zhan's group, using the same approach, to produce metallic cantilevers useable in tapping and contact mode AFM.

The procedure consists of flattening (between two flat surfaces, glass or silicon) and etching a 50 µm diameter wire (Au, Ag) to produce the cantilever. The tip tapered profile is shaped by electrochemical etching 129,130 in a drop of a CaCl2 solution deposited on an aluminum foil or by mechanical cutting of the bent part of the unflatten wire with a sharp razor blade (Figure

2.16)

. 130 The cantilever/tip is immobilized on commercial AFM chip using epoxy glue. This procedure provided probes, compatible with TERS set-up of side-illumination and AFM imaging in both modes 133 , tapping and contact mode with the EF 2.5 x 10 7 and 2.7 x 10 7 , respectively. 130 The TERS, properties of the manufactured probes were tested in the ambient on an inverted microscope (NTEGRA -NT-MDT) and two upright microscopes (OmegaScope -AIST-NT), coupled to a XploRA Raman spectrometer (Horiba) and an AFM 5420 from Agilent Technologies, coupled to a LabRam HR-800 Raman system (Horiba). No TERS mapping was demonstrated using the manufactured probes in any of these study, only TERS point spectra on high cross section (graphene on glass) or Raman resonant compounds (2 to 30 nm of an organic layer of cobalt phthalocyanine -CoPc -on gold.

Fabrication/optimization of TERS active AFM probes in this work

The strategy and technical solution developed in this work consists in a combination between manufacturing techniques for bulk metal AFM-probes and electrochemical etching protocols optimized in our group for the production of STM-TERS probe procedure. This chapter will cover the 4-step manufacturing process and detail the different optimization steps developed in this work.

From bulk metal wire to AFM probe

The fabrication process starts with the production of reflective cantilever. The initial diameter of the gold wire and the pressure applied to the gold wire/glass assembly determine the final roughness, width and thickness of the flattened wire, and the reflectivity and flexibility of the resulting cantilever (Figure 2.19 below). Pressure up to 1 ton for a few minutes was necessary to produce reflective cantilever, which could be detected by the automatic cantilever screening of the AIST-NT system (IR AFM registration laser), as will be discussed later. 

Cantilever immobilization on Si chips

In the next step, the flattened and bent wire was taken out from the glass slides sandwich and taped on a support, which can be handled with ease. The wire on its support was then attached to a micro-positioning system and placed on a gluing station (Figure 2 An additional "cut-off" voltage box, connected between the counter-electrode and the potentiostat, has been developed in LISE to automatize and precisely control the termination of the etching process and to avoid over-etching of the gold wire. The cut-off box is configured to physically disconnect the CE when the current flowing in the system falls below a set threshold value and interrupt the polarization. As the CE is disconnected, the etching process is interrupted and the etching sequence on the potentiostat, which is apparently still running, reads zero current. Note that as the cut-off box uses a current/voltage converter, the voltage associated with the desired current threshold, depends strongly on the current range set in the potentiostat. The influence of the "cut-off" current value on the performance of the tip is illustrated hereafter.

Once the electrochemical cell is set, the etching process can take place. As mentioned earlier, when gold etching proceeds, the immediate surroundings of the wire become rich in gold-chlorine complexes and poor in Cl -. Gold cations starts therefore reacting with oxygen, forming insulating gold oxides that temporarily passivates the gold wire. Dissolution can resume temporally when chlorine complexes diffuse away (relaxation), giving rise to current spikes (oscillations). At higher potential, spikes of dissolution overlay with the oxidation of the solvent (gas evolution). To limit the shift in potential of the gold wire observed in a twoelectrode configuration due to the strong oscillation regime, a three-electrode setup has been preferred in our group starting from 2014, when optimizing the manufacturing process of STM-TERS probes. AC potential pulses were also preferred to DC polarization, so that dissolution at higher potential and relaxation at lower potential can alternate in a controlled manner, allowing a fine control of the etching process. The parameters of the electrochemical sequence won't be disclosed here, as two Soleau envelops protecting this know-how have been filed in 2015 and 2019. When the etching was finished (see Figure 2.21d), the tip was rinsed in the water and ethanol and eventually stored in a box. Note that the resulting quality of the tip is strongly dependent on parameters as non-fresh solutions, water contamination, CE passivation and "polluted" RE, contact resistance due to corrosion with acid vapors, which influence the correct outgoing of the procedure. 

Optimization of the etching electrochemical cell

The etching process was initially optimized for long gold wire designed for STM-TERS 

Characteristics of handmade AFM probes

The choice of AFM probe is critical for the successful and accurate tracking of topography, especially when scanning in different AFM modes (contact, intermittent and non-contact). The quality of AFM imaging strongly relies on tip geometry and further interaction between the tip and sample surface. 134 Different tip features can cause convolution effect and artifacts on AFM image. The tip mechanical properties affects the imaging process by interacting with the sampled objects, altering their shape/position or have an impact on the tip/object penetration. In this section different characteristics of the manufactured probes will be reviewed, i.e. the tip and cantilever geometry and properties to operate in tapping mode on the AIST-NT/Horiba system.

Tip profile and radius of curvature

In general, smaller tip radius provides higher lateral resolution with better quality AFM image. It is crucial to choose suitable tip regarding to the studied object. More accurate topography is obtained, when the objects on the surface have small height and ratios with smaller sidewalls angles, as compared to the tip. In that matter, the tip radius has only minor influence on the accuracy of the final image. When the objects on the surface are high, tip affects the shape of sub-micrometer features, providing an AFM image with the convolution effect. 134 Seen on the The optimized procedure was set at the current range 10 µA and cut-off 20 mV, producing cone-shape probes with the sharp apex and average radius size of 24 nm (Table 2.2 above).

The statistics were retrieved from the fabrication of 20 gold probes with a 90 % (18/20) success rate of yielding TERS active probes. Success rate for etching process was obtained with 83 % (15/18), whereas bulk probes with large radius size (R > 100 nm) were acquired in 17 % (3/18). As mentioned earlier, the AIST-NT system uses an automatic cantilever screening given that the AFM registration system laser uses an IR source (1064 cm -1 ), which does not interfere with the Raman signal excitation collection. Both, the probe holder and the photodetector, are mounted on motorized stage (step motors). The automatic positioning/alignment procedure of the cantilever/AFM registration laser/photodetector is realized by displacement of the probe holder below the fixed laser beam and reading of the total reflected intensity on the photodetector and final photodiode position adjustment (centering of the reflected beam on the 4-photodiode detector). Reflective cantilever, obtained by flattening 25-µm diameter gold wires at 1 ton for a few minutes, could be detected by the AIST-NT system (see Figure 2.24a).

Reflective image of the cantilever can be built by raster scanning of the probe under the laser beam (see Figure 2.24 c, e, g). Note that on most manufactured cantilevers, the reflectivity was not homogeneous, as revealed by the intensity image (see Figure 2.24e). This can be due to a slight torsion (horizontal) and tilt (vertical) of the cantilever upon gluing. 

2.3.2b -Operation in tapping mode -Mechanical properties of bulk metal probe

Stiff probes with high resonance frequency (100 kHz) were targeted in this study for fast imaging in tapping mode and in liquid medium. The cantilever weight strongly affects the resonance frequency and the spring constant (described later). Softer and lighter cantilevers have higher resonance frequency, providing better high speed response in the air and further better imaging at high speed. The resonance frequency can be calculated as:

𝑓 0 = 1 2𝜋 √ 𝑘 𝑚 (2.1)
with m as cantilever mass (spring mass) and where k is the spring constant, defined as:

𝑘 = 𝐸 × 𝑤 4 ( 𝑡 𝑙 ) 3 (2.2)
with w width, t thickness, l cantilever length. Moreover, the specific calculation for cantilever resonance frequency includes its density  and Young's modulus E, which depends on the cantilever material. The Table 2.4 below shows average values of hand-made probes features. The statistics were done on 30 different probes, fabricated from the optimized manufacturing process. Note also that the limited displacement range of the AIST detection scheme strongly limited the exploration of cantilevers to short length only. Cantilevers with the length of 800 µm, as reported by Demaille's group 133 , could not be detected here. respectively. The spectrum in liquid shows higher number of peaks with wider profile, which makes difficult the choice of the resonance frequency. Cantilever behavior in liquid medium originates from the additional hydrodynamic forces and forces applied to the tip/cantilever due to fluid squeezing (especially in close proximity with a sample), whereas the first one reduces vibration amplitude and the second one shifts the resonance frequency. 137 The number of peaks can be explained by the numerous vibration mode of the cantilever/liquid system, related to the mechanical excitation of the cantilever through the probe holder when in contact with the liquid. The general definition includes the ratio between resonance frequency and its full width at its half maximum:

𝑓 0 = 𝑡 4𝜋𝑙 2 √ 𝐸 𝜌 (2.
𝑄 = 𝑟𝑒𝑠𝑜𝑛𝑎𝑛𝑐𝑒 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑓𝑢𝑙𝑙 𝑤𝑖𝑑𝑡ℎ 𝑎𝑡 ℎ𝑎𝑙𝑓 𝑚𝑎𝑥. = 𝑓 𝑟 ∆f = 𝜔 𝑟 ∆𝜔 (2.5)
where fr is the resonance frequency and f the resonance frequency width or full width at half maximum (FWHM).

The image resolution and scan rate can be generally improved by modifying the Q-factor of probe cantilever, when AFM is operating in tapping mode. Larger Q-factor associated with sharper resonance frequency profile provides higher sensitivity.

The quality factor was calculated from the set of 10 probes in the air. The average value of 135 was calculated from the equation (2.5) above.

The When measurements are implemented in liquid, the heavy hydrodynamic interaction of the cantilever with the liquid results in a very low quality factor, roughly two times lower as compared to the air, and is strongly affecting the mechanical behavior of the probe. When quality factor is low, the cantilever oscillation is anharmonic and asymmetric. [138][139][140] The quality factor of our hand-made probes varies between 35 Therefore, high resonance frequency and low force constant are needed for optimal conditions in tapping mode. High frequency reduces the level of noise and allows fast scan rates, while low cantilever force constant enables high force sensitivity and eventually smaller proportion of the tip-sample interaction during AFM imaging.

Cantilever spring constant can be determined via thermal tuning (natural vibration of the cantilever in the air) and post-modeling, using known characteristics of the cantilever. This methods did not provide satisfying results of our probe. Alternatively, the spring constant can be calculated from the previously mentioned equation (2.4). 141 Typical spring constant values calculated for the handmade probe are in the range from 220 N.m -1 to 342 N.m -1 (average value 280 N.m -1 ) (see Table 2.5 below). Average force constant of 268 N.m -1 was measured for the probes which could suitably track topography of nanotriangles (NTs) as will be described in Chapter 3. Wide range of spring constant exhibits that homemade probes are fairly stiff. As a comparison, force constant of 140 N.m -1 were reported for AFM-SECM probes, produced in Demaille's group 133 . and E2 for t2). [START_REF] Yang | Rational Fabrication of a Gold-Coated AFM TERS Tip by Pulsed Electrodeposition[END_REF] The etching procedure for manufacturing Ag probes in this work was reproduced from the work of T. Touzalin in 2017, from our group. 142 The EC etching was applied with the same setup as for gold tips, using a cut-off switch in the circuit and three-electrode system (CE: Pt ring, RE: Ag wire) with the silver wire as WE.

The etching solution was composed of a perchloric acid (70 %) and absolute ethanol in the volume ratio 1:4. The 25 µm silver wire was etched applying a DC sequence (constant potential of 4 V) and cut-off value of 20 mV. The etching process (and the associated etching sequence) is more straightforward than for gold, since no electrode passivation occurs in the selected etching bath competition.

This procedure produced etched silver TERS tips in few seconds. Since the etching procedure was not optimized, average ROC size was ranging between 50 and 300 nm. The statistics were made on 10 silver probes and evaluated with SEM imaging. During etching process, it was noticed that the tip apex size, decreased ROC down to 50 nm when using 20 mV cut-off. Therefore, the Table 2.6 below shows SEM image of etched silver probe with the 65 nm apex size, using 20 mV cut-off. This shows the progress in the etching evolution of silver wires, despite it has never been fully optimized. After the etching step, all tips were rinsed in absolute ethanol and distilled water, then placed in a glove box filled with argon for tip protection from the oxidation and contamination. 

Conclusion

This chapter covered the development of TERS-active AFM probes to be used under electrochemical conditions. The number one solution implemented by most research groups consists in coating commercial silicon probes with plasmonic materials, either by physical or electrochemical deposition. Some refinements aiming at fine tuning the plasmonic resonance properties of the TERS probe were proposed in the literature, e.g. FIB milling of tip apex to produce co-axial geometry, grafting of nano-objects at the apex of the tip, but usually at great time and cost expenses. The most straightforward solution consist in deposits of rough metallic layers (corrugated tips) to generate multiple hotspots. If corrugated tips are reported to produce the higher signal enhancements, their mechanical and chemical stability in liquid medium is uncertain. Combination with other metals, dielectric layers or organic molecules, has been proposed to improve the adhesion and stability of the plasmonic layers.

Although LISE is equipped with physical deposition systems, the manufacturing process chosen in this work has been motivated by: I) the robustness of bulk metal AFM probes to wear as attested by the commercial success of such solid metal probes for electrical measurement (Pt probes produced by RMN, recently purchased and distributed by Bruker), II) the possibility to manufacture such probe "in-house" at minimum cost as evidenced Demaille's group, III) the experience of our group in LISE to electrochemically etch gold wires to produce TERS active tapered tips, useable in STM or shear-force AFM mode.

If the 4-steps micro-manufacturing process including shaping, gluing on silicon chip and etching of gold wire, has been mastered and optimized quite rapidly in this work, the fine tuning of the cantilever geometry (length, width, thickness, angle) to show high reflectivity, to enable automatic detection by the AIST AFM-system (1064 cm -1 AFM registration laser), and above all, to display mechanical properties, compatible with intermittent contact mode (tapping mode) implementation turned out to be challenging.

Getting inspiration from commercial silicon probes, designed for tapping mode (fast imaging with reduced noise), probes with ~110 µm long flexible cantilever, showing flexural resonance frequency around 100 kHz with high quality factors, could be designed by playing with the pressure applied to flatten a 25 µm-diameter metal wire (into a 100 µm wide and 5 µm thick metal beam), but however with much higher stiffness (> 200 N.m -1 ). The exploration of various cantilever stiffness (playing with flattening and positioning of the cantilever on the chip) has been limited by instrumental constraints, only relatively short cantilever being identified by the detection scheme (registration laser, tip holder and photodiode mounted on step-motors) in the AFM head of the TERS-ready AIST/Horiba system. Also by aiming at shorter cantilever, fluid dragging impacting operation in liquid is limited.

Finally, the length of the shaft connecting the tip to the cantilever, also called the "nose", is critical to achieve good performances in tapping mode. Despite our effort, in controlling the etching process by micro-positioning the nose in a small drop of etching solution, tip height remained comparable in size with the cantilever dimensions (around 10 µm for commercial probes). Optimization of the immersion of the bent part of the wire (up to the point where the cantilever arm almost touches the etching solution surface), as proposed by Demaille, could not be achieved without impacting the quality of the etching process (of primary importance for the TERS activity of the probe).

Both, the high stiffness and the relatively high tip height of the manufactured probes, constitutes a bottleneck to the characterization of weakly bound nano-objects especially in liquid, as will be presented in the following chapter, along with the evaluation of their TERS activity.

Chapter 3 -Performances of home-made TERS probes Introduction

This third chapter will be dedicated to the evaluation of the imaging performances and of the TERS activity of the AFM probes developed in Chapter 2.

The home-made probes, developed from bulk metal (wires), had to meet characteristics intrinsic to the AFM imaging mode chosen in this work, i.e. to be able to operate in semicontact mode (tapping mode), to approach, stabilize on a sample surface and in fine to image weakly bound physisorbed nano-objects, both, in the air and also in liquid. The imaging sensitivity, defined as the ability to detect and image nano-features on a sample, relies on the AFM probe characteristics and on the effectiveness of the tip-sample distance control. This control is also of prime importance in TERS, as the near-field signal amplitude decreases exponentially with the distance and as any contamination of the tip subsequent to harsh contacts with the sample may compromise the analysis. If the cantilever reflectivity (amount of light received by the photodiode), the resonance characteristics (frequency, quality factor), the sharpness of the tip apex and the imaging conditions (scan rate, scan range, feedback parameters) are critical parameters, the SPM microscope performances can also dramatically affect the structural/compositional imaging sensitivity. Two different microscopes developed by AIST, an inverted microscope with an open piezo stage (PI) and an upright microscope using a piezo-stage developed by AIST, were used in this study. The inverted microscope shows a much lower mechanical stability than the upright one due to its open configuration, but still its use was initially favored, because of the ease of the optical coupling between the tip apex and the Raman laser (probe) for TERS implementation in liquid.

In this new chapter, we will first introduce the two microscopes configurations and the specific requirements for TERS implementation in air and liquid. We will then present the imaging performances (sample structure and composition) of the TERS-active AFM probes in the air and on model samples prepared in house (nanotubes, spherical nanoparticles and nanotriangles), using the two configurations. The sample preparation will be extensively detailed when necessary. We will then conclude on the performances of the TERS-AFM probes in liquid, showing AFM mappings and the first implementations of TERS in liquid.

AFM-TERS configurations

The most frequently used TERS ready setups using AFM feedback for the tip-sample distance control are displayed on 

Side illumination/upright configuration -

The TERS-ready configuration in reflection is optimized for near-field measurements on any kind of sample (opaque samples) allowing a broad range of application but can also be used for co-localized AFM and confocal Raman imaging. The setup combines the use of long-working distance objectives (with NA up to 0.7)

positioned at an angle of 60° respectively to normal plan of the sample. This angle allows the electric field of a linearly polarized laser light to be aligned along the shaft of the tip while minimizing collection of specular light therefore ensures a maximum enhancement of Raman signal and a signal collection efficiency at the tip-sample junction. 143 However, TERS measurements using this configuration constitute a major challenge when implemented in liquid due the distortion of the optical path at the air-liquid interface.

The implementation in liquid of AFM-TERS also brings additional complications related to the AFM feedback mechanism, as solutions have to be developed to suppress or compensate for the optical distortion at the air-liquid interface for both the AFM feedback laser (aligned on the cantilever) and the Raman probe (focused on the tip apex). The AIST-Horiba system uses for measurements in liquids an AFM probe holder carrying a lens to compensate for the different liquid/air refractive indexes, enabling proper focusing of the AFM laser on the cantilever. This plano-convex lens (6 mm diameter, 2 mm thick) extends on a distance much larger than the probe cantilever preventing the use of water dipping objective with short working distance as described in Touzalin's work. [START_REF] Touzalin | Tip-Enhanced Raman Spectroscopy on Electrochemical Systems[END_REF] Note that in the TERS-ready system from NT-MDT, the AFM head carrying both the objective lens and the AFM probe enabling the use of a water-dipping objective through which both the AFM and the Raman lasers are focused to the cantilever and the AFM tip apex respectively as described in Chapter 1. This specific design may impact tough the overall stability of the AFM measurement. The illumination of the tip apex through the transparent / semi-transparent substrate may affect the TERS performance as the far-field contribution is more difficult to cancel out when compared to side illumination. This is especially true when using linearly polarized Raman probes since the principal component of the electric field at the output of the objective lens is aligned in the sample plan and not along the shaft of the vertical tip in close proximity.

Alternatively, a radial polarization kit, providing a longitudinal component of the electric field aligned with the tip apex (after laser focusing through an objective of high numerical aperture) can be used to maximize the Raman signal enhancement at the tip-sample junction (TERS).

Radial polarization converters creates a laser beam with a typical doughnut shape in the sample plane, whose contributions in X and Y sample planes can be visualized using polarizers as seen on the Figure 3.3c.

The inverted configuration was used as an easier alternative to the upright configuration with the illuminated tip below the sample for possible further development of (EC-) TERS measurements in liquid.

AFM imaging performances in the air and in liquid

The imaging performances of the homemade TERS active AFM probes were first evaluated in the air and in the semi-contact mode on various hard nanostructures, i.e. thin gold films (100 nm) deposited directly on flat mica substrates (or glass coverslips) by evaporation, and decorated with nano-objects of different size and shape: multi-walled carbon nanotubes (MWCNTs, 755117-1G, length: 300-2300 nm and diameter: 0.7-1.1 nm, Sigma Aldrich), nanoparticles composed of iron oxides (Fe2O3, 12 nm) or of gold (up to 60 nm) and gold nanostructures, i.e. nanotriangles and hexagons (10 to 25 nm). The nano-objects were deposited from colloidal solutions by either drop-casting or spin-coating. The synthesis protocols of colloids will be briefly recalled.

The properties of the tips (sharpness: radius of curvature an opening angle) were assessed indirectly through the dimensions of the imaged objects (high vs width) extracted from the measurements and their comparison to dimensions deduced from AFM analyses using commercial AFM tips (Mikromash silicon tip, NSC14/AlBS, 160 kHz, 5 N/m, RC: 8nm, full tip cone angle: 40°) or from SEM analyses.

Tip properties and convolution effects

The choice of AFM tip is critical for the successful and accurate tracking of topography, especially when scanning in different AFM modes (contact, intermittent/semicontact/tapping and non-contact). Probe features as tip radius of curvature, tip opening angle and tip geometry determine the accuracy of the imaging process (common radii of commercial AFM probes lay between 10 and 100 nm in a conical or pyramidal shape). Two most commonly observed artifacts in AFM images are "profile broadening" effect, from the tip-sample convolution, and "height lowering" effect due to the elastic deformation of the imaged objects. Hard nano-objets were preferred in the study to soft ones to minimize the height lowering effect. Profile broadening of the imaged objects are due to tip-sample convolution (see Figure 3.4a) and can be generally minimized by using smaller tip radius and lower cone angle providing higher lateral resolution. More accurate topography is obtained when the objects on the surface have small height and ratios with smaller sidewalls angles as compared to the tip. Imaging artifacts will translate differently depending on the tip geometry and scan direction (see Figure 3.4b).

Three different situations can be distinguished depending if the tip radius R is much smaller than the feature radius r, if they are of similar dimensions and if the tip radius is much larger.

 When the tip radius is much smaller than the surface feature curvature radius r -R << r, the object lateral width can be calculated from the equation below, including half cone angle  :

𝑟 𝑐 = 𝑟(cos 𝜃 + √cos 2 𝜃 + (1 + sin 𝜃)(-1 + tan 𝜃 / cos 𝜃) + tan 2 𝜃 (3.1)
The imaged object width is broadened by the 2(rc -r), while the height is conserved (2r). In this case, the convolution effect is the smallest, which results in AFM image as close to the real topography.

 When the tip radius R is approximately equal to the feature curvature radius R  r, the displacement of the tip along the surface of the object can be approximated by the radius sphere R + r. In that case, imaged object lateral measurements are:

𝑟 𝑐 = 2√𝑅𝑟 (3.2)
with the comparative object height:

𝐻 = 𝑟 [1 -√1 - 𝑟 𝑐 2 (𝑅+𝑟) 2 ] (3.3)
 When the tip radius R is much larger than the feature curvature radius R >> r. This part illustrates the most common issue of homemade probe manufacturing process. In this case, AFM images might be highly inaccurate as seen on the 

Imaging of nano-objects in the air in semi-contact mode

The imaging performances of the bulk gold AFM-tip where first evaluated in semi-contact mode ("tapping mode") on the "higher performance" SPM microscope available in our lab (AIST SmartSPM), then on the inverted microscope (AIST Combiscope) more suitable for AFM-Raman coupled measurements in liquid. Nano-objects with various size and shapes were deposited on flat gold surfaces to be imaged.

Gold substrates -Gold substrates were produced either by thermal evaporation of nontransparent 100nm thick gold layers on mica substrates or of semi-transparent thin gold layers (10 nm), on titanium (sputtered: 2 nm) on a glass coverslip (VWR Avantor, pure white Hydrolytic Class 1 glass, 30 mm diameter, 130 µm thick), optimized for the inverted configuration. AFM imaging of gold NTs decorated substrates were then successfully achieved in tapping mode with the bulk gold AFM probes revealing both triangles and hexagons with average width between 0.2 -2.1 µm and height from 10 to 25 nm as displayed in Figure 3.8 and 3.9.

94 Such dimension were confirmed using µMash commercial probes. Different resonance frequencies were screened and initially tested for imaging in tapping mode, resonance frequency below 100 kHz gives usually the best imaging performances, although higher frequency were sometimes picked when landing process turn out to be tedious (piezo scanner oscillation) as exemplified on Gold hexagons were also imaged, revealing height between 10 and 25 nm similar to the one of NTrs, with dimensions around 0.5 µm (see Figure 3.9a and 3.9b). Note that the processing of the image (flattening using n order polynomial fitting) produced with the homemade tip, is not as effective as for the commercial tips, i.e. residual slope and dark background around the nanoobjects, implying that the sample tracking on the fast scanning axis (X) is not perfect at the used scanning rate (1Hz). 

Spherical nanoparticles (NPs) -Spherical nanoparticles of different composition and size

(iron oxides and gold nanoparticles) were then imaged to evaluate the ability of the homemade probes to image weakly bound objects. These particles of different sizes ranging from 12 to 60 nm were also used to evaluate the convolution effect associated with the tip properties. Gold colloidal nanoparticles with increasing sizes (~20 & ~60 nm) were synthetized following a seeded growth protocol developed in LISE 150,151 . The AFM images obtained on the AIST Combiscope in tapping mode reveal different particle sizes (H: 60 nm, W: 200 nm and H: 25 nm, W: 130 nm) with large ratio W/H and a difficulty to track properly the particle contour on the fast axis (X) of the scan as suggested by the elongated shape of the gold particle on the X axis on Carbon nanotubes (CNTs) on gold -Thin multi-wall carbon nanotubes (Sigma Aldrich, 755117-1G) were used without further purification, dispersed into solution and deposited onto a gold surface by spin coating (approximate speed 1000 rpm), CNTs could be detected using the handmade probes in semi-contact mode as seen in Figure 3.12. The AFM images ( 5x 5 µm² and 1 x 1 µm²) reveals elongated objects between 2 and 2.5 nm high coherent with the CNTs characteristics provided by the manufacturer and with a width around 40 nm. Convolution effect -As mentioned earlier the ability to accurately resolve the size and shape of nano-objects strongly depends on the tip characteristics and possible convolution effects.

Aspect ratio A between the object height h and width w A=h/w can be calculated to assess the effect of the convolution on the imaging; low and high A correspond respectively to higher and lower convolution error. When considering tip radius much larger than the feature curvature, small objects are more likely to show larger convolution error. 153,154 Aspect ratio on 10 to 20 imaged surface objects and tip radii were calculated from the apparent dimension of the imaged object (see § 3.2.1) and presented in Table 3.1.

Table 3.1. Average dimensions, height and width, of various nano-object as reported by AFM measurements using homemade tips. The aspect ratio giving an idea of the convolution error is calculated, the tip radius deduced using equation (3.5). While the height of the imaged objects corresponds either to their specification (CNT) or to the dimensions extracted with commercial AFM tips (µMash NSC14), large convolution error is associated with the homemade probes. Note that the lowest aspect ratio, i.e. Partial conclusion -We demonstrated in this part, the ability of the manufactured bulk gold AFM probe to operate under tapping mode, using infrared AFM feedback laser (automatic positioning of the laser on the reflective cantilever). Weakly adsorbed nano-objects, gold nanoplates, spherical nanoparticles and CNTs down to 2.5 nm could be detected and imaged in the air. This is to our knowledge the first demonstration of CNT imaging using such bulk probe made of a ductile material. Pretty large convolution effects were detected though, indicating of either large radii of curvature, non-proper tracking of the surface upon imaging due to unsuitable mechanical properties (mixed deflection/torsion vibration modes of the cantilever at the selected frequency) and wear-out of the tip apex upon imaging, compromising high resolution imaging. However, the primary goal of this study, i.e. to produce bulk metal probe whose the approach to a surface can be controlled and achieved even on non-conductive substrates, is met. This opens up the exploration of their TERS activity presented in the following section.

CNT

TERS activity of bulk metal AFM probes in the air

The TERS activity of fabricated AFM probes in the air was evaluated through spectroscopic characterization of model samples, small object with high cross-section for Raman scattering carbone nanotube (CNT), Raman resonant compounds like Nile Blue dye NB deposited on glass (non-gap mode tip sample configuration) and self-assembled monolayers of non-Raman resonant compounds (thioazobenzene derivative and 4-nitrobenzyl mercaptan: 4-NBM).

The ability of the probe to extract the Raman signature of these compounds was evaluated through the recording of point spectra and hyperspectral composition mapping (one full spectrum per pixel), either using the objective lens scanner enabling the positioning of the Raman probe on the tip apex ("hotspot" screening) or the sample scanner of the AIST microscope (SmartSPM upright or Combiscope inverted microscope).

The TERS activity of the fabricated bulk metal AFM probe was first evaluated in the ambient on the upright microscope (side illumination) which provides an easy optical coupling with the Raman spectrometer when no air/liquid interface is present. We then moved to the inverted configuration and tested several optical improvements like radial light polarization and various high NA objective lens.

Sample preparation

SAM of thio-azobenzenes derivatives -SAMs of 4-[(phenylazo)phenoxy]hexan-1-thiol

(ProChimia, Poland) were achieved following the procedure described by R. Ossikovski et al. 155,156 by immersing gold substrates in a 1 mM ethanolic solution of thioazobenzene for minimum 2 h, followed by soaking/ rinsing for minimum 30 min in pure ethanol to remove any physisorbed molecules. Sample were then dried under an argon flow. 

Deposition of SAM 4-NBM -

Point TERS spectra using side illumination

Using a 100x objective lens (Mitutoyo MY100X-806 -100X Plan Apochromat Objective, 436 -656 nm, 0.70 NA, WD: 6 mm), and a beam splitter enabling optical control and laser focusing, the alignment of the laser on the gold tip apex turned out to be rather straightforward on bulk metal tips (see Figure 3.2 above) as compared to gold-coated silicon tips as the tip shaft is much longer and brighter. By scanning the 633 nm red Raman probe around the apex of the tip (far from the sample and close to the sample) using the piezo objective (accessible scanning range 30 x 30 µm²), a localized hotspot (~500 x 500 nm²) could be imaged for pretty much all manufactured probes tested (some example will be shown after). Polarization and laser beam size -The transfer on our lab Raman set-up of the 633 nm laser from the HR800 Horiba enclosure to an optical bench at the rear of the spectrometer allowed the introduction and the testing of the radial light polarization kit (Arc Optics) described above and of a variable beam expander (Edmund, 2X-8X, VIS, #87-569) to increase the laser beam size (from 3 mm to 7) and match the large dimension of the Nikon objectives pupil. Because of the specific construction of the HR800 Raman microscope (see Chapter 1), the introduction of these optical elements before the rejection filter (reflecting the out coming excitation laser filtering the incoming scattered signal) is important to limits the impact on the signal collection.

Raman signatures of molecular layers -

No clear beneficial effect on the TERS signal intensity nor on the background signal level could observed using the radial polarization kit, although it is globally accepted in the community. 162 However, strong TERS signal has been reported in transmission and linearly polarized laser (electric field perpendicular to the main tip axis) when using largely corrugated tips (obtained by rough deposition of plasmonic materials on silicon AFM probes), which can be explained by localized surface plasmon resonances (LSPR) at nano-size surface features of the tip. 163 This corrugation is difficult to invoke here given the very smooth surface of the tip produced in this study as described in Chapter 2.

The enlargement of the laser beam size did not provide neither better TERS to background signal ratio which can be explained by the divergence of the beam on the long optical path between the Raman microscope and the Combiscope inverted microscope. Note also that the reduce size of the rejection filters (5 mm x 5 mm) installed in the Horiba spectrometer limits considerably the possible tuning of the laser beam size. ) and dry objective (NA = 0.90). A 5x higher signal intensity is recorded with the oil immersion objective. TERS parameters: exc 632.8 nm, laser power ~160 µW (1% of the nominal laser power), acquisition time 4 s, 3 accumulations. Spectra were shifted to ease their visualization.

Oil immersion objective lens -

Note that on the EM-CCD detector (Andor Newton 971) which uses a back-illuminated sensor (CMOS) to improve low signal intensity detection, Fabry-Perot interference between the reflected radiation within the sensor and/or the incoming radiation at the same wavelength can occur, translating into ripples (fringes) on the spectra especially above 1500 cm -1 (see Figure 3.20). This effect is especially pronounced with signal recorded from the inverted configuration where the background signal is always higher than in the upright configuration with side illumination.

TERS activity and Raman probe -

To better understand the plasmonic properties of our tip, the associated TERS activity was evaluated at different wavelength on the inverted configuration using semi-transparent gold coated glass coverslips functionalized with the azobenzene derivative. Our system is indeed equipped with 5 different laser lines (473, 532, 591, 633, 785 nm with different nominal laser powers 20, 50, 50, 16, 90 mW respectively) which can be interchanged automatically. If no TERS signal could be extracted using gold probes at 532 nm, TERS activity could be observed both at 591 nm and at 785 nm. A neat TERS Raman shift (cm -1 )

Oil immersion objective Air objective signature of thioazobenzene could be observed at 785 nm (near-infrared sensitive CCD detector with no electron multiplication: Horiba Syncerity) and with no far-field signal as can be seen on Figure 3.21. The extraction of a TERS signature at 785 nm on a non-resonant molecular compounds in gap-mode, reported for the first time to our knowledge, is striking since Raman scattering at 785 nm is almost 5 times less efficient than that at 532 nm. TERS at 785 nm can be interesting for systems showing strong fluorescence signal at classical 532 and 633 nm excitations used in TERS with silver and gold probes. TERS activity of homemade gold probe using bottom illumination and near-infrared Raman probe -TERS signal of the thiolated azobenzene derivative signal at 785 nm (blue spectrum at the hot spot, red spectrum slightly away) -exc: 785 nm, laser power: ~900 µW (1% of the nominal laser power), acquisition time 4 s, 3 accumulations, CCD detector: Horiba "Syncerity".

Comparison of EF between etched silver and gold probe

TERS signal can be achieved with visible excitations with probes made of materials showing plasmon resonance, the most often reported being silver or gold, or the combination of both.

It has been reported that silver-coated AFM tip provides much higher enhancement signal compared to the gold-coated tip. Zhang et al. [START_REF] Zhang | Experimental Research on the Spectral Response of Tips for Tip-Enhanced Raman Spectroscopy[END_REF] have reported for instance signal enhancement of CNT with the laser wavelength 532 nm to be around 1.5 x 10 3 with silver-coated tips and only 0.4 x 10 3 with the gold-coated tips.

A similar comparison of the TERS enhancement properties of homemade gold and silver tips (see manufacturing process in Chapter 2) has been done in this study. The TERS signal intensity of thioazobenzene and 4-NBM monolayers has been evaluated in the upright )

Near-field Far-field configuration (side illumination) using the same 633 nm Raman probe for both probes. Despite the fact that the etching process for silver has not been fully optimized, the tip apex appears quite sharp, as seen on the optical image recorded through the 100x objective (see Figure

3.22a-b).

As seen on the spectra on the Figure 3.22c-d, TERS signal can be collected with both AFM probes, much higher signal enhancement being observed with homemade silver probes as compared to gold probes (3x and 5x higher on the thioazobenzene and the 4-NBM sample, respectively). If difference in TERS intensity could be interpreted by the larger radius of curvature of silver tips (non-optimized etching process leading to blunt tip apex), such enhancement with silver tips is surprising as plasmon resonance is expected with green (532nm) excitation for silver metal. Partial conclusion -We demonstrated in this section 3.3, the TERS efficiency of the manufactured bulk gold (and also silver) AFM probe and their ability to extract in the ambient and on both configurations (upright & inverted) the Raman signatures (point spectra) of molecular layers and carbon nanotubes at plasmonic junctions (gold sample), at low laser power and short acquisition time (< 0.5 s). TERS signature could be obtained with the handmade probes on the inverted configuration using bottom illumination of the tip apex through semi-transparent substrates, linear polarization of the laser beam and in tapping mode (contrary to the upright configuration and side illumination which requires contact mode). A strong TERS activity of the gold probes using other Raman probe than 633 nm has been also observed, including the near-infrared excitation 785 nm which is of interest for systems with strong auto-fluorescence signal. Although oil immersion objectives provide higher excitation and collection efficiency than dry objectives, strong instabilities and subsequent tip damage (and contamination) caused by the mechanical coupling of the objective and the sample have been observed, preventing its use. The successful implementation of TERS measurements on the inverted microscope using bulk metal AFM probes and semi-transparent gold substrates paves the way to AFM-TERS measurements in liquid (and under electrochemical polarization) which will be presented in the last section of this chapter (and in the following chapter).

TERS mapping performances of bulk metal AFM probes

The ability of the homemade probe to extract and resolve compositions at the nanoscale was evaluated through TERS mapping in the ambient of various substrates in the upright and inverted configuration.

4-NBM derivatized nanostructured gold substrates -AFM-TERS mapping using side

illumination was first acquired in tapping mode on a gold substrate decorated with gold spherical NP (dimension range 20 -60 nm ) and functionalized with 4-NBM. Tapping mode had to be used as the imaging mode "Top-mode" described earlier alternating tapping and contact mode could not be successfully implemented with the homemade probes.

Simultaneous composition and topography mappings were obtained on a 1 x 1 µm 2 area with the resolution of 30 x 30 px 2 and at the scan rate 1.0 Hz. Measured NP height confirmed the NP size of 20 nm. The Raman signature of 4-NBM is observed all across the gold surface but with a slight decrease in intensity on the particle. The observation of a "TERS" signal in tapping mode using side illumination is surprising and contradicts the results presented earlier in section 3. Functionalized gold nanotriangles on glass -To limit the occurrence of contamination by nano-objects (and molecules), large nanotriangles functionalized with 4-NBM were deposited onto glass and imaged by AFM-TERS with both configurations.

Upright configuration / side illumination -A Raman signature of 4-NBM could be extracted in tapping mode upon raster scanning of the tip over the nanotriangles only, as can be seen on Figure 3.25. Note that no contamination of the tip was detected subsequently upon measurement on a pristine gold sample as opposed to the previous example with spherical nanoparticles. The inhomogeneity of the surface signal intensity, i.e. higher intensity at the center of the nanotriangles is however surprising. Note that a similar composition pattern was found at twice the scan rate on the fast axis X (30 x 30 pixels²). If some signal can be recovered on the two particles at the left bottom corner of the image, the small triangle at the right side of the large one is not detected by TERS.

The extraction of a TERS signal in tapping mode on the upright configuration can be explained by the fluctuations of the tip-sample distance (down to the near-field range) during the raster scanning of the probe across the nanotriangles, due to flaws in the AFM feedback control despite the slow scan rate (18 s per line: 60 pixels per line, 0.3 s per pixel). The difficult choice of the resonance frequency to operate the homemade probes (very high here: 210 KHz) could be incriminated here also. This set of data was supplemented by another set of results obtained on the inverted configuration and presented in the following. Improvement in the excitation and feedback associated to the control of the tip-sample distance could be achieved through a proper assessment and control of the tip oscillation amplitude, which with the AIST-NT software is not possible, as the procedure used to calculate the amplitude from the probe characteristics depending on the drive applied to the piezoshaker (the cantilever length is the only input parameter) is not accessible to users. 

First TERS implementation in liquid (point spectra) using bulk metal AFM-probes

The exploration of TERS implementation in liquid is presented in the following on the inverted configuration using semi-transparent gold substrates which can be functionalized with non-Raman resonant self-assembled monolayers (4-NBM and thioazobenzene derivative). The choice of the inverted configuration is motivated by the ease of the tip-laser optical coupling using a bottom illumination/collection while enabling AFM implementation in liquid with bulky liquid tip holder. AFM feedback in liquid -A semi-transparent gold sample was functionalized with the thiolated azobenzene derivative, an O-ring glued on its surface, installed on the sample scanner of the inverted microscope (Combiscope), and covered by some deionized water. The bulk gold AFM probe was attached to the AFM tip holder designed for liquids (see Figure

Prototypes of liquid cells

3.28b).

In water, the automatic AFM laser alignment proceeded successfully as in the ambient with no additional difficulties. A slight drop in the overall intensity reflected on the cantilever to the photodiode was noticed in water, but the signal level is still high enough to ensure a proper regulation of the tip-sample distance. The screening of the resonance frequency of the tip oscillation for tapping mode shows a forest of peak as usually observed in liquids when using piezo driving ("shaker") of the tip oscillation (see 

TERS enhancement in liquid vs in ambient -

The rough optical alignment of the laser on the tip apex though the semi-transparent substrate was as straightforward as in the ambient, as expected with the inverted configuration. The TERS signature of the azobenzene derivative could be successfully extracted in liquid at low laser power (1% of the nominal laser power ~160 µW) as depicted in Figure 3.30 (red spectrum). A 2.5-fold decrease of the signal intensity was observed in water as compared to the ambient. N. Kumar et al. [START_REF] Kumar | Nanoscale Chemical Imaging of Solid-Liquid Interfaces Using Tip-Enhanced Raman Spectroscopy[END_REF] also observed a drop of the plasmonic enhancement in aqueous environment as compared to the air, regardless the configuration gap mode or non-gap mode which they interpret through calculation by the decrease of the electric field enhancement due to the change of dielectric environment between air and water. The level of signal extracted with the bulk gold probes are however high enough to carry out TERS analyses in liquid medium. ) is obtained in the air. 633 nm, laser power ~160 µW, acquisition time 4 s, 3 accumulations.

Conclusion

In this chapter the imaging performances and TERS activity of bulk metal AFM probes developed in this work have been assessed on various samples and configurations (upright, inverted).

Successful tracking of surface nanofeatures or nanoobjects was achieved in the ambient using bulk gold AFM probes and semi-contact AFM imaging mode. The imaging in tapping mode of physisorbed nanoobjects with sizes ranging from 60 nm down to 2 nm, using bulk metal probes made of gold, more ductile than bulk Pt or Pt/Ir probes commercially available (https://rmnano.com/) is to our knowledge unprecedented. A significant decrease of convolution effect upon imaging was observed following the optimization of the etching process procedure of the gold tips leading to smaller radius of curvature (down to do 20 nm according to SEM analyses). However, the imaging performance of the manufactured tips appear to degrade quite fastly upon raster scanning of the tip due to either tip contamination with nanobjects or tip wear (bending). This traduces flaws in the tip-sample distance control, due to non-reproducible mechanical properties of the tip, difficulty to select the proper resonance frequency resulting possibly in mixed vibration modes (deflection, torsion) and to control precisely the cantilever oscillation amplitude. The TERS activity of the manufactured probe (gold but also silver) was then evaluated in the ambient on low cross-section compounds like self-assembled monolayers (azobenzene derivative and 4-NBM) and Nile Blue. TERS signature of non-Raman and Raman resonant compounds could be successfully extracted on plasmonic junctions, i.e. on gold substrates (upright configuration) but also through thin gold layers (inverted configuration). On the inverted configuration, with bottom illumination, strong intensity TERS point spectra could be collected at low laser power and short acquisition time using non optimal conditions, i.e. linear polarization of the excitation probe, dry objective and AFM tapping mode. On the upright configuration, with side illumination, contact mode (drive amplitude set to zero, "To contact" option) was required to observed a TERS response from molecular layers (point spectrum). 3

to 5-fold higher intensity was observed with silver AFM probes with respect to gold ones when using similar excitations conditions (633 nm, laser power, acquisition time).

No TERS signature on glass substrates derivatized with Nile Blue (non-plasmonic junction), could not be observed due to high background signal level. Either, the manufactured probes with smooth tip apex (as opposed to "corrugated" probes) are not suitable for dielectric samples or the sample preparation -probe metal/Raman probe selection were not suitable.

As the main goal of this work is the development of TERS measurements on electroactive substrates, no further effort were engaged on the characterization of non-metallic samples.

The hybrid mode "Top-mode" developed by AIST-NT, alternating tapping mode and contact mode for TERS signal collection at each imaging pixel could not be suitably implemented with the manufactured probes, compromising TERS mapping using side illumination. Tip contamination can explain the possible TERS signal observation in tapping mode using side illumination. TERS imaging in tapping mode on the inverted configuration proved successful although the composition contrast suffers from the flaws in the tip-sample distance control. This chapter will first introduce the system of study 4-NBM, its electrochemical properties and then focus on its characterization by EC-TERS using bottom illumination after a few optimizations of the electrochemical conditions for TERS analyses. We will conclude this chapter by introducing our latest developments enabling EC-TERS measurements with side illumination and some associated preliminary results. . 167,168 Note that the formation of this bond is still subject to debates. In this new study we aim at characterizing the reduction process in both acidic and alkaline media, to assess possible kinetics limitation inherent to the pH-dependency of the reaction mechanism and to possibly capture reaction intermediates.

Note that an alternative (electrochemical) "bimolecular" path, introduced by Gao et al. The EC analyses presented in the following, were obtained on gold disk electrode (as WE)

during electrochemical sequence of approximate scan range between 450 mV to -350 mV in acidic medium and between 0 V and -900 mV in alkaline, with scan rate 50 mV.s -1 . 

Acidic vs alkaline medium -

Optimization of electrochemical conditions for TERS analyses

The aim of the following optimization is to assess the performance of the EC-cell, since this latter is open to the ambient (no environment control) and possibly uses large working electrode area.

4.2.2a -Electrochemical behavior in the ambient

The presence of highly soluble oxygen in aqueous electrolytes is likely to alter the electrochemical response of analytes during electrochemical experiment. To avoid any interference with dissolved oxygen during EC reaction, electrolytes can be purged with inert gas (nitrogen, argon) prior to the measurements. A constant flow of inert gas is usually maintained above the cell during the measurements to minimize further oxygen contaminations. This latter option was tested in this work. Zapon varnish (Laverdure, Paris), which our group uses to partially insulate STM-TERS tips for applications in liquid, was applied on the surface of the gold-coated glass substrates. The size of the working electrode was thereby decreased to a size comparable to the commercial standard gold disk electrode with the diameter of 3 mm (surface of approximately 7 mm 2 ). Zapon varnish was precisely applied onto the sample surface and harden in the furnace at 80°C for approximately 10 minutes. before and after their electrochemical reduction in acidic medium. A potential ramp from +200 mV down to -700 mV with a 2 mV.s -1 scan rate was applied to the sample. The latter was mounted in the home-made 3-electrode cell, which was filled with a 5 mmol.L -1 H2SO4. A 100 nm gold layer, deposited on mica, was used as WE, a platinum ring as CE and a silver wire as pseudo-reference electrode.

TERS measurements were acquired in the ambient, using the home-made gold probes in the upright configuration with side illumination (100x dry objective, NA = 0.7, acquisition time 1 s, 3 accumulations, excitation wavelength 632.8 nm, laser power 1% of the nominal laser power ~160 µW). The TERS spectra in The slight dissimilar structure of 4-NTP and 4-NBM (extra methyl group) explains the small red shift in energy of the main Raman bands. A recent SERS study of W. Koopman et al. 179 showed comparison of band positions between 4-NTP and 4-NBM, assembled on gold nanotriangles. The experimental results of their work showed C-H symmetric band assigned at 1078 cm -1 and 1107 cm -1 , NO2 symmetric stretching at 1332 cm -1 /1334 cm -1 and C=C stretching at 1575 cm -1 /1594 cm -1 for 4-NTP/4-NBM, respectively.

During the reduction process of 4-NBM, additional bands originating from the intermediate 4-HABM (4e -4 H + partial reduction of 4-NBM) are expected, if the reduction is not complete.

CH bending and CN stretching are expected to be seen in the 1110-1200 cm -1 range and NO stretching in the 1300-1400 cm -1 range. However, T. Touzalin suggested that with 4-NTP the very fast conversion (72.5 %) of 4-HATP to 4-ATP in acidic medium prevented its observation by enhanced-Raman.

Upon laser illumination of 4-NTP, 4-NBM self-assembled on SERS substrate, photodimerization, leading to an azobenzene derivative can be expected 179 , especially in the air when using a 532 nm Raman probe. The azobenzene Raman bands have been reported to appear in the region between 1075 and 1200 cm -1 and from 1400 to 1540 cm -1 . Experimentally, the bands were found at 1137, 1383 and 1434 cm -1 , assigned to C-H scissoring, C-N symmetric stretching and N=N stretching vibrations, respectively.

The reference spectra of possible reaction products, extracted from [181], are given in The Table 4.2, reprinted from A. Fiocco's work 181 , gathers the main spectral features of the nitro benzene derivative, of the reduced monomeric forms (hydroxyamino-, nitroso-, and amino) and of the so-called dimeric form (azobenzene derivatives DMMA and DMAB). TERS spectra were initially collected at the OCP to optimize the tip-laser alignment.

Objective mapping was first performed in the electrolyte at the OCP (laser power 160 µW, acquisition time 0.3 s, number of pixel 15 x 15 px 2 ), it shows a localized hot spot as seen on Note that the real-time tracking of the TERS signal of this nitro benzene derivative during the potential exploration represents a noteworthy breakthrough, since our previous study by tip-SERS 142 failed in doing so under similar conditions, as mentioned at the beginning of this The 4-NBM SAM reduction was then recorded over scan range from 0 V to -900 mV vs Pt at a scan rate of 50 mV.s -1 . A first CV was recorded over one full cycle in order to initiate the reduction process, the followings CVs were restricted to the [0; -500 mV] range to focus the analysis on the reversible oxidation/reduction process. TERS spectra were continuously acquired every second, each spectrum therefore covering a 50 mV potential range. The spectra collected during the first CV cycle are presented as a 2D temporal map, seen on Beside, new intense features appear at 1138, 1408, 1452 cm -1 (+ shoulder at 1583 cm -1 ) and could match with the ag-type bands of azobenzene (attributed to the C-N stretching and to the N=N stretching modes). The occurrence of these bands will be further discussed hereafter. Furthermore, the second set of TERS spectra was recorded in the reduced potential range mentioned above. The TERS spectra at the potentials -200 mV, -450 mV and -100 mV, marked in red on the associated CV cycle, are presented in They concluded that while the electro-reduction of 4-NTP proceeds fully towards 4-ATP under IR irradiation, visible light may promote the formation of dimeric products. They reported that dimerization can occur on silver either by direct photo-reduction of adjacent 4-NTP molecules or photoxidation 4-ATP, since the illumination of the surface promotes the metal-to-molecule (or molecule-to-metal) charge transfer. However, gold surfaces have been reported to promote these reactions less efficiently 187,188 . To minimize the occurrence of such photothermal coupling, similar in situ TERS experiments were performed (STM-TERS work of A. Fiocco and AFM-TERS in this work), while the TERS probe kept scanning the sample surface and while the laser power was kept at minimum (~160 µW; 1% of the nominal laser power).

Still the same TERS signatures initially assigned to N=N stretching vibrations, were observed at 1405 and 1450 cm -1 .

SERS chemical effect -For many years the above-mentioned bands have been unanimously attributed to the dimeric intermediates, Kim et al. 189 , however, have proposed an alternative explanation after they carried out SERS study on 4-ATP and DMAB adsorbed on gold, using a 633 nm excitation source and various pH media. They showed that the two compounds, have similar spectral features in alkaline media (not in acidic), although originating from different vibrational modes. In DMAB, they arise from total-symmetric ag-type modes, assigned to the C-N and to the N=N stretching vibrations of dimers, where as in 4-ATP, they consists in b2-type symmetry bands, arising from the π → π* transition ( 1 A1 → 1 B1). As this transition does not match standard Raman selection rules, the b2-mode cannot be detected by classical μRaman analyses on powder or liquid samples. However, once 4-NTP/4-NBM is adsorbed on SERS-active substrates, symmetry-forbidden transitions can be observed as a result of the new electron density distribution. The sample polarization, the excitation wavelength and especially the pH of the medium influence the possible detection of the b2-type mode bands.

For instance, following the protonation of the amino functionality at pH ≤ 4, the bands disappear as the gap between the highest and the lowest occupied molecular orbitals (HOMO and LUMO) is too large for the transitions to be excited in the visible range. The main observations in acid media showed disappearance of NO2 band at 1340 cm -1 , while the alkaline medium revealed a few new bands, possibly attributed to hydroxylamine and dimers (azobenzene DMAB) following Gao's reduction mechanism, although not complete under the mild conditions used in our studies.

EC-TERS implementation on opaque samples

The following section will focus on the in situ TERS implementation using side illumination, which enables the characterization of non-transparent samples to broaden the range of systems to be studied. Toward this aim, a liquid cell prototype designed by Horiba to perform TERS in liquid, using side illumination, was tested in the framework of a collaboration and later modified to add electrochemical features. Associated preliminary results are presented.

Liquid cell design for side illumination

The TERS liquid cell prototype designed by Horiba is equipped with a side glass window (cover slip), tilted at 30° to enable side illumination of the AFM tip apex and signal collection using long distance air objective (Mitutoyo Plan Apo SL Infinity Corrected Objective, magnification: 50x, NA: 0.42, working distance: 20.5 mm). The optical path was corrected by an additional lens, placed in front of the objective, as seen in The electrochemical response of the cell was tested on a gold thin film electrode on mica functionalized with 4-NBM and immersed in alkaline medium (bicarbonate buffer NaOH/NaHCO3). The silver pseudo-reference electrode was replaced by a Pt wire in the carbonate buffer to avoid "uncontrolled" potential shift. The surface of the working electrode is chosen minimal (possible coating with Zapon varnish) to reduce the influence of the uncompensated resistance, while allowing the positioning of the AFM probe liquid holder and of the clip ensuring the electrical contact. 

Laser focusing and hot-spot mapping in liquid

The rough adjustment of the laser position on the apex of the AFM probe in the upright configuration is achieved by manual micro-positioning of the SmartSPM head in front of the objective in all three directions XYZ, via the optical control using two cameras (side and top). Note that upon vertical approach of the sample/cell to the probe, the relative position of the glass window between the tip apex and the side objective (therefore the thickness of electrolyte) is changed, drastically altering the optical alignment. To minimize this problem, an approach sequence at an angle of 25° (Z and X step motors carrying the sample/cell moving simultaneously) has been developed by Horiba to maintained the tip apex-laser alignment upon approaching. This specific approach also allows ones to bring the probe holder as close as possible to the window of the EC-spectro cell, to minimize the thickness of electrolyte between the window and the tip apex, and therefore maximize the TERS excitation/collection efficiency and the ratio near-field/far-field signal. Hybrid mode implementation using commercial probes -In the framework of a collaboration with Horiba, TERS-actives probes prepared by thin coating of plasmonic materials (gold and silver, characteristics not disclosed) were tested to benefit from the use of the hybrid imaging mode ("Top-mode" alternating tapping and contact imaging mode), enabling TERS mapping using side illumination. The probe manufactured by "AppNano" have the following characteristics: "OMNI TERS-SNC-Au-5" -Soft Non-contact TERS Probes (Gold)

Cantilever-L: 150µm, W: 50µm, T: 2µm -f: 150 kHz, Tip H: 12-16µm).

4.4.3b -Electrochemical reduction of 4-NBM using commercial probes

The electrochemical reduction of 4-NBM reduction was first followed by TERS using commercial probes over four CV cycles in alkaline medium (bicarbonate buffer; pH 10.7) at a scan rate of 50 mV.s -1 on a 4-NBM functionalized gold substrate WE (Pt counter and reference electrodes). The characteristic 4-NBM TERS signature with strong NO2 band and ring stretching bands was observed at the OCP in conditions similar to the one used with the home-made probes (λexc = 632.8 nm, laser power ~160 µW and 1 s acquisition). 

As depicted in

Conclusions

In this chapter, we introduced two different set-ups enabling AFM-TERS implementation in liquid and under polarization, respectively on transparent and non-transparent electrodes.

We could demonstrate the robustness of the two configurations, i.e. 3-electrode spectroelectrochemical cells designed for bottom or side illumination, by tracking the potential-dependent chemical signature of a non-Raman resonant molecular compound.

To this aim, we developed semi-transparent gold electrodes, protocols to minimize ohmic drop contributions in large electrochemical cells, and explored the influence of pseudoreference electrodes depending on the electrolyte composition (acidity, concentration of dissolved oxygen).

The strong TERS activity of the bulk AFM probes developed in this study, enabled the collection of strong intensity spectra in situ at short acquisition time (1s), allowing the realtime tracking of composition signatures during potential scans (cyclic voltammetry) performed at scan rates up to 50 mV.s -1 , while exploring highly reducing potentials down to -1 V. If no reactions intermediates (4-HABM and 4-NSBM) could be formally detected/identified during the electrochemical transformation of 4-nitrobenzene mercaptan, the dynamics of band disappearance and appearance could be followed. Together with the progressive disappearance of the nitro group (1340 cm -1 ), we could detect new bands at 1140, 1405, 1450 cm -1 ), similarly to another study (A. Fiocco) performed in our group using EC-STM-TERS. These bands can be assigned to the C-N and N=N stretching vibrations of the azobenzene DMAB (photo-induced) or possibly to the b2-type bands of the amino compounds 4-ABM ) Tip contamination dimensions 90 µm) can be incriminated. The exploration of various cantilever properties was limited by several instrumental constraints: i) relatively short cantilevers being suitable to the cantilever detection scheme of the AIST/Horiba system, ii) only probes with short cantilevers "stabilizing" on sample surface using classical excitations and gain feedback control parameters (the oscillation amplitude could not be evaluated for instance), iii) and shorter nose could not be obtained without impacting the quality of the etching process (uncontrolled immersion of the cantilever). The high stiffness and the relatively high tip height of the manufactured probes constitute major bottlenecks to the characterization of weakly bound nano-objects especially in liquid, as no imaging of nano-objects could be successfully achieved in tapping mode. To circumvent this problem and boost the progress of the project, we initiated discussions with RMN and SATT Lutech in early 2019, after filing of a "Soleau" envelop to explore possible merging of our competence, to produce high quality bulk gold probes with tunable properties. If RMN showed strong interest for the product and its marketing potential, the multiple confinement periods and the on-going licensing of RMN products by Bruker postponed possible collaborative projects. The combination of EC-TERS, using side illumination and environment chambers for the control of the atmosphere, will enable the study of a broad range of functional materials, for catalysis for instance, object of an on-going project in the group developed with Horiba. 
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 11 Figure 1.1. Typical wavelengths of various imaging modalities within the electromagnetic spectrum. Adapted from [9].

Figure 1 .

 1 Figure 1.2. a) SEM image of tip apex of commercial MikroMasch probe (model: HQ:NSC14/AL BS), b) its cantilever schematic drawing (b top) and SEM image of the cantilever (b bottom); c) scheme showing the sample, tip, cantilever and laser deflection measurement system used in most modern AFMs.17

Figure 1 . 3 .

 13 Figure 1.3. Operating modes of the AFM -a) contact mode; b) tapping mode; c) non-contact mode; d) force versus distance curve for different operating modes of an AFM 18 ; (e-f) hybrid mode (PeakForce Tapping -Bruker).

  Platinum/iridium coated AFM probes are scanned in tapping mode over the sample, while illuminated by a focused infrared laser beam. The resulting backscattered radiation, modulated by the tapping frequency (ftap), interferes at an infrared sensitive detector with a reference beam, whose phase is modulated continuously by reflection from an oscillating mirror (fM). The pseudo-heterodyne detection setup utilizes demodulation of the overall IR signal at frequency side-bands n ftap ± m fM (for integers m and n) to supply the background-free amplitude (Sn) and phase (φn) of the IR near-field signal at harmonics n of the probe tapping frequency. The near-exponential dependence of the nearfield interaction versus the tip-sample separation distance implies that signal harmonics at n ≥ 2 are directly attributable to nearfield polarization of the tip in the case of harmonic tapping motion. Contrasts in intensity and phase at these near-field signal harmonics therefore correspond with variations in the local chemical composition of the sample.

Figure 1 . 4

 14 below. Note that the full interpretation of the IR s-SNOM near-field spectra requires modeling as they can differ drastically from far-field FTIR spectra, this limitation has hampered the development of the techniques in the material science community.

Figure 1 . 4 .

 14 Figure 1.4. IR s-SNOM: a) pseudo-heterodyne detection setup using demodulation of the overall IR scattered signal at the platinum tip apex to supply the background-free amplitude (Sn) and phase (φn) of the IR near-field signal at harmonics n of the probe tapping frequency (Neaspec, Germany); b) left: nano-FTIR S2 spectra (2 nd harmonic amplitude of the backscattered field) of pure-phase LiFePO4 and FePO4 microcrystals (symmetric ν1 and antisymmetric ν3 vibrational modes). Right: AFM topography and corresponding infrared near-field amplitude S4 (4 th harmonic) images acquired at (top to bottom) 1087, 1042, and 962 cm -1 for LiFePO4, Li0.5FePO4, and FePO4 crystals. Extracted from Lucas et al.19

  As example, Figure 1.5b-d presents an image showing phage virus that have contaminated a bacteria. However, AFM-IR is not yet adapted to measurements in liquid conditions since most of the signal would vanish, due to IR solvent absorption. In order to circumvent IR absorption by the solvent, Raman approaches are very promising. Those are described in the next section.

Figure 1 . 5 . 21 1

 1521 Figure 1.5. AFM-IR -a) principle of the photo-induced AFM-IR spectroscopy. The IR incident radiation from the laser is absorbed by the material, which expands and triggers an oscillation of the AFM cantilever 22 ; right: AFM-IR chemical mapping showing three infection stages of bacteria with virus; b) uninfected bacteria or in the first step of infection; c) the most advanced state of infection; d) a state of partial infection. 21

Figure 1 . 6 .

 16 Figure 1.6. Simplified Jablonski diagram for most of the vibrational or electronic transitions in the IR to UV light range. IR: Infra-red; AS: Anti-Stokes, R: Rayleigh, S: Stokes; UV: ultra-violet, Vis: visible; Si: singulet state, Ti, triplet state, νi: vibrational state; vs: virtual state; light grey dashed arrow: vibrational relaxation, dark grey dashed arrow: intersystem crossing.

Figure 1 . 7 .Figure 1 . 7 )

 1717 Figure 1.7. Design of a (dispersive) Raman confocal microscope: The microscope is equipped with one or several monochromatic laser sources (Raman probe) with cleaning filters to narrow their spectral emission (bandpass filters and intensity attenuation filters not represented here), a rejection filter to suppress the dominant Rayleigh scattering (green beam), a confocal pinhole to selectively collect photons originating only from the sample focal plane (orange beam), a diffraction grating to spread the Raman photons of different energy (optical transition of the various molecular entities in the sample) on the detector (CCD camera). Image: Edinburgh Instruments.

1. 3 Figure 1 . 8 .

 318 .4. Localized Surface Plasmon Resonance at a nanoparticle In 1908, Mie formulated a famous theory that is commonly used to explain the color of nanoparticle solutions. If visible light with wavelength 400-800 nm is shined onto a spherical metallic object that is much smaller than the wavelength (typically less than 50 nm), the electric field can be considered homogeneous inside the nanoparticle. The applied electric field polarizes the metal constituting the sphere by displacing the free electrons cloud, as shown in As a result, a polarization electric field results inside the NP.
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 18 Figure 1.8. Scheme of a localized surface plasmon (LSP) in a metal nanoparticle.[START_REF] Willets | Localized Surface Plasmon Resonance Spectroscopy and Sensing[END_REF] 

Figure 1 . 9 .

 19 Figure 1.9. Schematic of TERS, SERS and confocal Raman spectroscopy.[START_REF] Touzalin | Tip-Enhanced Raman Spectroscopy on Electrochemical Systems[END_REF] 

Figure 1 . 10 .

 110 Figure 1.10. TERS illumination configurations -Schematic illustrations of laser/probe optical coupling: a) bottom-illumination (inverted SPM microscope, transparent sample); b) side-illumination and c) top-illumination (upright SPM microscope).[START_REF] Handschuh-Wang | Recent Advances in Hybrid Measurement Methods Based on Atomic Force Microscopy and Surface Sensitive Measurement Techniques[END_REF] 

Figure 1 . 11 .

 111 Figure 1.11. Field distribution on a gold TERS tip (R around 10 nm) above gold substrate with three gap distances (Finite element method FEM calculations) of: 1 nm (a), 4.5 nm (b), 30 nm (c). Numbers in the bottom left corner of each image correspond to multiplying factors, adapted to the color scale (on the right); d) electric field confinement from 2 nm to several hundred of nm gap distance. Adapted Becker et al. (2016).43

  There are major challenges to implement TERS in liquids. The first one is that the laser illumination (focusing of the laser beam onto the tip apex) and signal collection through the liquid are not straightforward. In fact, at the liquid/air interface, light refraction deviates the beam, preventing a proper focusing on the tip. Several experimental tricks were implemented to circumvent that issue. In 2009, Zenobi et al.[START_REF] Schmid | Performing Tip-Enhanced Raman Spectroscopy in Liquids[END_REF] used a transparent gold sample and a bottom illumination (inverted configuration) to record the signal of a thiol monolayer self-assembled on gold. This work was followed by Funjinami et al. in 2013 and Van Duyne et al. in 2015 50 .

Figure 1 . 12 .

 112 Figure 1.12. First liquid TERS experiment (2009) -a) depiction of the TERS setup in aqueous environment developed by Zenobi (AFM system, bottom illumination); b) from top to bottom: TERS spectrum recorded on a PhS functionalized gold surface using an EtS-coated silver AFM tip (a), on a clean gold surface (b), with the probe retracted (c) (far-field spectrum corresponding to measurement (a)). (exc: 532 nm, 10 s). Adapted from [ 49 ].

Figure 1 .

 1 Figure 1.13. EC-STM-TERS with side illumination (2015-2016): a) B. Ren's setup using a 4-electrode cell and a bipotentiostat (the insulated STM probe acts as the second working electrode) -The bottom of the sample holder/electrochemical cell is tilted of 10° towards the glass wall of the cell. A long-distance objective can therefore be placed horizontally and illuminate the tip with a 90° angle. Adapted from [ 51 ]; b) K. Domke's setup -The glass window is tilted towards a water dipping objective seprated of the optical window by a thin layer of water. TERS spectra acquired on a polarized gold surface derivatized with anthraquinone-based SAMs. Adapted from [42].

Figure 1 .

 1 Figure 1.14. EC-AFM-TERS (2015) with bottom-illumination: a) depiction of the inverted microscope. Adapted from [50]; b) potential map (right) acquired on the edge of a gold nanotriangle deposited on an ITO substrate,

Figure 1 .

 1 Figure 1.15. EC-TERS with top-illumination configuration: a) EC-STM-TERS -Top, depiction of the setup developed at LISE using a water-dipping objective, a partially insulated STM bent at 45°and a bipotentiostat.Bottom, TERS mapping at fixed polarization (0 V) of a gold substrate functionalized with an azobenzene-derived alkanethiol immersed in 50 mmol.L -1 Na2SO4 spectra extracted from the TERS map across a surface feature (setp). Adapted from[55]; b) EC-AFM-TERS -Top, setup (NT-MDT microscope) using a water-dipping objective guiding both lasers (AFM registration laser illuminating the cantilever and the Raman laser focused on the tip apex). Bottom, potential-dependent TERS spectra of 2.2 nm PANI layer on Au film in 0.1 mol.L -1 HCl solution. Adapted from[53]. Note that in both configurations, a sample scanner is used, so that the tip-laser alignment is not lost upon mapping.
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 116 Figure 1.16. NanoRaman platform in LISE. a) OmegaScope 1000 optical platform carrying a piezo-controlled objective and coupling the upright SPM microscope SmartSPM (on the left) to a LabRAM HR Evolution Raman spectrometer (on the right); b) an inverted SPM microscope (Combiscope) positioned behind the OmegaScope, which can be also optically coupled to the Raman spectrometer.

Figure 1 . 18 )

 118 Figure 1.18) and liquid AFM tip holders (see Figure 1.17) were provided for topography measurements or micro Raman measurements in liquids, those were not adapted to implement STM/AFM-TERS measurements.

Figure 1 .

 1 Figure 1.17. Different AFM-probe holders designed by AIST-NT with the installed probes (with zoomed images below), adaptable for measurements with upright configuration in the air (a), inverted configuration in the air (b) and for measurements in liquid with both configurations (c).

Figure 1 . 18 .

 118 Figure 1.18. Different cells designed by AIST-NT for liquid AFM measurements: a) AFM liquid cell for the upright microscope (SmartSPM, AIST), the bottom of the cell is a polymeric membrane enabling free movement of the sample/piezo stage within the cell attach to the microscope; b) AFM electrochemical cell for the upright microscope, the tip holder closes the cell and carries with a top window (c) enabling the focus of the AFM registration laser on the cantilever and possibly of a Raman probe for microRaman measurements; c) Liquid cell (petri dish) for the inverted microscope (Combiscope, AIST).

  .19a). The next necessary step is to find the resonance frequency of the cantilever and set the amplitude of vibration at this frequency (Figure 1.19b). After choosing the right frequency the Combiscope measuring head, carrying the tip holder is positioned vertically above the Combiscope base with adjusted sampleholder. In the next step, the tip can be finally approached to the sample with the automatic distance control. During the movement, the electronic system measures following signals: the amplitude, phase, normal deflection of the probe and the intensity of the reflected laser beam. When the tip reaches the surface the motor stops and the scanner moves the sample approximately 1 micron away from the tip. After sample approach, the tip is landed on the sample surface, displaying so-called "landing curve" with the magnitude (z) dependence (Figure 1.19c).

Figure 1 .

 1 Figure 1.19. a) Search of the reflective cantilever with the photodiode laser; b) search for the resonance frequency of the cantilever amplitude oscillation by screening of piezo frequency (AC-voltage applied to the piezo actuator integrated into the probe holder); c) "landing" curve (variation of the cantilever oscillation amplitude as a function of the sample-tip apex distance).

Figure 1 .

 1 Figure 1.20. TERS implementation: a) rough alignment of the laser on the apex of the tip by micrometer displacements of the SPM microscope on the optical coupling platform carrying the objective (here a 40x waterdipping objective as used by T. Touzalin); b) the tip is brought in close proximity to the substrate to be analyzed and the position of the "hot-spot" can be identified through raster displacement of the objective piezo-scanner in the XY and XZ plans and simultaneous collection of the scattered signal. The illumination of the tip-sample junction creates a the drastic enhancement of the local electromagnetic field and therefore of the scattered Raman signal (near-field signal); c) the Raman signature of a molecular layer (here a thiolated azobenzene derivative on gold) can be obtained at the exact hot spot location (near-field/TERS signature), no Raman signal is collected away from the hotspot (far-field/microRaman signal).
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 21 below.
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 21 Figure 2.1. Enhancement factor from silver probes with different shapes. a) Discretely arranged grains on a tip; b) rough corrugated granular tip; c) smooth tip.[START_REF] Deckert-Gaudig | Tip-Enhanced Raman Spectroscopyfrom Early Developments to Recent Advances[END_REF] 
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 22 Figure 2.2. Shaping process by FIB-SEM: a) schematic of the tip structure for plasmon nanofocusing, which is composed of a dielectric pyramidal structure and a metallic thin layer on one surface of the pyramidal structure; b) metal deposition and milling by Ar ion by focussed ion beam; c) SEM micrograph of the produced plasmonic waveguide. Adapted from [68].

  on an AFM cantilever (Figure2.3d). Light-plasmon coupler in the form of a grating shaped in the upper area of the tip (10 µm far from the sample) have been also proposed by Verma et al.[START_REF] Umakoshi | Highly Efficient Plasmonic Tip Design for Plasmon Nanofocusing in Near-Field Optical Microscopy[END_REF] . Despite the potential, FIB technique is time consuming and not yet applicable for large tip quantity production.

Figure 2 . 3 .

 23 Figure 2.3. Exotic design of Ag and Au AFM probes for TERS application: a) cone, adapted from[79]; b) optical coaxial antenna adapted from[80]; c) optical antenna with feed gap, adapted from[81]; d) conical photoniccrystal associated with a plasmonic waveguide, adapted from[83 , 84].

  Another important challenge is to prepare TERS-active probes, which can stand measurements in liquid media. As already mentioned, silver coated tips are significantly exposed to fast oxidation, when exposed to the air or to aqueous environment. Moreover, they also show a tendency to mechanically wear out in liquid.In order to improve the mechanical resistance and the attachment ability of deposited metal, different research groups have proposed deposition of an additional adhesive layer onto the AFM probe before tip coating with plasmonic materials. In 2007, Yeo et al.[START_REF] Yeo | Towards Rapid Nanoscale Chemical Analysis Using Tip-Enhanced Raman Spectroscopy with Ag-Coated Dielectric Tips[END_REF] presented different adhesion layers made of either SiO2, SiOx or AlF3 before Ag deposition. Agcoated AFM tips prepared with SiOx adhesion layers showed increased enhancement factor (> 10 3 ) with no indicative difference in morphology of silver layer after exposition in the water, while AlF3/Ag-coated tips resulted in detachment of silver nanoparticles after water exposure (see Figure2.4 below).[START_REF] Schmid | Performing Tip-Enhanced Raman Spectroscopy in Liquids[END_REF] In 2009, Taguchi et al.[START_REF] Taguchi | Controlling the Plasmon Resonance Wavelength in Metal-Coated Probe Using Refractive Index Modification[END_REF] introduced thermal oxidation (∼1000 °C) of silicon AFM probe before silver coating to generate SiO2 layer between the silicon probe and the Ag layer. In 2018, Kumar et al.[START_REF] Kumar | Nanoscale Chemical Imaging of Solid-Liquid Interfaces Using Tip-Enhanced Raman Spectroscopy[END_REF] refined the procedure by deposition of Cr (3.5 nm) and Cr (3.5 nm)-Au (10nm) adhesion layers on 300 nm thermally grown SiO2 before Ag layer (100 nm). Pre-oxidation of silicon cantilever has been also introduced for fabricating Au coated tips. Au-coated AFM probes were produced in 5 steps: pre-heating at 1000 °C for 10 h, deposition of a 50-60 nm thick Au-layer, annealing at 900 °C for 10 h, deposition of another 50 nm Au layer and postheating at 300 °C for 2h. This procedure has shown drastically improved attachment of Au nanostructures and silicon, verified with scotch tape adhesion test, mechanical test with AFM and increased TERS enhancement. The strong adhesion can originate from diffusion of Au into the SiO2 layer upon thermal treatment. Deposition of two gold layers with the combination of intermediate heating promoted the grains growth at the extremity of tip apex and gave beneficial properties for nano-mechanical and nano-optical measurements.[START_REF] Lkhamsuren | Fabrication of Mechanically Stable Au-Coatings on Probes of Atomic Force Microscopes for Nano-Mechanical and -Optical Measurements[END_REF] 
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 24 Figure 2.4. Stability of TERS active Ag-coated silicon probe in liquid -(Left): SEM images of Ag-coated probes with adhesion layer of AlF3 or SiOx; AlF3/Ag-coated tip before (a) and after (b) soaking in water for 1 h, and SiOx/Ag-coated tip before (c) and after (d) soaking in water for 1 h. (Right) TERS measurements of PhS SAM on gold surface in water with acquisition time 10 s; (a) TERS obtained with SiOx/Ag-coated tip in contact with the sample, (b) TERS after measurements in water, performed on a clean Au substrate; (c) far-field spectrum on gold.[START_REF] Schmid | Performing Tip-Enhanced Raman Spectroscopy in Liquids[END_REF] 
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 25 Figure 2.5. Tip protection with silica shell -a) scheme of tip functionalization with MPS, b) followed by the thin silica shell growth in contact with activated silica solution, c) & d) HR-TEM images of Au and Ag tip respectively both protected by the silica layer (2h of growth time) showing thin amorphous silica layer (<3 nm) on Au tip and less uniformed silica layer on Ag tip ; e) STM-TERS measurements using Au@SiO2 (left) and Ag@SiO2 (right) tips: (a) on an Au substrate functionalized with PhS SAM, (b) & (c) on a bare Au substrate after immersion of the tip in a thiophenol solution. The observation of the PhS spectrum attests of the presence of pinhole in the silica when the shell growth procedure is not optimized.[START_REF] Opilik | Chemical Production of Thin Protective Coatings on Optical Nanotips for Tip-Enhanced Raman Spectroscopy[END_REF] 

  Different approaches have been used for obtaining uniform coating, such as direct-current (DC), direct-potential and pulsed electrodeposition. The latter technique was introduced by Bin Ren et al.[START_REF] Yang | Rational Fabrication of a Gold-Coated AFM TERS Tip by Pulsed Electrodeposition[END_REF] in 2015, who investigated the influence of the deposition potential (pulse sequence) and time on the final tip radius and morphology of deposited Au layer. That protocol allows good deposition control, high reproducibility and the highest TERS signal from fabricated probes with radius between 60-70 nm (tested in gap mode). The surface morphology of the coated gold layer can be controlled by the deposition potential (high surface roughness is obtained at high overpotential) and the tip radius can be controlled by the deposition time.

  101 alternatively proposed attachment/immobilization of Au NPs on the AFM tip apex by covalent bonding (Figure 2.6 below). Another technique has been introduced by Walke et al. 102 , showing fast and costeffective fabrication, proceed from silver nanowires attachment by applying a square voltage between the cantilever and a conductive plate in a silver wire solution. The tips exhibited 10 times higher TERS enhancement compared to the electrochemically etched tips and showing more than 90% reproducibility for TERS.
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 26 Figure 2.6. "Single particle" TERS probe: a) schematic procedure of a wet surface-assembly technique for single NP attachment to an AFM tip apex. 101 ; b) SEM image of an AFM tip after functionalisation by a silver nanowire using polarization in a silver nanowire solution. 102

2. 7 )

 7 , combining self-assembly and surface chemistry as proposed byGao et al. (2018) 106 . The silicon probe is first silanized using thiol-terminal silane (MPTS) and immersed in the HAuCl4 aqueous solution containing reducing agents (MPTS and NaBH4).
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 27 Figure 2.7. Wet-chemistry procedure -Precise gold coating obtained by successive hydroxylation of the silicon tip by ozone cleaning, silanization in contact with a mercaptopropyltrimethoxysilane (MPTS) methanol solution and metal deposition by gold salt reduction (HAuCl4) using MPTS and NaBH4.
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 28 Figure 2.8. Pulsed electrodeposition procedure of AFM-TERS probes fabrication. Silicon tips are first etched in a HF buffer solution to remove the native oxide layer and immersed in the electrodeposition bath (KAu(CN)2 potassium citrate, citric acid, sodium phosphate and small amount of additives). Au-coated tips prepared using a sequence alternating deposition (-1.85 V) and recovery potentials (-0.2 V). SEM micrograph of tips after various step time (a) 20 ms, (b) 35 ms, (c) 50 ms. Adapted from [94].

  Electrochemical etching is based on the anodic dissolution of a metal wire in an etching electrolyte. The composition of the etching bath and applied polarization (DC or AC polarization, galvanostatic or potentiostatic) is optimized for every material. A metallic wire, with its diametric size ranging between 100 and 250 μm, is partially immersed in an electrolyte solution called etchant, and positioned in the center of a ring electrode, in a two-electrode configuration, to promote homogeneous dissolution of the wire (Figure2.9a).The etching processes proceed till the immersed part of the wire falls into the solution (Figure2.9c).During etching, the wire diameter progressively decreases at the electrolyte surface along with the lowered position of the meniscus (Figure2.9b), causing tapered profile and sharp apex of etched wire with the approximately 30 nm radius size. The mechanical stability and precise control of polarization sequence are crucial to prevent wire over-etching after its lower part falls down, which leads to a blunt tip profile.

Figure 2 . 9 .

 29 Figure 2.9. Generation of tapered-tip profile by electroetching: a) meniscus formation at the air-liquid interface upon wire immersion in solution; b) the meniscus lowers rapidly during the etching at the 10 VDC as consequence of the diameter reduction of the wire in bulk; c) the slow drop of the meniscus during the etching at 2.4 VDC. The process ends with the detachment of immersed wire leaving a sharp gold tip. 109
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 210 Figure 2.10. Homemade electrochemical etching system developed byKim et al. 110 The enlarged illustration represents the electrochemical etching process with bias applied. The stepper motorized actuator, stepper controller, waveform generator and multimeter are connected to a computer to automate the electrochemical etching process.

Figure 2 . 11 .

 211 Figure 2.11. Modified etching cell ("Beaker" cell) -a) the schematic of the standard (A) and modified (B) electrochemical cells; b) SEM images of tips electrochemically etched in both standard (A-C) and modified (D-F) EC cells at different voltages. 114

Figure 2 .Figure 2

 22 Figure 2.12a, a shift in potential of the gold electrochemical response and the strong oscillation regime is observed in a two-electrode configuration, as compared to a threeelectrode setup. When using a DC polarization (2.2 V) without reference electrode, the potential of the gold wire keeps oscillating and shifting toward higher values, as illustrated onFigure 2.12b.

Figure 2 . 12 .

 212 Figure 2.12. Importance of the potential control during electrochemical etching -a) electrochemical response of a 200 µm-diameter gold wire in HCl/EtOH (V:V, 50:50) in a 2 electrode cell (CE : platinum ring) and in a 3 electrode cell (Ag/AgCl pseudo reference electrode, CE : platinum ring), linear potential sweep: 0-3V; b) evolution during a DC polarization at 2.2V in a two electrode configuration (CE: Pt) of the gold wire potential measured with vs an Ag/AgCl electrode using a high impedance voltmeter. Adapted from Alice Dauphin bachelor report (LISE laboratory, 2014). 120

Figure 2 . 13 .

 213 Figure 2.13. SEM images of EC etched tips by DC voltage with organic buffer layer (iso-octane layer formed on the etching batch surface) at 1.8 V (A) and pulling system out of the solution at a rate 5 µms -1 (B) and 20 µms -1 (C). 114

Figure 2 .

 2 Figure 2.14. a) Typical chronoamperometry graph obtained during etching of a silver wire in concentrated H2SO4 (96 %) at 6 V. 123 ; b) typical chronoamperogram observed during EC etching of Ag microwires at DC voltage 2.0 V in 8 M NH4NO3 aqueous solution. 108

Figure 2 . 15 .

 215 Figure 2.15. Schematic of the steps involved in the fabrication of SECM-AFM tips. 127

Figure 2 .

 2 Figure 2.16. TERS active AFM probes made from bulk metal: a) gold wire (adapted from Snitka et al. 129 ; b) silver wire (50 μm diameter) 130 shaped and glued on a commercial AFM silicon chip.

Figure 2 .

 2 Figure 2.17. TERS active AFM probes made from bulk metal: a) SEM image of produced probe by Kolchuzhin et al. after optimization of the mechanical properties; b) dependences of spring constant of the gold tip on the angle of cone as calculated by FEM. Adapted from [131].

  A 25 µm diameter Au wire (MaTeck, purity 99.99%) was first placed between two glass slides maintained together by two metal paper clips and bent with a cotton swab at a 90° angle along the edge of the glass slide assembly. In the next step the part of the wire, sandwiched between the glass slides, was pressed and flattened using a hydraulic press (see Figure 2.18).

Figure 2 . 18 .

 218 Figure 2.18. Gold wire flattening and bending steps -a) gold wire placed between 2x2 glass slides assembly and protruding of a few millimeters; b) gold wire bent at a 90° angle; c) hydraulic press for wire flattening creating reflective cantilever ( zoomed picture on the right).

Figure 2 . 19 .

 219 Figure 2.19. From 25µm-diameter gold wire to reflective cantilever -a) gold wire before and b) after flattening as observed under the optical microscope.

  .20a-b). The exact positioning of cantilever onto the AFM silicon chip was achieved by precise movement of mechanical positioner in all three directions (x, y, z) under video control (Teslong endoscopes). The cantilever was glued on the chip, using a two-component epoxy glue. A small drop of glue was deposited (Figure2.20d) with the tip of a needle on the top surface of the flattened wire and at some distance from the chip edge to avoid the glue to spread on the flexible part of the cantilever. Note that the glue spread by capillarity at the interface of the wire and the silicon chip till the edge of the chip. The glue was left to dry for approximately 10 minutes, before the chip could be manipulated (and the wire detached from its support).

Figure 2 . 20 .

 220 Figure 2.20. Cantilever immobilization on AFM silicon chip -a) "gluing station" equipped with micro camera and mechanical positioner; b) approach and positioning of the flattened wire attached to its support on a recycled silicon AFM chip; c) flattened gold wire positioned on the chip before gluing (the non-flattened part of the wire bent at 90° is facing up), d) drop of two-component epoxy glue deposited at some distance from the chip edge.

Figure 2 . 21 .

 221 Figure 2.21. Etching process in a drop -a) glued Au wire on the standard AFM chip positioned in the middle of the Pt ring CE (4 mm diameter); b) optimization of the immersion depth in the HCl /EtOH solution to limit the final length of the "nose" (tip height) after etching ; c) & d) bulk metal probe before and after EC etching respectively.

  applications. The bulk wire was etched in beaker cell, containing 5 mL etching solution of hydrochloric acid and absolute ethanol in the volume ratio 1:1. The same procedure has been applied for fabrication of AFM probes. The large volume of etching solution, initially used in a beaker cell, was replaced by a single drop, deposited in the Pt ring electrode above a hydrophobic support (PTFE). This allowed to minimize the fluctuation of solution meniscus height during EC etching and therefore a better control of the immersion depth of gold wire to be etched (see Figure2.22). The drop of a freshly prepared etching solution was replaced for each manufactured probe. The AC etching sequence mentioned above, produced tips with an etching time of only few seconds. The optimized etching process yielded probes with a cone shape, smooth probe surface and smaller radius of curvature.

Figure 2 . 22 .

 222 Figure 2.22. Etching set-up for bulk metal AFM-TERS probes: a) beaker-cell initially used; b) optimized setup using only a drop of etching solution (zoomed setup to the right). A cut-off voltage box disconnects the Pt ring counter-electrode and interrupts polarization for precise etching termination. The 3-electrode setup (WE: gold wire/future tip; CE: Pt ring; RE: Ag) is contained in a drop of solution for better control of the immersion depth of the wire to be etched.

Figure 2 .

 2 23 below, different tip shape provides different profile from the same object. Common radii of commercial AFM probes lay between 10 and 100 nm 135 in a conical or pyramidal shape. The etching procedure was optimized in this work to better control the tip ROC and opening angle.

Figure 2 . 23 .

 223 Figure 2.23. Influence of the tip shape on the AFM imaging performance: a) comparison of the real probe geometry with measured signal; b) AFM measurements of the 2D-calibration structures with three different tip shapes (SEM images below; (a) high-aspect-ratio tip (NanoSensors AR5-NCHR); (b) silicon tip (NanoSensors NCH); (c) silicon nitride tip. Adapted from [136].Optimization of gold tapered profiles -The influence of the current range and cut-off voltage values, used during the electrochemical process on the produced tip, were first evaluated. First, the current range of the potentiostat was set to 100 µA and the cut-off voltage values to 5 and 10 mV. This step resulted in tips with too large radius size and moreover, without consisted radius size among final tips. In the second step, current range was set at 10 µA with cut-offs 5 mV, 10 mV, 20 mV, 80 mv and 100 mV. For each combination of current range and "cut-off" values, the set of etched tips was first analyzed via SEM to closely observe their morphology and shape. All final tip apex profiles are shown on the SEM

Figure 2 . 24 .

 224 Figure 2.24. Automatic detection of reflective cantilever -a) detection of the contour of the cantilever by the AIST system; top view of cantilever (10x magnification) and reflectivity image obtained by raster scanning of the probe holder below the IR registration laser: b) & c) homogeneous reflectivity of homemade cantilever, d) & e) inhomogeneous reflectivity of homemade cantilever, f) & g) homogeneous reflectivity of commercial cantilever (Mikromash NSC14).

3 )

 3 Typical values of commercial AFM probes made of silicon, are E = 168.1 GPa and Si = 2.33x 10 3 kg.m -3 (for gold E = 79 GPa and density Au = 19.3 x 10 3 kg.m -3 ). The commercial AFM probes, which were further used for evaluation of AFM imaging quality on nano-objects, were featuring pyramidal silicon tip with approximate cantilever length of 125 µm, width 25 µm and thickness 2.1 µm.A desirable resonance frequency can be achieved by adjusting the cantilever length, thickness and width in the manufacturing process. Higher resonance frequency can be accessed by decreasing the cantilever length and increasing the thickness. "Nose + tip" of the probe also add to the average probe weight and affect overall imaging quality, and should not exceed the size of 100 µm or the size of cantilever length. Cantilever and nose/tip dimensions are even more critical when operating in liquids, where fluid dragging reduces the quality factor of large cantilevers.Cantilever geometry -The average parameters of the cantilevers, manufactured in this study, were of length size between 100 -120 µm, width between 90 -100 µm and thickness around 5 (4-6 or 5.77) µm. In contrast, hand-fabricated AFM-SECM probes by Zhang et al. were reported with the average cantilever thickness around 20 µm and width of 100 µm.133 The average "nose + tip" length in the manufacturing process of homemade probes was obtained between 90 -105 µm. With the average cantilever length up to 110 µm, the fabrication process filled the requirement of "nose + tip" size vs cantilever length. Homemade probe with most common cantilever dimensions are seen on Figure2.25 below.

Figure 2 . 25 .

 225 Figure 2.25. SEM images of manufactured probe showing cantilever length, width (b) and thickness (c).

  Resonance frequencies of hand-made probes in this work were obtained in the AIST-NT SPM control software, by varying the frequency excitation or "drive" (35 -250 kHz) of a piezo element ("shaker") integrated in the probe holder and measuring the amplitude of the cantilever oscillation on the photodetector.

Figure 2 .

 2 26a-b below shows resonance frequency spectrum of one homemade probe in the air and in liquid (water),

Figure 2 . 26 .

 226 Figure 2.26. The resonance frequency curves of homemade probes in the defined range (35-250 kHz) in the air (a) and in water medium (b) on the AIST-NT/Horiba system.

Figure 2 .

 2 27 below shows a common resonance peak from a homemade probe with the quality factor of 138. Q-factor might be optimized through the probe manufacturing process, by adjusting the mass and controlling the position of the cantilever and the amount of glue deposited.

Figure 2 . 27 .

 227 Figure 2.27. Resonance frequency of homemade AFM-TERS probe with calculated quality factor in the air.

  and 60 with the average rate of 45, when implemented in liquid environment (statistic made from 10 different homemade probes). The Figure 2.28 below shows resonance frequencies with calculated quality factors of commercial AFM silicon probe (Figure 2.28a) and hand-made AFM-TERS probe (Figure 2.28b) in liquid environment, where commercial tip exhibits resonance frequency of sharper profile and higher quality factor. For comparison, Zhang et al. 133 reported quality factor of 32 value, for handmade AFM-SECM probes in liquid environment (see Figure 2.29).

Figure 2 . 28 .

 228 Figure 2.28. Resonance profile in water medium with calculated quality factors: a) of commercial AFM silicon probe; b) of the hand-made AFM-TERS probe.

Figure 2 .

 2 Figure 2.29. Resonance frequency of home-made AFM-SECM probe in liquid solution (aqueous 1 M NaClO4) from Demaille's group. 133

Figure 2 . 30 .

 230 Figure 2.30. Bulk metal AFM-TERS probe made from silver wire: a) glued silver wire partially flattened and bent at 90° (wire facing up) on a commercial AFM chip (before etching); b) SEM micrograph of the etched silver wire.

Figure 3 . 1 ,

 31 i.e. bottom illumination (on an inverted microscope) and side or top illumination (on an upright microscope). Each of these configurations have benefits, drawbacks and specific requirements in terms of light focusing (type of objective lens) and light polarization (linear, radial), and of sample preparation (opaque vs semi-transparent).

Figure 3 . 1 .

 31 Figure 3.1. Scheme of three commonly used setups for (AFM-)TERS applications; a) bottom-illumination; b) sideillumination; c) top-illumination. An extra configuration using parabolic mirror is not presented here as not often used.

Figure 3 . 2 .

 32 Figure 3.2. Laser alignment in the ambient on the tip apex of homemade probe with different tapered profiles (gold tip with small (a) and larger (b) "opening" angle) and silver tip (c)), using a side illumination through a long distance dry 100x dry objective (Mitutoyo MY100X-806, 100X Plan Apochromat WD = 6mm, NA = 0.7) represented on scheme (d) (depiction of the upright microscope configuration with side illumination).

Figure 3 . 3 .

 33 Figure 3.3. Inverted TERS configuration with bottom illumination -a) laser alignment and focusing on the homemade gold tip is achieved in the air through a semi-transparent gold sample using a bottom illumination and optical access; b) thioazobenzenes derivatives assembled on semi-transparent gold thin films can be studied by TERS in the so-called gap-mode (molecule at the metal/metal junction; c) to maximize the contribution of the longitudinal component of the electric field along the shaft of the tip vs its in-plane component, a radial polarization kit combined with a high NA objective lens can be used, giving rise to a typical doughnut shapes which the X and Y contribution of which can be visualized using polarizers.

Figure 3 . 4 .

 34 Figure 3.4. Convolution effects -a) influence of the tip properties (geometry, cone angle), b) from left to right -Top view SEM image of rigid sapphire cylinder protrusions; plane view AFM image of cylinder obtained by pyramid tip and quadrilateral pyramid tip. Images adapted from [145].The AFM scan was run from right to left.
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 3535 Figure 3.5. Convolution effects -a) Tip radius is much smaller than the surface feature curvature radius r -R << r (only the imaged object high is inaccurate); b) Tip radius R is much larger than the feature curvature radius R >> r (both width and high can be inaccurately measured). Images taken from [148].

Figure 3 . 6

 36 below shows the ability of the home-made AFM-tips to track and reveal in tapping mode the topography of both gold surfaces. The thick gold sample show surface inhomogeneity with large surface grains (roughness -Root Mean Square (RMS): 1.3 nm) whereas the thin gold sample (probed on the inverted microscope) look extremely smooth (RMS: 0.7 nm). The roughness of thick gold samples is still compatible with the observation of nanoobjects as will be demonstrated below. Note that despite the very thin layer of gold, semi-transparent substrates show an electrical continuity and a low resistivity(30 -40 Ω) compatible with the implementation of electrochemical measurements.

Figure 3 . 6 .

 36 Figure 3.6. Homemade probe performance -a) AFM topography of 100 nm thick gold film on mica and associated cross section (b) (RMS: 1.3 nm). AIST SmartSPM, scan range 5 x 5 µm 2, resolution 256 x 256 px 2 , scan rate 0.8 Hz, resonance frequency 185 kHz. c) AFM topography of 10 nm thick gold film on glass (2 nm titanium adhesion layer) and associated cross-section (d) (RMS: 0.7 nm). AIST Combiscope, scan range 1 x 1 µm 2, resolution 256 x 256 px 2 , scan rate 1 Hz, resonance frequency 70.5 kHz.

Figure 3 . 7 .

 37 Figure 3.7. SEM Images of gold nanotriangles (equilateral NTrs with truncated edges) deposited on gold with an average size between 0.5 -2 µm (SEM parameters: acceleration voltage 10.00 kV, InLens detector, WD = 4.5 -5.1 mm, magnification= 50 -100 K).
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 38 Figure 3.8. Homemade probe performance -AFM topography in tapping mode in the ambient of gold nanotriangles on gold (SmartSPM upright microscope, resolution 256 x 256 px 2 , scan rate 1.0 Hz); a) resonance frequency 79 kHz, scan range 10 x 10 µm 2 ; b) resonance frequency 75 kHz, scan range 2 x 2 µm 2 ; c) resonance frequency 54 kHz, scan range 1 x 1 µm 2 ; d) resonance frequency 69 kHz, scan size 1 x 1 µm 2 ; e) resonance frequency: 64 kHz, scan range 5 x 5 µm 2 , and f) cross section of 10 nm height and dimension size 2.4 µm taken from (e).

Figure 3 . 9 .

 39 Figure 3.9. Homemade probe performance -a) AFM topography of gold hexagons on glass in tapping mode (SmartSPM) in the ambient -a) homemade tip with associated cross section (b) of NTr and hexagon width 1.3 µm and height 11 nm (scan rate 1.0 Hz, scan size 3 x 3 µm 2 , resonance frequency 75 kHz); c) topography obtained with commercial tip µMash NSC14 (scan rate 1.0 Hz; scan size 2 x 2 µm 2 ; resonance frequency 183 kHz) with associated hexagon cross section (d) showing similar height as acquired with homemade probe (10 nm).
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 3310 Figure 3.10. Large W/H ratio 3-7 are also observed for these smaller particles.
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 310 Figure 3.10. Homemade probe performance -AFM topography of gold spherical nanoparticles (NPs) in tapping mode (Combiscope inverted microscope) in the ambient with resolution 256 x 256 px 2 and scan rate 1.0 Hz. a) 10 x 10 µm 2 AFM image (resonance frequency 91 kHz) and associated cross-section, (b) 25 nm height, 130 nm

Figure 3 . 11 .

 311 Figure 3.11. Homemade probe performance -AFM imaging in tapping mode (SmartSPM upright microscope) in the ambient of iron oxide NPs deposited on gold: a) AFM image 5 x 5 µm 2 (resolution 256 x 256 px 2 , scan rate 0.8 Hz, resonance frequency 40.3 kHz) and cross section with the height range from 10 -17 nm; b) AFM image 3 x 3 µm 2 and cross sections revealing large convolution effects on the extracted width of the two particles (80-130 nm).

Figure 3 . 12 .

 312 Figure 3.12. Homemade probe performance -AFM topography of CNTs on gold in the air (SmartSPM upright microscope); tapping mode, resolution 256 x 256 px 2 , scan rate 1.0 Hz: a) scan size 5 x 5 µm 2 , resonance frequency: 96 kHz, b) scan range 1 x 1 µm 2 , resonance frequency 104 kHz; c) scan size 1 x 1 µm 2 , resonance frequency 96 kHz with associated CNT cross-section (d) (2.5 nm height, 40 nm width), e) scan range 1 x 1 µm 2 , resonance frequency 57 kHz with associated CNT cross-section (f) (2 nm height, 110 nm width), g) scan range 0.5 x 0.5 µm 2 , resonance frequency: 96 kHz with associated CNT cross-section (h) (2.5 nm height, 32 nm width), i) scan size 1 x 1 µm 2 , resonance frequency 118 kHz with associated CNT cross-section (j) (2.5 nm height, 80 nm width).

  extremely large convolution effects are observed for CNT and iron oxide particles samples which were imaged in the early phase of this work using probes elaborated with a nonoptimized etching procedure (cut-off value Chapter 2 § 2.3.1). Gold nanoparticles imaged using tips produced through the optimized etching procedure still reveal important convolution effects, the calculated tip radius being 4 to 5 time larger than the one extracted from SEM.Such discrepancy can be explained by the degradation over time of the tip tapered profile upon imaging, in the situation where the mechanical properties of the homemade probe do not allow a precise and fast feedback control of the tip-sample distance. To assess the possible wear of the tip upon imaging, some tips were examined by SEM after imaging of glass substrate decorated with 20-60 nm spherical gold nanoparticle. SEM reveals a radius of curvature of the tip of 130 nm much higher than the one expected with the optimized etching procedure but in agreement with the one deduced from the aspect ratio (h = 23 nm, w = 160 nm) of the surface nano-objects (see Figure3.13) confirming the possible degradation of the tip during raster scanning of the glass surface.

Figure 3 .

 3 Figure 3.13. a) AFM image of a gold spherical nanoparticle deposited on a glass substrate (width: 160 nm, height: 23 nm); b) SEM image of the tip after the AFM measurements: radius of curvature: 130 nm and half-cone angle of 23.

  SAMs of 4-nitrobenzyl mercaptan (4-NBM: Sigma Aldrich) were prepared following the procedure described by T.Touzalin et al. 142 (developed for 4nitrothiophenol: 4-NTP) by contacting a gold substrate in a 0.1 mmol.L -1 ethanolic solution of 4-NBM. The gold plates were incubated in the solution for approximately 3 hours and rinsed afterwards in pure ethanol for 30 minutes.Deposition of NB -The sample was prepared by soaking the substrate (gold and glass) in a 10 µM ethanolic solution of Nile Blue perchlorate (Sigma Aldrich) overnight following the procedure of P. Van Duyne et al.149 The NB excess was removed by immersion in 20 mL of pure ethanol for 20 min.

1 (

 1 Using regular tip approach and landing in tapping mode, no Raman signature of the probed sample could be extracted as the tip apex is only a fraction of millisecond in close proximity with the sample considering an amplitude of 10 nm and a resonance frequency around 100 kHz. An option "To contact" available on the AIST soft stops the oscillation drive of the probe cantilever and changes the feedback control to "deflection" measurements, enabling immediate switching between tapping mode and contact mode, the normal force (set-point) of which can be adjusted. When switching from tapping mode to contact, strong and neat Raman signal could be recorded for all the abovementioned samples as illustrated on Figure3.14b-d, even at low laser power (1 % of the nominal laser power, i.e. 160 µW down to 1.6 µW) and short acquisition time (1 s down to 0.1 s). Raman signatures could be extracted on a specific point of a sample while the probe stays engaged, for the thiolated derivatives azobenzene and 4-NBM as well as for NB dye deposited on gold surfaces. Note that this fast transition from tapping mode to contact mode is at the base of the hybrid imaging mode developed by Horiba, i.e. "Top-mode", to perform TERS imaging (seeChapter 4). This neat transition between "no signal" and "strong signal" upon slight change of the tipsample distance is the ultimate proof of the effective extraction of a near-field optical signal, i.e. of a TERS signal (when not using bottom illumination). Note that the flat spectral signature visible on the three spectra (b) (c) and (d) when the tip is in close vicinity to the substrates in "To contact" mode implied that no far-field signal, i.e. no µRaman signal is collected under the acquisition conditions (low laser power, short acquisition time). Note that possible contamination of the tip (molecular adsorption) is verified after the measurements. By bringing the tip in close contact with a bare gold surface, the signature of the contaminant in the tip-gold junction is enhanced and immediately observed.As seen on the TERS spectrum (Figure3.14b), the azobenzene derivative displays several characteristic Raman bands: a band with strong intensity at 1143 cm -1 (C -N stretching mode), a band with medium intensity at 1184 cm -1 (C -C stretching mode), a characteristic triplet of strong intensities, involving a band at 1443 cm -1 (N=N stretching mode) and two bands at 1415 and 1465 cm -1 (ring deformations), and a broad band with medium intensity at 1590 cm -aromatic ring breathing).[157][158][159][160] For 4-NBM, only three major bands are acquired in the Raman spectra: a band at 1107 cm - 1 , assigned to CH bending, characteristic signature of symmetric NO2 stretching at 1340 cm -1 and 1590 cm -1 band, belonging to ring stretching (Figure3.14c). Nile Blue shows a characteristic Raman band of strong intensity at 591 cm -1 (Figure 3.14d). Moreover, the hotspot screening shown on Figure 3.15 realized by hyperspectral mapping of the tip-sample junction using the objective scanner, reveals a strongly localized signal of the SAM, typical of a TERS signature.

Figure 3 . 14 .

 314 Figure 3.14. TERS activity of homemade probe with side illumination -Spectral signatures in the air of functionalized gold substrates upon approach of a bulk gold homemade probe illuminated with a 632.8 nm laser probe (side illumination, upright microscope, linear polarization); a) in the side illumination TERS set-up, the TERS-active probe has to be in close contact ("To contact" mode) with the sample (here a thiolated derivative of azo-benzene) to extract a TERS signature. The recording of Raman signatures successively in semi-contact mode (tapping mode: red) and contact mode (blue) enables us to distinguish the far and near-field contributions; Raman signatures of b) thioazobenzene derivative on gold (laser power: ~160 µW (1% of the nominal laser power), acquisition time 1 s, 4 accumulations); c) 4-NBM on gold (laser power: ~160 µW (1% of the nominal laser power), acquisition time 1 s, 3 accumulations) and d) Nile Blue (NB) dye on gold (laser power 16 µW, 0.1% of the nominal laser power), acquisition time 1 s, 4 accumulations).

Figure 3 . 15 . 3 . 16 .

 315316 Figure 3.15. Hotspot screening in the ambient with side illumination: a) 2 x 2 µm 2 X,Y objective map on azobenzene SAM on gold with associated TER spectra (b) -laser power 160 µW (1% of the nominal laser power), acquisition time 0.3 s); c) 5 x 5 µm 2 X,Y objective map on 4-NBM on gold with associated TER spectra (d) -laser power ~160 µW (1% of the nominal laser power), acquisition time 0.3 s.
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 31633 Figure 3.16. TERS activity of homemade probe with side illumination -Gold functionalized with azobenzene and further decorated with CNTs: a) AFM topography in the air recorded in tapping mode (scan rate 1.0 Hz, scan range 1 x 1 µm 2 , resonance frequency 97 kHz); b) point TERS spectra on a CNTs (red) and slightly away in lateral position (thioazobenzenes SAM signature in blue) -Raman probe 632.8 nm, laser power ~160 µW (1% of the nominal laser power), acquisition time 4s, accumulations 3, "To contact" mode.

Figure 3 . 17 .

 317 Figure 3.17. TERS activity of homemade probe using bottom illumination on Nile Blue on gold (a and b) and of 4-NBM on gold (c and d) -a) and c) XY objective scanner mapping 5 x 5 µm 2 ; b) and d) spectra extracted from the maps a and c respectively, at the exact hotspot location (blue) and slightly away (red). Dry 100x objective, exc 632.8 nm, laser power: ~160 µW (1% of the nominal laser power), acquisition time: 0.3 s.

Figure 3 .

 3 Figure 3.18. NB on glass with side illumination in the ambient -Spectra in blue showing NB signature obtained with homemade gold probe -632.8 nm, laser power ~160 µW (1% of the nominal laser power), acquisition time 1s -and in red showing NB band acquired in the far-field -632.8 nm, laser power ~16 µW (0.1% of the nominal laser power), acquisition time 1s.

Figure 3 .

 3 Figure 3.19. TERS activity of homemade probe using bottom illumination and CNT decorated glass substrate: a) 2 x 2 µm 2 hotspot imaging (XY objective scan), b) Raman spectra at the exact hotspot (blue spectrum) and slightly away (red) showing characteristic CNT D-band (1350 cm -1 ) and G-band (1590 cm -1 ) (blue spectrum). 100x air objective, exc 632.8 nm, laser power 160 µW, acquisition time 0.3 s.

  To ensure an optimal excitation and collection efficiency of the TERS signal though thin glass coverslips, an oil immersion objective with very short working distance (NIKON Plan Apo 100X, N.A. 1.45, W.D. 0.13mm, Lambda oil immersion objective) and oil whose the refraction index ~1.5 matches the one of glass(1.52) allowing minimization refraction at optical interfaces and offering large angle of collection (N.A.1.45) was acquired, tested and compared to a dry objective. TERS signal intensity of the azobenzene derivative observed with oil immersion objective shows a five-fold higher signal compared to the spectra signal obtained with the air objective 164 as displayed on Figure3.20, highlighting the importance of the air-glass interface suppression and of high signal collection angle. The increase of the TERS signal intensity using oil immersion objective is however at the expense of the AFM stability, as a mechanical coupling between the sample and the objective through the thin layer of oil impacts the regulation of the tip-sample distance upon imaging (even during objective scans), causing tip damage upon repeated crashes.

Figure 3 . 20 .

 320 Figure3.20. TERS activity of homemade probe using bottom illumination -Raw TERS spectra of thioazobenzenes on semi-transparent gold-coated glass coverslips in inverted configuration recorded with two different 100x objectives: oil immersion (NA = 1.45) and dry objective (NA = 0.90). A 5x higher signal intensity is recorded with the oil immersion objective. TERS parameters: exc 632.8 nm, laser power ~160 µW (1% of the nominal laser power), acquisition time 4 s, 3 accumulations. Spectra were shifted to ease their visualization.

Figure 3 .

 3 Figure3.21. TERS activity of homemade gold probe using bottom illumination and near-infrared Raman probe -TERS signal of the thiolated azobenzene derivative signal at 785 nm (blue spectrum at the hot spot, red spectrum slightly away) -exc: 785 nm, laser power: ~900 µW (1% of the nominal laser power), acquisition time 4 s, 3 accumulations, CCD detector: Horiba "Syncerity".

Figure 3 . 22 .

 322 Figure 3.22. Compared TERS activity of homemade silver and gold probes -(a) & (b) laser alignment with side illumination on homemade Ag and Au probe apex respectively.Comparison of TERS signal intensity obtained on SAM-derivatized gold samples with the gold and silver tips with side illumination in the ambient: c) thioazobenzene SAM (3x higher signal with silver tip, band at 1141 cm -1 ), d) 4-NBM SAM (5x higher signal with silver tip, band at 1335 cm -1 ). Point TERS spectra, 632.8 nm, laser power ~160 µW, acquisition time 4 s.

3 . 2 .

 32 Point TERS spectra of 4-NBM were indeed obtained only in the contact mode. The non-perfect tip sample distance control upon raster scanning of the probe and/or a possible tip contamination can explained the extraction of a Raman signature of 4-NBM using side illumination, even in tapping mode. Possible tip contamination explaining such discrepancy was evaluated on a pristine gold and confirmed by the observed signature 4-NBM signal (spectrum on the Figure 3.23d below), indicating that the raster scanning of the tip induces harsh contact of the tip with the sample.

Figure 3 .

 3 Figure 3.23. AFM-TERS mapping in the ambient of a gold substrate decorated with AuNP and functionalized with 4-NBM (upright microscope / side illumination) -a) 1 x 1 µm 2 AFM topography of gold spherical NP on gold obtained during TERS mapping (30 x 30 px 2 , resonance frequency 89 kHz, scan rate 1 Hz); b) TERS map obtained by integration of the 1335 cm -1 band intensity (exc = 633 nm, ~160 µW: 1% of the nominal laser power, acquisition time 0.3 s, 1 accumulation, magnification x 100, resolution 30 x 30 px 2 ,); c) point TERS spectra of 4-NBM signal on gold NP and gold substrate with spectra associated with red points on TERS map (b); d) TERS spectrum on pristine gold showing tip contamination after TERS mapping of 4-NBM derivatized substrates (acquisition time 4 s).

Figure 3 . 24 .

 324 Figure 3.24. SEM images showing tip contamination with nanoparticles (a-c) and tip damage (d) caused from AFM-TERS imaging.

  a

Figure 3 .

 3 Figure 3.25. AFM-TERS mapping in the ambient of gold nanotriangle (NT) deposited on glass coverslips and functionalized with 4-NBM (upright microscope / side illumination): a) 4 x 4 µm 2 AFM topography (tapping mode, high resonance frequency 210 kHz, scan rate 1.0 Hz, resolution 256 x 256 px 2 ), insert 30 x 30 px² AFM image ; b) TERS map (exc = 633 nm, laser power 160 µW, acquisition time 0.3 s, accumulation 1, resolution 60 x 60 px 2 ) by integration of the 1340 cm -1 band intensity; c) TERS spectra extracted from the TERS map (b) with blue and red spectra corresponding to tip position on NT and on glass substrate respectively.

Figure 3 .

 3 Figure 3.26. AFM-TERS mapping in the ambient of gold nanotriangle (NT) deposited on glass coverslips and functionalized with 4-NBM (inverted microscope / bottom illumination): a) AFM topography, b) corresponding TERS mapping by integration of the band intensity highlighted in blue in (c) (exc = 633 nm, laser power ~160 µW, acquisition time 0.3 s, accumulation 1), c) individual spectra extracted from map (b) at location indicated by colored markers. Serie I): tapping mode, resonance frequency 106 kHz, scan rate 1.0 Hz, resolution 256 x 256 px 2 ), insert 30 x 30 px² ; serie II): tapping mode, resonance frequency 59 kHz, scan rate 1.0 Hz, resolution 256 x 256 px 2 ), insert 30 x 30 px². Tip contamination is observed on this second sample.

Figure 3 .

 3 Figure 3.27. µRaman mapping in the ambient of gold nanotriangle (NTr) deposited on glass coverslips and functionalized with 4-NBM (inverted microscope / bottom illumination). Composition mappings were realized at the exact same location where nanotriangles were found by AFM (resonance frequency 77 kHz), by moving away the AFM tip (retraction of the sample) and refocusing the Raman probe on the sample surface (exc = 633 nm, laser power ~160 µW, acquisition time 0.3 s, accumulation 1).

  -A first prototype of a liquid cell was made of a rubber O-ring, glued directly on the transparent thin glass coverslip with an epoxy glue as displayed in Figure3.28b. Note that to avoid possible contamination related to the manipulation and gluing of the O-ring on the sample, a new cell made of PEEK was designed later as a flat ring-shape hosting 6 small magnets (SuperMagnet) and an O-ring. Thanks to the magnets, this cell can be immobilized on a new sample holder made of a thin ferro-magnetic plate (size 30x20x0.3 mm) designed for the inverted microscope. The pressure on the cell/O-ring/sample/metallic plate applied by the six magnets is sufficient to avoid any possible leakage of liquid, while still allowing an easy dismantling of the cell after use, leaving the sample intact. The total cell weight was kept minimal to ensure similar performances in liquid compared to those realized in the air, particularly minimization of the sample drift.

Figure 3 .

 3 Figure 3.28. TERS implementation in liquid using bottom illumination -a) bottom illumination enables the use of AFM-tip holder carrying a bulky plano-convex lens (6 mm diameter, 2 mm thick) for the proper AFM-laser focusing on the cantilever in liquid (the lens compensates for the deviation of the AFM-laser beam at the airliquid interface); b) liquid cell made of a rubber O-ring glued on the gold-coated glass coverslip; c) laser focusing on the homemade tip apex through the gold-coated glass coverslip covered by water.

Figure 2 .

 2 31 in Chapter 2). The selection of the resonance peak was made according to the following criteria: high oscillation amplitude, narrow full width at half maximum (high quality factors) and frequency below 100 kHz (see Figure3.29). The approach to the sample and stabilization of the tip position on the sample surface proceeded normally as in the ambient attesting that the tapping-AFM feedback mechanism operates correctly in liquid with the homemade probes.

Figure 3 .

 3 Figure 3.29. Screening of resonance frequency -Comparison between "selected" resonance frequency peaks in the air (red) and in liquid (blue) acquired with homemade TERS-active AFM probes on Combiscope inverted microscope.

Figure 3 . 30 .

 330 Figure 3.30. Comparison of TERS signal intensity in the air (blue) versus in liquid (red) medium obtained with gold probe on thiolazobenzene-derivated substrates using bottom illumination. A 2.5x higher signal (band at 1141 cm - 1

Finally

  , the TERS signatures of azobenzene and 4-NBM were successfully acquired in water on the inverted configuration which eases the optical coupling between the Raman probe and the tip apex, with only a 2-3 fold signal intensity damping as compared to the air. The extraction in liquid of the TERS signature of redox-active compound such as 4-NBM selfassembled on metallic substrates, opens the way to the EC-TERS characterization of electrochemical systems presented in Chapter 4. Introduction Characterization of functional material under their condition of operation is the prerequisite to the understanding of their mechanism of operation and degradation. TERS, which combines the advantages of (micro)Raman spectroscopy (rich chemical signature, chemical mapping possible, measurements in liquid due to the weak scattering signal of most solvents), while boosting its sensitivity and spatial resolution, stands as a powerful alternative to ultrahigh vacuum spectroscopy techniques for the in situ/operando characterization of nanomaterials. Still, the difficult optical coupling in liquid, the low signal-enhancing efficiency of TERSactive AFM probes and their sensitivity to wear (especially in liquid) and the difficult implementation of STM-based TERS measurements when not in the ambient, has impaired the fast development of TERS measurements in liquid and under electrochemical conditions (EC). After the demonstration in 2009 by Zenobi group of AFM-TERS in liquid (point spectra), using an inverted configuration, two successful implementations of EC-AFM-TERS were proposed 10 years later. The first one was by the group of R. Van Duyne in 2019 149 on ITO decorated gold nanotriangles derivatized with Nile Blue compound (Home-made system with bottom illumination, TERS mapping in contact mode) and by the group of B. Ren in 2020 on flat gold sample functionalized with polyaniline 166 (NT-MDT system with top illumination, TERS point spectra in contact mode, electrolyte HCl 0.1 mol.L -1 ).After we demonstrated in Chapter 3 the TERS activity in water of the bulk metal probes developed in this work, we propose in this fourth chapter to further push the developments to the implementation under EC conditions. More specifically AFM-TERS measurements will be applied to nitrobenzene derivatives, commonly used in the TERS community (photoinduced coupling of nitro groups), and already studied in the group under electrochemical conditions, first by T. Touzalin in 2017 using "single hot-spot SERS" platforms (TERS active microelectrodes functionalized with para-nitrothiophenol 4-NTP, in acidic medium) and then in a work run in parallel to this one, by A. Fiocco through EC-STM-TERS measurements (gold electrodes functionalized with para-nitrobenzen mercaptan 4-NBM, in acidic and alkaline medium).
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 141 Figure 4.1 below).167,168 Note that the formation of this bond is still subject to debates.
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 411 Figure 4.1. Chemical absorptions of thiol group onto the gold surface with the formation of an Au-S bond. The radical R can be any functional group. Electron transport can occur through the molecule backbone and be therefore transfer between the gold electrode and an electroactive radical like NO2 -, explaining the electrochemical activity of such compounds.
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 42 Figure 4.2. Multistep reduction process of 4-NBM molecule adsorbed on gold.

  176 and recently supported byFiocco et al., involves a condensation between nitroso and hydroxylamine in the alkaline medium, leading to the formation of 4,4'dimercaptazoxybenzene (DMAOB), which can be reduced irreversibly into 4,4'dimercaptoazobenzene (DMAB). According to Gao, that latter form can further convert reversibly into 4,4'-dimercaptohydrazobenzene (DMHAB) and be finally reduced and formed into two molecules of amino monomers (Figure4.3), although not observed by Fiocco. This bimolecular mechanism, was reported to mainly appear in alkaline medium. Here, the nitrosyl group of 4-NSBM becomes highly electrophilic 177 , which accelerates its reaction with 4-HABM and their formation into DMAOB.

Figure 4 . 3 .

 43 Figure 4.3. Possible electrochemical reaction paths for the reduction of 4-NBM into 4-ABM.

Figure 4 . 4 .

 44 Figure 4.4. Influence of the irradiance of the Raman probe.STM-TER spectra acquired in the alkaline buffer after a 2-min irradiation of the sample using a red laser (632.8 nm) at increasing illuminating power (original source power increasing from 250 μW to 4 mW (1.56% to 25% of the nominal laser power), BV = 0.1 V, IT = 1 nA). Each spectrum was acquired for 1 s and the tip was let scanning during the whole experiment. The spectra have been lightly smoothed, while the background was not removed. The green dotted lines identify the range where the "dimer" bands should be observed.181 

Figure 4 . 5 .

 45 The electrochemical signature (cyclic voltammetry, 50 mV.s -1 ) of 4-NMB functionalized gold electrode in a 5 mmol.L -1 H2SO4 solution was first evaluated and presented on During the first cycle (highlighted in blue), an irreversible peak appears at -290 mV on the first forward potential scan, together with a reversible oxidation peak at +230 mV vs Ag, on the backward scan. The reversible reduction peak is seen in the beginning of the second cycle and following cycles.The reversible oxidation/reduction peak is the outcome of the 4 electron and 4 proton reduction from the initial 4-NBM (4-nitrobenzyl mercaptan) to 4-HABM (4-hydroxylamine benzyl mercaptan), possibly followed by the 2 electron and 2 proton exchange reaction between 4-HABM and 4-NSBM (4-nitroso benzyl mercaptan). Note that the anodic peak intensity decreases after the first cycle, indicating that a fraction of the 4-HABM, formed during the first cycle, has been irreversibly reduced during the second one and is no longer electrochemically active (on the screened potential range).

Figure 4 . 5 .

 45 Figure 4.5. Electrochemical reduction of a 4-NBM in acidic medium -Electrochemical response (cyclic voltammetry) of a 4-NBM functionalized gold disk electrode (diameter 3 mm, electrode surface 7 mm 2 ) in a 5 mmol.L -1 H2SO4 solution (scan rate: 50 mV.s -1 , silver wire pseudo-reference electrode). Nitro group of 4-NBM may partially reduce to hydroxylamine below -100 mV and reversibly oxidized into nitroso at +230 mV.

Figure 4 . 6 .

 46 Figure 4.6. Electrochemical reduction of a 4-NTP in acidic medium. A 4-NTP functionalized gold sphere electrode was subjected to cyclic voltammetry (CV) in a 50 mM H2SO4 solution (scan rate: 100 mV.s -1 ) with a -250 mV vs SCE vertex potential. 4-NTP is partially reduced to 4-hydroxylamine thiophenol (4-HATP) below -100 mV vs SCE. 4-HATP is reversibly oxidized into 4-nitrosothiophenol (4-NSTP) at +241 mV vs SCE. Reproduced from [142].
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 2421 Experimental design for EC-TERS on transparent samplesThis section covers different developments and optimizations, associated with EC-TERS implementation in AFM mode, and also few control and optimization steps, regarding the electrochemical performance of the TERS cell, based on the electrochemical response of 4-NBM. Electrochemical cell for EC-TERS using bottom illumination Significant efforts have been engaged in this work to improve the TERS compatible electrochemical cell, initially developed in Touzalin's work in LISE for Tip-SERS and STM-TERS measurement (see Figure 4.8), and to adapt it to the inverted microscope constrains. Ease in mounting/dismounting of the cell/sample assembly and of the electrodes, leakage-proof of the cell, and especially reproducibility, have driven the design optimization.

Figure 4 . 8 .

 48 Figure 4.8. First TERS-compatible electrochemical cell developed in the group (2018): a) 3-electrode cell prototype and b) set-up showing the cluttered arrangement of the EC-Cell including a STM tip-holder (conductive unit behind) and a water-dipping objective lens. Adapted from [175].

Figure 4 .

 4 Figure 4.9. Electrochemical TERS-ready set-up. Homemade EC-AFM cell mounted on the inverted microscope (Combiscope, AIST). The pseudo-reference (Pt or Ag wire) and counter electrodes (Pt ring) are immobilized on the cell wall through magnets, the electrical contact on the working electrode is achieved by direct contact on the gold surface outside of the cell. The 100x dry objective, enabling bottom illumination, can be seen through the semi-transparent but conductive gold sample (middle picture). The cell dimensions were chosen to host the bulky AFM tip holder design for liquid experiments (right picture).

4 -

 4 NBM derivatized gold electrodes (gold disk electrode 3 mm diameter) were subjected to CVs in contact with carbonate buffer electrolytes purged or not with argon. A saturated calomel reference electrode (SCE) and a pseudo-reference electrode (a silver or platinum wire) were tested successively. The voltammograms are presented on Figure 4.10. When the electrolyte is not purged with argon, one can notice the onset of the oxygen reduction around -0.3 V (vs SCE), which superimposes to the reduction current associated with 4-NBM around -0.8 V (Figure 4.10b). An additional reduction process seems to take place around -1 V, without however altering much the reversible peak observed around -0.3 V. Electrolyte was then systematically purged with argon prior to the TERS experiments. To minimize reintroduction of oxygen in the electrolyte with time, an argon flow was initially maintained above the EC cell, however without proven efficiency as the atmosphere above the inverted microscope cannot be easily controlled without a strong argon flow, which induces in turn mechanical noise. When working with the pseudo RE, an important shift of potential (c.a. 150 mV) in the electrochemical response appears (see the voltammogram on Figure 4.10a), which originates from a change of the silver wire potential due to a modification of its surface composition in contact with oxygen in alkaline conditions. As the potential of the silver wire may change with exposure to oxygen during experiment, a platinum wire (less prone to oxidation) was preferred in alkaline electrolyte. If the presence of oxygen affects the reactivity of the SAM functionalize electrode, as can be seen on Figure 4.11, shift in the current-potential response are minimized.

Figure 4 . 10 .

 410 Figure 4.10. Influence of oxygen -Electrochemical response (CV, scan rate 50 mV.s -1 ) of a 4-NBM functionalized gold disk electrode in alkaline electrolyte (carbonate buffer) in the absence (blue) or in the presence of oxygen (red): a) using a silver wire pseudo reference electrode, b) using a reference electrode (SCE).

Figure 4 . 11 .

 411 Figure 4.11. Influence of oxygen on the performance of the TERS compatible EC-cell. Electrochemical response (CV, scan rate 50 mV.s -1 ) of a 4-NBM functionalized gold disk electrode (electrode surface, 7 mm 2 ) in alkaline electrolyte (carbonate buffer) in the absence (c, d) or in the presence (a, b) of oxygen using a pseudo platinum reference electrode.

4. 2 .

 2 2b -Electrode dimensionsThe electrochemical response of the gold transparent working electrodes in the homemade EC-AFM cell was assessed prior to in situ measurements. The EC-cell, designed to accommodate the liquid AFM probe holder, uses large sample (working electrodes), a 0.5 mL volume of electrolyte and a positioning of the reference electrode at some distance of the probe area (1 cm). The uncompensated resistance (electrolyte resistance mostly) and capacitive current, associated with such large electrode upon polarization, may impact respectively the surface homogeneity of the reaction and the potential sweeping rate accessible respectively. The electroactive surface of the sample can be minimized by patterning the active gold surface using masks during the Ti/Au deposition process. The small active area (approximately in the middle of the sample) can be either contacted electrically in the cell, using a contact immersed in the electrolyte (solution chosen for the cell designed for side illumination, see section 4.4), or outside on a strip of metal deposited on the glass substrate and connected to the electrode area. These two configurations may result in high contact resistance (example (a) on Figure 4.12 below) or additional electrochemical reaction on the contact, risk of delamination/damage of the metal strip in contact with the cell O-ring (and/or with the electrolyte), or non-uniform reactivity at the electrode due to the non-symmetrical current path (Figure 4.12b). An alternative consists in partially coating the metal exposed to the electrolyte with insulating layers, inorganic (silica, alumina) or polymeric (Figure 4.12c).

Figure 4 . 12 .

 412 Figure 4.12. Different strategies to minimize the active surface of the electrode (top and side view): a) electrical contact within the cell through the electrolyte, b) & c) contact outside or the cell (glass substrate in blue, gold electrode in yellow, electrical contact in red, insulating coating: hatched area).

Figure 4 . 13 .

 413 Figure 4.13. Partial insulation of the gold surface -Picture showing before (a) and after (b) substrate surface decrease (Au on glass coverslip) by using Zapon varnish. The area noted 1 and 2 are left uncoated, 1 defining the active area of the electrode, which will be in contact with the electrolyte and 2 the area where the electrical contact is established.

Figure 4 . 14 .

 414 Figure 4.14. Influence of the electrode surface in the EC-TERS cell: a) CV responses (scan rate 50 mV.s -1 ) of 4-NBM in homemade AFM liquid cell in alkaline medium (bicarbonate buffer NaOH/NaHCO3, Pt pseudo-reference electrode) before and after decrease of the electrode surface with Zapon varnish, b) the peak separation which traduces the uncompensated ohmic drop is around 18 mV after partial insulation of the electrode.

Figure 4 . 15 .

 415 Figure 4.15. Influence of scan rates on partially coated electrodes in TERS compatible EC-cell: a) full scan range (-200/-900 mV); b) reversible peak (scan range -200/-500 mV). Alkaline medium (bicarbonate buffer), Pt pseudoreference electrode.

Figure 4 .

 4 16 shows 4-NBM signature bands, obtained before and after the potential ramp.

Figure 4 . 16 .

 416 Figure 4.16. Ex situ TERS on gold coated mica substrates functionalized with 4-NBM -TERS spectrum before (green) and after (blue) reduction in acidic medium; λexc = 632.8 nm, laser power ~160 µW, 1 s acquisition.

Figure 4 . 17 .

 417 Figure 4.17. Note that these chemical signatures were collected on powders of the different compounds and may differ significantly from the one of the corresponding SAM of thiolated derivatives, especially in contact with electrolyte (see part 4.3.2b).

Figure 4 . 17 .

 417 Figure 4.17. MicroRaman signature of 4-NBM powder and of benzene derivative analogue powder. Adapted from [181].

4. 3 .

 3 2a -4-NBM reduction in acidic medium EC-TERS characterization of 4-NBM functionalized gold electrodes was first performed in acidic medium (5 mmol.L -1 H2SO4, previously purged with Ar gas) on the inverted microscope.

Figure 4 . 18 ,

 418 Figure 4.18, with no contribution of the far-field signal. No signal originating from sulfate ions

Figure 4 .

 4 Figure 4.19. EC-TERS tracking of the 4-NBM reduction in acidic medium: a) voltammetry (potential ramp, scan rate 2 mV.s -1 ) in 5 mmol.L -1 H2SO4 showing a main reduction peak at -570 mV vs Ag; b) TERS spectra showing the total disappearance of NO2 band upon reduction: 100 mV (1), -400 mV (2), -500 mV (3), -700 mV (4). λexc = 632.8 nm, laser power ~160 µW (1% of the nominal laser power), 10 s acquisition, bulk gold AFM probe. WE: goldcoated glass substrate functionalized with 4-NBM, CE: Pt ring, pseudo-reference electrode: silver wire.

Figure 4

 4 The characteristic 4-NBM signature acquired at the OCP, exhibits characteristic symmetric NO2 stretching band at 1340 cm-1 , CH bending at 1105 cm -1 and ring stretching at 1590 cm -1 .During potential exploration, the signature stays unchanged until around -600 mV, where the NO2 band intensity diminishes to completely disappear at -750 mV (Figure 4.21c). While the nitro band intensity dropped, the intensity of ring stretching band kept being strong as observed in acidic medium. The two purple marks on the Figure 4.21b show the first and last acquired TERS spectra, following the nitro reduction (Figure 4.21c). The full disappearance of the band, associated with the nitro vibration at a scan rate as high as 50 mV.s -1 is surprising, given the limited effective time the electrode is polarized at highly reductive potential.

Figure 4 . 21 .

 421 Figure 4.21. In situ 4-NBM reduction in alkaline medium (buffer NaOH/NaHCO3, pH=10.7): a) TERS time mapping (λexc = 632.8 nm, laser power 160 µW, 1 s acquisition); b)CV of one cycle with scan range 0 V to -0.9 V vs Pt pseudo RE, scan rate 50 mV.s -1 ; c) TERS spectra at selected potential values of the CVs (b) ; d) CV on limited scan range from 0 to -500 mV vs Pt pseudo RE focused on the reversible current peak, scan rate 50 mV.s .1 ; e) TERS at potentials -200 mV, -450 mV and -100 mV; "down" and "up" indicate respectively the scan directions; "forward" towards lower potential range and "backward" towards higher potentials. TERS acquisition parameters: λexc = 632.8 nm, laser power ~160 µW (1% of the nominal laser power), 1 s acquisition.

Figure 4 .

 4 21 (d, e). The latter shows clear anodic and cathodic current peaks, associated with the reversible conversion of 4-HABM into 4-NSBM. The features already observed at -900 mV, appear more pronounced during this second cycle on a limited potential range no pattern of band appearance/disappearance is clearly observed following the potential scan around the reversible current peak, which may indicate that the intermediate hydroxyamino and nitroso are either not detected or show chemical signatures identical to the one of the amino derivative (monomeric specie) or of the azo compound (dimer).

4. 3 .

 3 2c -Discussion on the reduction mechanism Dimer formation through photochemical effect -Zhao et al. 177 studied the 4-NTP reduction on gold and silver by SERS and the SEIRA (surface-enhanced infrared adsorption).

Figure 4 .

 4 Figure 4.22. SER spectra acquired on gold surface functionalized with DMAB thiol (left) and 4-ATP (right) at different pH values using a 632.8 nm excitation source. Adapted from Kim et al. 189 .

Figure 4 .

 4 24a. The liquid cell equipped with two stainless steel sample clips has been modified by integrating a half-ring platinum counter electrode (CE) following the cell wall contours (sides and rear part) and a platinum wire as pseudo-reference electrode (RE) attached to the side. A gold thin film deposited on mica acting as a working electrode (WE), was connected through a Pt wire attached to one of the sample clip, previously insulated with heat shrink plastic tubing (Figure 4.24b). All the electrical wires were insulated, attached on a side of the microscope system (Figure 4.24c) and connected to a potentiostat (Autolab, model PGSTAT100N, Metrohm; Figure 4.24d). The cell was mounted on the AFM piezo-stage of the SmartSPM platform and filled with approximately 1 mL of electrolyte.

Figure 4 .

 4 Figure 4.24. EC-AFM-TERS set-up for non-transparent substrates (upright configuration, side illumination)-a) scheme of the optical coupling using a liquid AFM probe holder, liquid cell with a side window and a side air objective equipped with a correcting lens (Horiba design); b) top view of the liquid cell modified to implement EC-TERS equipped with a gold coated mica substrate as WE, a platinum ring as CE and a platinum wire as pseudoreference electrode; c) cell mounted on the microscope base and connected electrically; d) the SmartSPM microscope is placed on the Omegascope optical coupling system, and the 3-electrode EC-TERS cell is connected through shielded electrical wires to an external potentiostat (model Autolab PGSTAT100N, Metrohm); e) adjustment of the position of the SmartSPM microscope on the Omegascope base using X,Y,Z micrometer screws allows the initial rough optical alignment of the Raman probe on the AFM tip apex via optical control using the two objectives (top 10x and side 50x) mounted on the Omegascope base. The screening of the hotspot position is then realized by X,Y and X,Z displacement of the 50x side objective mounted on a piezo scanner.

Figure 4 . 25 .

 425 Figure 4.25. TERS cell electrochemical response -CV response (scan rate 50 mV.s -1 ) in the bicarbonate buffer of a gold thin film on mica electrode functionalized with 4-NBM and mounted in the EC-TERS cell designed for nontransparent samples. In blue: WE electrode partially coated with Zapon varnish combined with a Pt pseudo RE; in red: larger working electrode associated with an Ag pseudo RE).

Figure 4 .

 4 Figure 4.26a and 4.26b show the TERS-AFM probe (10x top objective lens) and the rough laser positioning on the tip apex within the electrolyte (50x side objective lens), respectively.

  electrode v s Ag pseudo-ref Coated electrode v s Pt pseudo-ref I (µA) E (V vs ref)

Figure 4 . 27 .

 427 Figure 4.27. AFM-TERS on non-transparent sample in liquid (side illumination/upright configuration/homemade gold AFM probe): a) thioazobenzene SAM on gold on mica; b) 4-NBM SAM on gold on mica.Both spectra were obtained with homemade gold probe in contact mode (blue) and tapping mode (red) using λexc = 632.8 nm, laser power ~160 µW (1% of the nominal laser power) and 1 s acquisition.

Figure 4 . 28 ,

 428 the signature of NO2 started decreasing around -700 mV and disappeared completely when reached -1000 mV vs Pt. New spectral features at 1140, 1405 and 1450 cm -1 assigned to DMAB dimer (and possibly monomers) were observed in agreement with what was observed on transparent samples (inverted configuration) with homemade probes.

Figure 4 . 28 .

 428 Figure 4.28. EC-TERS tracking of 4-NBM reduction in alkaline medium using commercial probes (side illumination, upright configuration): a) CV scans associated with the EC-TERS analysis (4cycles in the scan range from -300 to -1000 mV) -3-electrode EC-TERS-cell, Pt pseudo RE and CE, bicarbonate buffer pH 10.7, scan rate 50 mV.s -1 ; b) TER spectra associated with potential value highlighted in red in (a) showing NO2 band disappearance and in the first half cycle between -300 mV and -1000 mV and appearance of new bands obtained at anodic peak at potentials -500 and -300 mV. λexc = 632.8 nm, laser power ~160 µW (1% of the nominal laser power), 1 s acquisition.

Figure 4 .

 4 Figure 4.29. Relative performance of commercial and homemade TERS active AFM probes -Average EC-TERS spectra, obtained after electro-reduction of a 4-NBM functionalized gold electrode: homemade probe on a transparent gold electrode using bottom illumination and tapping mode (blue) and commercial probe on a nontransparent substrate using side illumination and contact mode (green). λexc = 632.8 nm, laser power ~160 µW (1% of the nominal laser power), 1 s acquisition.

4. 4

 4 .3.c -Failed redox nano-mapping attemptTo relate topography to composition information, a second series of EC-TERS experiments was run on a gold and ITO electrodes, decorated with nanotriangles and hexagons (see preparation in Chapter 3), and functionalized with 4-NBM. The study by EC-AFM-TERS aimed

Figure 4 . 30 .

 430 Figure 4.30. AFM topography in liquid using hybrid mode: a) nanotriangles (height 12 nm, length 0.6 µm) deposited on gold surface (resolution 256 x 256 px 2 , scan rate 1.0 Hz, scan range 5 x 5 µm 2 , selected resonance frequency in liquid: 59 kHz) before (a) and after (b) polarization of the electrode at reducing potentials. The black circle shows the position of nanotriangle (a) and its absence (b), with the addition of small drift, acquired between both topographies.

Figure 4 .

 4 Figure 4.31. EC-AFM-TERS imaging in hybrid mode of a gold electrode decorated with nanotriangles and functionalized with 4-NBM at the OCP (top; a-c) and after polarization at reducing potentials (bottom; d-f). 2 x 2 µm 2 , 30 x 30 px 2 , λexc = 632.8 nm, laser power ~160 µW (1% of the nominal laser power), 0.3 s acquisition. The spectra (c) and (f) were averaged over the 90 spectra on each images (b) and (d).

Figure 4 . 32 .

 432 Figure 4.32. Tip contamination on pristine gold sample after the in situ TERS measurements; λexc = 632.8 nm, laser power ~400 µW (2.5% of the nominal laser power), 2 s acquisition.

  Using either bottom or side illumination, the manufactured probes (gold and silver) successfully produced TERS point spectra on gold sample functionalized with non-Raman resonant compounds ("gap" mode where the tip-molecule-substrate forms a plasmonic junction), at low laser power, short acquisition time, both in the ambient and in liquid. No TERS activity was however measured on dielectric sample with the smooth surface tips, produced through the developed etching process. As the main goal of this work was the development of TERS measurements on electroactive substrates, no further effort were engaged on the characterization of non-metallic samples. Variants of the manufacturing protocol, inducing roughening or corrugation of tip to produce multiple hot-spots, may be explored in the future.TERS hyperspectral mapping -TERS signature could be collected in tapping mode using bottom illumination (with linearly polarized Raman probe), despite the "large" tip-sample distance fluctuations in time. Strong intensity TERS signatures could be extracted using low numerical aperture dry objectives, avoiding mechanical coupling with the sample upon imaging, as observed with oil immersion objective. Hyperspectral TERS mapping (0.3 s / pixel) of 4-NBM-derivatized gold nanostructures, physisorbed on glass, proved successful on the inverted configuration, in the ambient only, although the composition contrast suffers from the flaws in the tip-sample distance control. Using side illumination, a stricter control of the tip-distance (contact mode) was necessary to recover TERS signature. The hybrid mode "Topmode" developed by AIST-NT, alternating tapping mode and contact mode for TERS signal collection, could not be suitably implemented with the manufactured probes (and neither with commercial TERS probe in liquid), compromising TERS mapping on opaque sample.Applications engineers at Horiba are currently trying to understand the origin of the flaws in Top-mode implementation in liquid.Real-time EC-TERS analysis -The strong TERS activity of the bulk AFM probes developed in this study, enabled the collection of strong intensity spectra (point spectra) in situ at short acquisition time (1s), allowing the real-time tracking of composition signatures associated with the electrochemical reduction of 4-NBM SAMs on gold during potential scans (cyclic voltammetry), performed at scan rates up to 50 mV.s -1 , while exploring highly reducing potentials down to -1 V. The set of results obtained in this work supports the formation of dimers (DMAB) by condensation of reaction intermediates (4-HABM with 4-NSBM), following an electrochemical path instead of the often reported photo-coupling path. Note that synchronization of data acquisition with the electrochemical sequence (triggering of the CCD camera by the potentiostat) has been developed in the group, and could be put to profit using TERS efficient probes to real-time TERS monitoring of electrochemical process at higher scan rate than the one used in this work.EC-TERS on opaque samples -EC-TERS analyses have been possible through the development and optimization of 3-electrode spectro-electrochemical cells, compatible with bottom or side illumination. Following the pioneering work of B. Ren, who introduced in 2020EC-AFM-TERS measurements using top illumination and paved the way to the characterization of non-transparent sample, we demonstrated for the first time EC-AFM-TERS analysis using side illumination. The liquid cell designed by Horiba, and modified in our lab to integrate electrochemical features, will be a valuable asset to the forthcoming development of EC-TERS.

  

  

  

  

  

  

  ) and DC voltage ranging between 2.2 and 2.4 V. Obtained tips showed smooth surface, cone shape and radius of curvature below 30 nm. The method was reproducible with a 50 % success rate of tips suitable for TERS measurements.However hydrochloric acid, is volatile and has a corrosive nature from its fuming, degrading the metallic part of the etching station, including contacts. To resolve this issue, alternative chloride salts are used, such as CaCl2 and NaCl.Melmed et al. 115 and Ito et al. 116 used etching bath with CaCl2 salt (10-50 % saturation) and DC polarization 30 V, for fabrication of STM probe, and 3 M NaCl and KCl solution at DC polarization 10 V, resulting in tips with the large apex size for TERS study.

The most common etching bath solution is based on hydrochloric acid solution. For instance

Ren et al. 111 

studied etching using HCl/ethanol solution (1:1

  Etching protocols, involving saturated sodium nitrite (97 %) electrolyte/ AC polarization at 1.2 V/Pt coil CE or electrolyte mixture of saturated CaCl2 (10 mL), Milli-Q water(40 mL), ethanol (5 mL)/DC polarization of 7 V /aluminum foil CE 132 , have been proposed.

	General manufacturing procedure -The general procedure of fabricating AFM-TERS probes
	in 4-steps from metal wire was inspired from Macpherson et al. 127 . The procedure consists of
	pressing a metal microwire (Pt 127 , Au 132 ) to produce a reflective and flexible metal beam

Iwami et al. (1998) 

124 

in electrolyte composed of perchloric acid and methanol

(1:4) 

at AC voltage of 19 V (polishing process) in the first step and continuing with a second step at DC voltage of 5 V. Fabricated tips were obtained with ROC size of approximately 100 nm. This two-step approach was proposed also by Bin

Ren et al. 126 

, using fast EC etching with the repetitive etching, providing sharp tips with smooth surface. The technique drawback is the unpredictable cut-off of the etching current, given that the timing for the introduction of the low reference voltage needs to be set precisely.

2.1.4. AFM probes from bulk metal to AFM-TERS probes

AFM-TERS probe can be also manufactured from bulk metal, following a procedure developed to produce AFM probe, which can be used in scanning electrochemical microscopy (AFM-SECM), as initially introduced by Macpherson et al. 127 and further developed by Demaille et al. 128 . The TERS activity of such probe had been demonstrated in Zhan's group by Snitka et al. 129 in 2011 (gold probe), Rodriguez et al. in 2012 130 (silver probe) and Kolchuzhin et al. in 2016 131 (gold probe). This technical solution has been the one chosen in this work.

(cantilever) and its bent extremity at 90°, which remains unflattened. The bent part of the wire is electrochemically etched to produce a tapered tip either before 127 or after 132 the flattening process.

Table 2 . 1 .

 21 Evolution of Au probe cone shape affected by different value of cut-off at 100 μA.

	SEM image	Cut-off (mV)	Average radius (nm)
		5	92
		10	195

Table 2 . 2

 22 

. Evolution of Au probe cone shape affected by different value of cut-off at 10 μA.

Table 2 . 3 .

 23 Fabricated probes with optimized procedure at current range 10 µA and cut-off 20 mV. Detection by the AFM registration system

				Percentage	
	SEM image	Radius range (nm)	Average ROC (nm)	of fabricated probes in that ROC	Tip shape and profile
				range (%)	
					Cone shape,
		R < 20	15	45	smooth probe profile
					Cone shape,
		R = 20 -40	34	25	smooth probe profile

Table 2 . 4 .

 24 Table with average values of hand-made probe features.

Table 2 . 5 .

 25 Calculations of spring constant for handmade AFM-TERS probes with Young's modulus of gold wire E = 79 GPa and density Au = 19.3 x 103 kg/m 3 and precise values of probe (cantilever) features, taken for the calculation of spring constant (l = length, w = width, t = thickness).

		Spring constant range	Spring constant	Functional probe
		(kmin -kmax)	average (kavg)	spring constant
	Spring constant (k)	220 -342 N.m -1	280 N.m -1	268 N.m -1
	Probe parameters	l = 100 -120	l = 110	l = 111.44
	(µm)	w = 90 -100	w = 98	w = 97.6
		t = 5.77	t = 5.77	t = 5.77
	2.2.3 Fabrication of bulk silver Ag AFM probes	

As mentioned earlier, many etching procedures have been proposed for the fabrication of TERS probes by electrochemical etching of silver wires. The varieties of etching baths included ammonia solutions, nitric acid, perchloric acid, etc. As for the gold tips, the possible types of applied voltages were AC, DC, and pulsed. Bin Ren et al. proposed etching procedure with pulsed chronoamperometry, by applying two different potentials for a certain time (E1 for t1

Table 2 . 6 .

 26 Evolution of probe cone shape affected by different values of cut-off at 10 μA current range. Table shows one of the smallest radius sizes obtained on etched Ag probes (from the statistics of 10 fabricated silver probes).

	SEM image	Cut-off (mV)	Radius (nm)
		20	65

Table 4 .1. Main spectral features of 4-NTP and its fully reduced analogue 4-ATP

 4 

	-vs: very strong, s: strong, m:

Table 4 .2. Characteristic Raman bands for 4-NBM and its main predicted products of the reduction

 4 

(4-ABM, 4- NSBM, 4-HABM, azobenzene) 

with band assignation from the literature of the 4-NTP reduction. The values in the parentheses correspond to the EC-TERS experiment in the alkaline medium on the transparent gold substrate, observed with the TERS-active gold tip. Intensities: vs, very strong; s, strong; m, medium; w, weak. The references in bold have been taken from the literature, experimentally observed and assigned to 4-NBM.

179 Attribution Raman shift (cm -1 ) TERS on adsorbates Raman shift (cm -1 ) Raman on powder

  

	 (C-S) + ring modes	/	(1002 w, 1076 vs amino) 1006 w, 1087 vs	183
	 (C-N) + ring modes	1309 w	(1284 w, 1484 w amino) 1288 w, 1493 vs	176,183

  The coupling of micro/nanoelectrodes with Raman measurements is an interesting development route already pursued by several research groups, e.g. M. Etienne (SECM-Raman) to study corrosion, J.F. Masson (SERS active nano-pipettes) to monitor living cell activity, our group (single hot-spot SERS active microelectrode: Tip-SERS) and S.Bonhommeau & D. Zigah (SECM-SERS using nano-tip array) for in situ SERS studies of electrochemically induced processes. One of the initial goal of this work was to reach a level of development enabling SECM-TERS measurements for simultaneous electrochemical "interrogation" and composition characterization at the nanoscale. The strategy envisaged was to design AFM-SECM probes, similar to the one developed by Demaille and Zhang's groups, but using non-Raman active insulating coating instead of electrophoretic paints. Thin SiO2 layers deposited on gold tips by sol-gel techniques, as already demonstrated by Zenobi's group[START_REF] Opilik | Chemical Production of Thin Protective Coatings on Optical Nanotips for Tip-Enhanced Raman Spectroscopy[END_REF] , or to produce Au@SiO2 core-shell particles used in SHINERS (also developed in our group). To selectively uncover the tip apex and generate a microelectrode, a prototype of high-voltage electrical pulse generator, similar to the one proposed by Demaille, has been developed in LISE. The high electric field generated at the tip during the electrostatic discharge can be used to blow away thin coatings; alternatively sparks can be produced to reshape the exposed tip by bringing metallic objects in close proximity to the tip.

	NF NB m Cantilever mass Normal Force (TF) Nile Blue	kg
	NIR PEEK n	Near Infrared Poly Ether-Ether Ketone Refractive index	-
	NMR PhS ∆p Uncertainty of the momentum Nuclear Magnetic Resonance Thiophenolate	kg m s -1
	NP Q	Nanoparticle Quality factor (TF)	-
	NTr Symbols (and units) Nanotriangle Rtip TERS tip radius (radius of curvature)	nm
	OCP BV Bias Voltage Open Circuit Potential t Time	V or mV s
	PI λ t	Piezo stage Wavelength Cantilever thickness	nm µm
	PR ω Angular frequency of an EM field Plasmon Resonance T Temperature	rad s -1 K
	QCL ω Raman shift Quantum cascade laser v Potential sweep rate in CV	cm -1 V s -1
	QCM  WD Working Distance Quartz Crystal Microbalance Density	kg m -3 mm
	QRE Si Density (of Silicon) Quasi-Reference Electrode z Vertical distance	2.33 x 10 3 kg m -3 nm
	RE π ∆x Lateral Resolution Reference Electrode Pi	3.14159265359 µm or nm
	ROC R ∆x Uncertainty of the position Radius of Curvature Nanoparticle radius	m nm
	RR C ∆z Depth Resolution Resonance Raman Concentration	mol m -3 µm or nm
	RRS D εm Dielectric constant (of the metal) Resonance Raman Spectroscopy Diffusion coefficient	m 2 s -1 -
	SAM E εe	Self-Assembled Monolayer Electrode potential Dielectric constant (of the environment)	V -
	SCE E 0	Saturated Calomel Electrode Standard redox potential	V
	SECM E Young's modulus Scanning Electrochemical Microscopy	GPa
	SEI f0/fr Resonance frequency Solid-Electrolyte Interphase	Hz
	SEM ∆f	Scanning Electron Microscope Resonance frequency width	Hz
	SERS ftap Tapping frequency Surface-Enhanced Raman Spectroscopy	Hz
	SF fM	Shear Force Oscillating mirror	Hz
	SFG F	Sum Frequency Generation Faraday constant	96 485.3 A mol -1
	SFM if	Shear-Force Microscopy Faraday current	A
	SHE ip	Standard Hydrogen Electrode Peak current in CV	A
	SHINERS ipa Anodic peak current in CV Shell-Isolated Nanoparticles Enhanced Raman Microscopy A
	SNOM ipc Cathodic peak current in CV Scanning Near-Field Optical Microscopy	A
	SPM k	Scanning Probe Microscopy Spring constant	N m -1
	SP l	Surface Plasmon Cantilever length	µm

Note that the molecular surface coverage can be evaluated from the integration of reductive and oxidative currents on the voltammograms 181,182 . For 4-NBM, it has been calculated as 7.06 x 10 -10 mol.cm -2 , which is consistent with values reported earlier for 4-NTP, implying (together with the symmetrical bell shape of the current peaks) that 4-NBM is well anchored on the gold surface in an ordered monolayer.

Reduction of 4-NBM was then investigated in alkaline medium to extend the probability to observe possible reaction intermediates by TERS (not reported in acidic medium in the previous study of T. Thomas et al., as mentioned earlier), as the nitrobenzene reduction mechanism, and possible life time of reaction intermediate, is pH-dependent. Similar to the results in the acidic medium, the CV in alkaline medium shows a main reduction peak and the reversible oxidation/reduction peak (Figure 4.7). Note that the current, associated to the reversible peak, does not drop in alkaline medium as fast as in acidic medium, implying that the irreversible conversion/electrochemical reduction of possible intermediates to the amino compounds is less favored. The TERS signal intensity extracted at low laser power (~160 µW) and short acquisition time (0.3s) in the electrolyte during hotspot mapping (acidic here but also alkaline hereafter), enabled the collection of clear high intensity point TERS spectra of 4-NBM SAM at acquisition time as low as 1s (see experiment in alkaline medium).

The potential-dependent TERS response of 4-NBM was then evaluated between 200 mV and -700 mV vs an Ag pseudo-reference electrode (potential ramp, scan rate 2 mV.s -1 , acquisition time 10s, each spectrum covering 20 mV). origin from the uncompensated resistance (low concentration electrolyte, small surface counter-electrode). Note that the strong H2 evolution at E < 600 mV may explain the observed discontinuity in the current profile, but did not affect the TERS collection signal. chapter (sudden surge of signal intensity observed during the potential ramp indeed led to the detector saturation). However, similarly to study of Touzalin of 4-NTP by EC-tip-SERS, the chemical signatures of possible reaction intermediates of 4-NBM could not be detected here by EC-TERS in acidic medium. A first sample topographical image was performed in the electrolyte at the OCP in tapping AFM mode to locate the nanoparticles. Truncated nanotriangles could be identified relatively easily, despite the high roughness of the underlying gold film, as can be seen on Figure 4.30.

The obtained voltammogram on

However, the use of the hybrid "top-mode" in liquid turned out to be a lot more tedious.

Strong interaction of the commercial probes with the surface nano-objects indeed led to their detachment from the substrate. This is highly surprising as the group of Van Duyne successfully imaged similar systems in classical contact mode 149 . To try to circumvent this problem, the largest nanoobjects (with stronger Van der Waals interaction with the surface) were selected for topography and composition imaging.

A 2 x 2 µm 2 AFM-TERS composition mapping, 30 x 30 px 2 , 0.3s per pixel (Figure 4.31 a and d) was performed before and after electrochemical reduction. The TERS mapping, realized by integration of the band at 1340 cm -1 , shows an uniform chemical signature across the surface during the first scan at the OCP (Figure 4.31c), while the topography revealed that the large nanotriangle had been removed from the surface, during the second scan after polarization of the electrode at reducing potential (Figure 4.31d). Despite nano-object removal, the second TERS mapping reveals typical bands of reduced 4-NBM molecule as reported in the already reported EC-TERS experiments above. However, averaged spectra revealed band at 1340 cm - 1 , belonging to the nitro group. This could show either not homogeneous (or complete) in situ reduction of NO2 on the electrode surface or tip contamination. The latter was further observed ex situ (after the EC-TERS measurement) on a pristine gold substrate, confirming the lack of control of the tip-sample interaction in "Top-mode" in liquid and explaining the lack of contrast on the TERS mapping. Applications engineers at Horiba are currently trying to understand the origin of the flaws in Top-mode implementation in liquid.

Poor mechanical properties of the "AppNano" probe in liquid and/or non-suitable selection of the resonance frequency of the probe (59 kHz in liquid vs 150 kHz in the ambient) could be incriminated to explain the poor imaging performance of the supposedly gentle "Top-mode" mode.

susceptible to appear in alkaline medium and in contact with metal structures (charge transfer). The set of results obtained in this work, together with the one of Fiocco, supports the formation of DMAB by condensation of 4-HABM with 4-NSBM, following an electrochemical path firstly described by Gao.

Following the pioneering work of B. Ren who introduced in 2020 EC-AFM-TERS measurements, using top illumination (NT-MDT system, electrochemical transformation of polyaniline, point spectra/no imaging), and paved the way to the characterization of nontransparent sample, then of a broad range of functional materials, we have demonstrated for the first time EC-AFM-TERS analysis using side illumination in the framework of a collaboration with Horiba (AIST-NT system). The liquid cell designed by Horiba and modified in our lab to integrate electrochemical features will be a valuable asset to the forthcoming development of EC-TERS.

General conclusion

To address the pressurizing need for in situ/operando analytical techniques with sensitivity and resolution suitable to the characterization of functional materials, we proposed in this work to develop tip-enhanced Raman spectroscopy under electrochemical condition.

Introduced in the early 2000, this hyphenated technique coupling scanning probe microscopies, Raman spectroscopy and signal enhancement techniques, using plasmon resonators, met a few decisive successful developments this last decade, which laid the foundation of this project.

Starting from a TERS ready instruments providing a robust optical coupling, we focus our development efforts on two main axes: i) the difficult elaboration of robust TERS-actives AFM probes usable in a broad range of conditions (air, liquid, EC conditions) and of material ((non)conductive, soft materials, rough surface, weakly adsorbed nano-objects), ii) the conception of spectro-electrochemical cells offering an optimal optical coupling between the Raman probe and the TERS probe, while enabling topography and composition mapping with minimum loss of signal.

Inspired by solid metal robust AFM probes produced by RMN (Utah, USA) for electrical measurement, by Demaille's group for AFM-SECM measurements and by Zhang's group for AFM-TERS measurements in the air, we explored further the potential of such probe for AFM-TERS applications in liquid conditions and under polarization. Following a 4-steps micromanufacturing process, starting from 25-µm diameter gold (and silver) wire (including "etching in a drop"), AFM-probe with mechanical properties compatible with semi-contact (intermittent/tapping), imaging mode implementation could be produced (high resonance frequency, high quality factors).

Nano-imaging -Successful tracking and imaging of surface nano-features or physisorbed nano-objects (unprecedented to our knowledge), was achieved in the ambient, using bulk gold AFM probes in tapping mode. Large convolution effects affecting the lateral resolution upon imaging could be decreased by optimization of the etching procedure of the gold tips (smaller radius of curvature). Flaws in the tip-sample distance control, due to non-suitable mechanical properties of the tip, led to relatively fast wear or contamination of the tip apex. Both, the stiffness of the produced probe (force constant around 200 N.m -1 , 20 times higher than force constant of silicon probes) and the length of the tip nose (comparable to the cantilever