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Introduction

The field of ''plasmonic'', which designates the study of optical phenomena related to the electromagnetic response of metals, is a domain of growing interest. Indeed with the recent development of nanotechnologies, it is possible to create, manipulate and characterize nanoobjects. Plasmonic properties can be applied in many domains such as sensing or photonics. In particular, resonant coupling between an electromagnetic field and localized surface plasmons of metal nanostructures leads to huge local fields which can be used to enhance the spectroscopic (e.g. fluorescence or Raman) signals of molecules deposited on the surface. Resonance and enhancement are governed by the size, and shape of the metal nanostructures, as well as their dielectric properties and those of their environment.

Surface Enhanced Raman Spectroscopy (SERS) is the technique that uses this enhancement, and allows the detection of very low concentration of molecules (ppm / ppb). The metal chosen to support SERS are often gold or silver, due to their particular optical properties in the visible range. Gold is widely studied due its stability. Copper is often cited as a cheaper alternative to gold, with plasmon resonances in the same spectral ranges, but its spontaneous oxidation in air hinders its development as an alternative to gold for SERS applications.

Atotech is a leading company in metal plating chemicals and equipment. One of their domain of expertise is copper plating for printed circuit boards. The company developed many processes to prepare and characterize the microstructure and oxide state of copperbased materials, and is interested in developing new applications in synergy with their current knowhow. In this context, the goal of my PhD thesis is to study how SERS can be achieved on copper-based materials and how it can help understanding the interactions between organic additives and copper surfaces during metal plating.

A first part of the PhD thesis is devoted to the preparation and microstructural study of various copper-based materials. A special focus is made on the measurements of the thickness and dielectric properties of copper and its superficial layer of copper oxide.

A series of thin copper films are prepared by thermal evaporation and oxidized by thermal oxidation in air at temperatures below 170°C. Their microstructure is characterized by SEM and AFM. Thicknesses are characterized by those techniques, and compared to spectroscopic studies by ellipsometry and UV-visible absorption spectroscopy (UVS). A modeling of the UVS spectra based on interference calculations from Fresnel equations is proposed, in collaboration with Dominique Barchiesi at Université Technologique de Troyes (UTT), allowing the determination of both the layers thicknesses and their refractive indices.

When a thin layer of dielectric material is deposited on a metal, the Raman signal is modulated by multiple reflection interferences. In order to discuss and quantify this so-called IERS phenomenon, a coupled Raman / photoluminescence study of the copper oxide signatures is performed on the series of thin films, and on other copper-based materials as well. On the other hand, the IERS enhancement of the signal of molecules deposited on the surface of copper / copper oxide materials is investigated by transferring single layer graphene (SLG) on the surface of the samples. Here, SLG is used as a model probe able to quantify the IERS phenomenon, but also to passivate the surface thanks to its gas barrier properties.

The last part of this manuscript is dedicated to the SERS study of organic molecules deposited on a nanostructured gold commercial substrate and to the evolution of this signal after the coverage by a thin copper layer. Both dyes and molecules of interest for Atotech are studied. The SERS enhancement factor is estimated and the possibility of developing a SERS method to detect the adsorption of additives during copper plating is discussed.

The manuscript is structured as follows: the first chapter presents the state of the art. It starts with a description of the structure of copper and its oxides, the oxidation mechanisms phase diagrams and kinetic laws. Then the basics of Raman, IERS and SERS are described, followed by a review on the particular case of copper and copper oxide. Chapter II describes the materials and methods used in the thesis. The third chapter focus on the characterization of thin copper films before and after oxidation, and proposes a method of fit based on Fresnel equations to determine the thickness and dielectric properties of the films. In chapter IV, we report coupled Raman / photoluminescence study of copper-based materials, focusing on the signatures of cuprous oxide, and we discuss the IERS enhancement for copper oxide and for SLG deposited on the surface of the samples. Finally, in the last chapter, we compare the SERS signature of dyes and organic additives of interest for Atotech, using a nanostructured gold commercial substrate before and after deposition of a thin copper layer.

Chapter I: Literature

In this chapter the structural, electronic and optical properties of copper and copper oxides are presented. The possible light matter interactions and the Raman spectroscopy theory are presented. Vibrational properties of copper and copper oxides are presented as the graphene as the 2-Bis(4-pyridyl)ethylene (BPE). Finally we give the background of the physical phenomena that can lead to enhanced intensities of the Raman signal: Interference enhanced Raman Scattering (IERS) and Surface Enhanced Raman Spectroscopy (SERS).

Copper and its oxides 1.Structural properties 1.1.Crystalline structure of copper

Copper is the 29 th element of the periodic table of the element. It forms a metallic face centered cubic (fcc) crystalline structure with a lattice parameter of 4.61 Å and a density of 8.96. Together with silver (Ag) and gold (Au), it was used for centuries as a coinage metal due to its high malleability and rarity. Nowadays copper is largely used in electrical wiring and in electronic devices due to its high electrical conductivity (6. 10 7 S/m). Copper spontaneously oxidizes in air at room temperature with the formation of a non-protective oxide layer.

Crystalline structures of most common copper oxides

In a dry atmosphere, copper oxidizes mainly into Cu2O (referred as cuprite or cuprous oxide) and CuO (referred as tenorite or cupric oxide). Hereafter we present the structure, electronic and optical properties of theses oxide forms.

Note that we will not address other rarer copper oxide forms, such as Cu2O3 which has been reported by some groups as a metastable oxide forming at low temperature [START_REF] Lenglet | Low temperature oxidation of copper: The formation of CuO[END_REF][START_REF] Cocke | The low-temperature thermal oxidation of copper, Cu3O2, and its influence on past and future studies[END_REF], or Cu4O3 (paramelaconite) which is formed in particular conditions as well. On the other hand, we will also ignore the oxide formed in presence of water, like copper hydroxide Cu(OH)2, or in the presence of salts such as copper acetate Cu(C2H3O2)2.H2O, copper sulfate (Cu2SO4) or copper carbonate Cu(OH)2.CO3, this latter form being the chemical form of the natural patina of copper statues, known as verdigris.

Cuprous oxide, Cu2O, crystallizes in a cubic structure of the space group 𝑃𝑛3𝑚 (Figure I-1, Table I-1). The primitive cell contains 2 Cu2O units, with a lattice parameter of 4.18 Å and a density of 6 g.cm -3 . Cu + ions are in 𝐷 3𝑑 symmetry forming a fcc sub-lattice, with two O 2+ ions as first neighbors in tetrahedral position, while oxygens are in 𝑇 𝑑 symmetry with 4 copper as first neighbors, forming a bcc sub-lattice. Oxygen atoms form a bcc lattice, while copper atoms are described by a fcc lattice. Oxygen is in tetrahedral position of interstitial sites of copper. The primitive cell contains 2 Cu2O units, with lattice parameters given in Table I

-1.
Cupric oxide, CuO, crystallizes in a monoclinic structure of space group C2/c. The primitive cell contains 2 CuO units with lattice parameters reported in Table I- The reciprocal lattices in the first Brillouin zone for the two phases are represented together with the highest symmetry points in Figure I-2. Cu2O (left) and CuO (right). 𝛤 refers to the center zone and the letters to other points of high symmetry (adapted from [START_REF] Heinemann | Band structure and phase stability of the copper oxides Cu2O, CuO, and Cu4O3[END_REF])

Major structural defects in Cu2O

After a description of the perfect structure, we briefly focus on the possible defects present in the Cu2O oxide lattice, which is essential to understand why Cu2O is an intrinsic p-type semi-conductor.

Crystalline non-stoichiometry arises from Schottky defects which correspond to anion or cation vacancies. The electro-neutrality can be maintained if the number of cation and anion vacancies is equal. On the other hand, Frenkel defects correspond to interstitial ions (generally cations, due to their smaller size) and don't change the crystal stoichiometry. Kröger et al. [START_REF] Kröger | The thermodynamics of imperfections in AgBr[END_REF] introduced the creation / annihilation of electrons and holes to complete the description of possible defects in a structure. The notation of Kröger -Vink used to describe the different defects is reported in Table I- I-4) occurs when a copper atom moves from its initial position toward the vacancy. It becomes then coordinate to 4 oxygen atoms, which is very stable, since it is the normal coordination in CuO crystal. Interstitial oxygens in tetra-or orthogonal sites are other possible defects, but their energy of creation is higher than the copper vacancies (Figure I-3). Studies at higher temperature (977 < T < 1053 °C) and in various pressures of oxygen (10 -8 < P < 1 atm) confirm the presence of these defects: a majority of copper vacancies with holes formation, with oxygen interstitial atoms as minor defects [START_REF] Bloem | Discussion of some optical and electrical properties of Cu2O[END_REF][START_REF] Dieckmann | Point defects and transport in non-stoichiometric oxides: solved and unsolved problems[END_REF][START_REF] Peterson | Diffusion and point defects in Cu2O[END_REF][START_REF] Park | Oxidation of copper and electronic transport in copper oxides[END_REF][START_REF] Porat | Defect chemistry of Cu2O at elevated temperatures[END_REF]. Copper and oxygen ions are represented respectively in light grey and black, from [START_REF] Nolan | The p-type conduction mechanism in Cu2O: a first principles study[END_REF] Notation 

Electronic and optical properties 1.3.1. Electronic properties

The dispersion curves and electronic density of states (DOS) calculated from hybrid functional DFT are represented in Figure I-5 for Cu2O and CuO. Cuprous and cupric oxides are semiconductors with a direct band gap of about 2.17 eV for Cu2O, and an indirect band gap of CuO of about 1.35 eV, respectively (arrows in Figure I-5). [START_REF] Sopra | The Sopra S.A. company[END_REF] The absorption coefficient differs considerably as a function of photon energy for cuprous and cupric oxides (Figure I-7). The photon energy shifts from 2.7 to 2.1 eV from cuprous to cupric oxide for an absorption coefficient of 1.10 5 cm -1 . In the visible range (1.55 -3.10 eV), cupric oxide absorb all the light which explains its black color. Cuprous oxide absorbs energies higher than its gap about 2.17 eV so all colors except the red, which explains its observed color (red).

Figure I-7: Absorption spectra of cuprous (black) and cupric (blue). The horizontal and vertical

dotted lines indicates the energies where the absorption coefficient reaches 1.10 5 cm -1 in the spectra, from Meyer et al [START_REF] Meyer | Binary copper oxide semiconductors: From materials towards devices[END_REF].

Photoluminescence properties of Cu2O

In spite of the large amount of studies, the photoluminescence (PL) properties of Cu2O are still controversial. Different studies are particularly difficult to compare since different growing and post-processing methods are used. The position, width and intensity of the PL bands are very sensitive to the quality of the samples and notably to the vacancy concentration.

The band structure of a perfect crystal is represented at the gamma point (left of Figure I-8), with the corresponding energy levels and the different allowed optical transitions (AOT). The first AOT is the yellow 1s, occurring between the maximum of the valence band (VBM) and the minimum of the conduction band (CBM). In defective structures the presence of vacancies and interstitials creates additional levels within the band gap (right of Figure I-8) [START_REF] Scanlon | Acceptor levels in p-type Cu2O: rationalizing theory and experiment[END_REF], which can be used as dexcitation channel. The PL spectra measured for different samples can be separated in two main groups, one group related to the yellow 1s transition (Y1s) with a band centered between 560 and 660 nm, and a second group involving vacancy states with a band centered between 650 and 1000 nm (Figure I-9). Note the weak contribution of the green (G2) transition at 540 nm for thermally oxidized Cu on sapphire and ZnO [START_REF] Li | Engineering of optically defect free Cu2O enabling exciton luminescence at room temperature[END_REF].

Li et al. [START_REF] Li | Engineering of optically defect free Cu2O enabling exciton luminescence at room temperature[END_REF] reported a strong signature for the usually forbidden Y1s direct dipole transition. The lift of the parity conservation rule is assigned to assisted phonon recombination: Γ 15 -and Γ 12 -phonon absorption at 609 and 627 nm, followed by Γ 12 -phonon emission at 636 nm allow a good fit of the Y1s signature.

By contrast with Li et al. [START_REF] Li | Engineering of optically defect free Cu2O enabling exciton luminescence at room temperature[END_REF], Meyer et al. [START_REF] Meyer | Binary copper oxide semiconductors: From materials towards devices[END_REF] observed that the PL is dominated at room temperature by contribution of 𝑉 𝐶𝑢 centered at 920 nm (Figure I-10), with respect to those of simple charged and double charged oxygen vacancies (𝑉 𝑂 + , 𝑉 𝑂 2+ ) around 810 and 720 nm, respectively. They studied, the PL according to the temperature, with the broadening of all contribution to the PL with increasing temperatures. [START_REF] Li | Engineering of optically defect free Cu2O enabling exciton luminescence at room temperature[END_REF] on various substrates (top) and a zoom on the yellow 1s (Y1) signatures of Cu2O on sapphire (bottom) 

Photoluminescence properties of CuO

Only a few studies of the optical properties of CuO have been published. To our best knowledge no PL observation was reported from bulk CuO. By contrast, CuO nanoparticles display a weak PL signal in the blue region at room temperature (RT) [START_REF] Erdoğan | Optical and structural properties of CuO nanofilm: its diode application[END_REF][START_REF] Son | Structural, optical, and electronic properties of colloidal CuO nanoparticles formed by using a colloid-thermal synthesis process[END_REF].

Son et al. reported a dominant PL peak for CuO nanocrystals of size in the range 3-5 nm around 379 nm, with a full width at half maximum (FWHM) as small as 30 nm, indicative of the high crystalline quality [START_REF] Son | Structural, optical, and electronic properties of colloidal CuO nanoparticles formed by using a colloid-thermal synthesis process[END_REF] Erdoğan and Güllü [START_REF] Erdoğan | Optical and structural properties of CuO nanofilm: its diode application[END_REF] observed a broader PL emission band, red shifted to 467 nm as compared to Son's study The PL is attributed to a near band edge emission and not to quantum confinement as in Son's study, which can explain the red-shift and the broadening. [START_REF] Son | Structural, optical, and electronic properties of colloidal CuO nanoparticles formed by using a colloid-thermal synthesis process[END_REF] and (right) [START_REF] Erdoğan | Optical and structural properties of CuO nanofilm: its diode application[END_REF] 

Copper oxidation mechanisms and kinetics

Despite extensive studies, as recently reviewed by Gattinoni and Michaelides [START_REF] Gattinoni | Atomistic details of oxide surfaces and surface oxidation: the example of copper and its oxides[END_REF] copper oxidation mechanisms are still not completely understood. In particular, the suggested oxidation kinetics are still controversial especially at low temperature (<600°C). This can be explained by the large number of factors which can influence the oxidation mechanisms and kinetics such as the temperature the oxygen partial pressure, the type of sample (thin film, polycrystalline or single bulk materials), the crystalline orientation, the microstructure (grain size, impurities), the initial surface state (roughness) and the lattice defects. Therefore the ranges of preferential formation of Cu2O, CuO or of coexistence of these two phases are controversial as well. Moreover, thickness measurements are inaccurate for small thicknesses, which makes the results even more controversial at low temperature.

Thermodynamic approach

As previously stated, Cu2O and CuO are the two stable copper oxide phases in dry atmospheres. The P, T phase diagram is shown in .

Rakhshani et al. [START_REF] Rakhshani | Preparation, characteristics and photovoltaic properties of cuprous oxide-a review[END_REF] calculated the oxygen partial pressure vs the temperature phase diagram (Figure I-12). CuO is observed to be the stable phase at atmospheric pressure below 1000°C. For higher temperature (> 1000°C), Cu2O becomes the stable oxide form.

It can be noted that the Rakshani diagram is in good agreement with the experimental data obtained by Wright [19] and Coughlin [20] in the range 10 -15 -1 atm and 280 -1200 °C. O'Keeffe [START_REF] O'keeffe | The crystal structure of paramelaconite Cu4O3[END_REF] observed a good agreement as well for pressures ranging from 10 -9 to 1 atm and temperatures from 400 to 1200°C. The stability domains of copper and its oxides phases have been determined from the Gibbs free energy (∆G) expressed at atmospheric pressure in Table I-3 [START_REF] Dubois-Salomon | Chimie de l'état solide[END_REF] General equation Thermodynamic law Constant of the reaction

𝐶𝑢 + 1 4 𝑂 2 (𝑔) → 1 2 𝐶𝑢 2 𝑂 ∆G 2 = -164 + 67.10 -3 𝑇 K 2 = 1 [𝑃(𝑂 2 )] 𝑒𝑞 1/4
(1)

𝐶𝑢 2 𝑂 + 1 2 O 2 → 2 𝐶𝑢𝑂 ∆G 3 = -156 + 267.10 -3 𝑇 K 3 = 1 [𝑃(𝑂 2 )] 𝑒𝑞 1/2
(2)

Table I-3: Gibbs free energy for copper oxide formation from Dubois [START_REF] Dubois-Salomon | Chimie de l'état solide[END_REF] As shown in Figure I-13, under atmospheric pressure the Cu phase is in equilibrium with the Cu2O phase and cannot co-exists with the CuO phase. Therefore the CuO phase can only be formed from the Cu2O oxidation. 

Kinetic approach 2.2.1. Copper oxidation kinetics at high temperature (>600°C)

In the early 1930's, Wagner proposed a model for the description of metal oxidation [START_REF] Wagner | Contribution to the Theory of Formation of Oxidation Films[END_REF], valid at high temperature (> 600°C) and for an oxide thickness higher than 20 nm. The oxidation is driven by the decrease of free energy changes associated to the formation of the oxide, which established a gradient of species concentrations across the oxide layer. In Wagner's model the oxide growth is limited by the diffusion of charged species (ions, holes) through the oxide layer. The oxidation through the diffusion of species at grain boundaries is considered to be negligible.

The Wagner's model describes the oxidation kinetic based on a diffusion process, where the volume diffusion is the limiting step, following a parabolic law:

𝑥 2 = 𝐾 11 (𝑇)𝑡 + 𝐾 12 (𝑇)
(3) where 𝑥 is the thickness of the oxide layer formed at a time, 𝑡 ; 𝐾 11 and 𝐾 12 are constant, following Arrhenius law for 𝐾 11 .

For temperature above 600°C the parabolic law well describes the oxidation kinetics. The assumption from Wagner that the oxidation process is limited by the diffusion of charged species through the oxide layer was corroborated by many authors such as Park and Natesan on polycrystalline Cu (99.995%) under air or pure O2 at T = 750-1040°C [START_REF] Park | Oxidation of copper and electronic transport in copper oxides[END_REF]. More recently Mimura et al. in 2006 [24] and Liang et al. in 2010 [25] confirmed this parabolic law for the oxidation of copper of various purities (99.99 to 99.9999%) at temperatures above 550°C in pure O2 and air, with the formation of single Cu2O phase and duplex Cu2O / CuO phases, respectively. However, the authors suggested the model, proposing that not only charged species 𝑉 𝐶𝑢

• but also neutral species 𝑉 𝐶𝑢 × could participate to the diffusion.

Even though most of the authors observed a copper oxidation kinetics following the parabolic law, a large dispersion is reported for the calculated kinetic constant values. Park and Natesan [START_REF] Park | Oxidation of copper and electronic transport in copper oxides[END_REF] and Zhu et al. [START_REF] Mimura | Brief review of oxidation kinetics of copper at 350 C to 1050 C[END_REF] showed that this dispersion is due to different sample purities. They also showed that the grain boundaries don't contribute significantly to the oxidation process, in good agreement with the Wagner's theory.

Copper oxidation kinetics at low temperature (<600°C)

The wagner's theory is based on thermal activation and this model fails at low temperatures (< 600°C). Various other models have then been proposed. Most of them are based on the Cabrera-Mott theory which considers first the rapid growth of a thin oxide layer, followed by a remarkable growth slowing down [START_REF] Cabrera | Theory of the oxidation of metals[END_REF][START_REF] Fujita | New model for low-temperature oxidation of copper single crystal[END_REF].

According to the Cabrera-Mott theory, the metal oxidation is due to an electrical field setting up through the oxide layer between the adsorbed oxygen at the surface and the metal and induces the diffusion of ions. For very thin films (< 5-10 nm), the field is very strong and enables the copper cations 𝐶𝑢 + to move through the oxide layer to the reaction zone at the oxide-air interface [START_REF] Cabrera | Theory of the oxidation of metals[END_REF]. The oxidation rate is observed to follow the inverse logarithmic law.

For larger oxide thickness (> 10 nm), the effect of the electrical field is small and the diffusion of cations through the oxide film is limited. This leads to an oxidation rate following a cubic law.

Regarding copper oxidation, the Cabrera-Mott theory predicts that the growth of the cuprous oxide layer growth follows an inverse logarithmic law up to 7.3 nm and then a cubic law up to 1.5 µm for T< 50°C [START_REF] Cabrera | Theory of the oxidation of metals[END_REF]. These predictions describe well the experimental results from Rhodin, except the fact that the logarithmic law was observed up to 5 nm [START_REF] Rhodin | Low temperature oxidation of copper. I. Physical mechanism[END_REF]. By contrast Raugh et al. [START_REF] Raugh | The oxidation kinetics of thin copper films studied by ellipsometry[END_REF] and Derin et al. [START_REF] Derin | Optical characterization of thin thermal oxide films on copper by ellipsometry[END_REF] observed that the copper oxide growth follows a linear oxidation kinetic.

Linear kinetic law

The linear rate law was first suggested by Evans in 1947 for defect oxide films [START_REF] Evans | The mechanism of oxidation and tarnishing[END_REF]. In the case of copper oxidation, Bouillon et al [START_REF] Bouillon | Sur I'oxydation sèche du cuivre et de ses alliages II.-Etude de I'oxydation isotherme du cuivre pur[END_REF] evidenced this linear oxidation kinetic for a single crystal oxidized during 1 h under oxygen (P(O2) = 1 atm) and T < 225°C. Note that these authors took care of reducing the crystal before oxidation to describe the whole oxidation process. Even though the substrate has a (111) orientation, the oxide grows without any particular crystalline orientation. The possible formation of CuO on this Cu2O layer follows the initial non-specific orientation, then a reorganization forces the grain to adopt a specific direction while it continues its growth [START_REF] Bouillon | Sur I'oxydation sèche du cuivre et de ses alliages II.-Etude de I'oxydation isotherme du cuivre pur[END_REF]. O'Reilly et al also observed this linear oxidation rate at a temperature of about 150°C for sputtered copper films (500 nm thick) and electroless films (80 nm thick) under dry air at atmospheric pressure for less than 2 h of oxidation. It can be noted that they measured the native Cu2O oxide layer which was only 2 -5 nm thick before the oxidation starts [START_REF] O'reilly | Investigation of the oxidation behaviour of thin film and bulk copper[END_REF]. More recently, this linear law was also observed by Gao et al. in 2001 [34] for a film (500 nm thick) sputtered onto a Si/SiO2/TaN multilayer structure.

Logarithmic kinetic law

The logarithmic law describes an adsorption limited process (oxygen adsorption in the case of copper) and takes into account the steric hindrance of adsorbed molecules. It was first proposed by Cabrera and Mott [START_REF] Cabrera | Theory of the oxidation of metals[END_REF] for copper oxide thicknesses below 7.6 nm grown on an evaporated copper film (P(O2) = 1 -3 .10 -3 atm, T < 140°C).

The logarithmic law was also found to well describe the oxidation kinetics for bulk copper and films by Iijima et al. [START_REF] Iijima | Native oxidation of ultra high purity Cu bulk and thin films[END_REF] at room temperature and long time (up to 800 h). Boggio et al [START_REF] Boggio | Theory of formation of very thin oxide films on metals[END_REF] showed that the oxidation rate of copper single crystal also follows the logarithmic law during the first hour of oxidation (P= 10 -2 -1 atm, T = 20-180°C). Rhodin [START_REF] Rhodin | Low temperature oxidation of copper. I. Physical mechanism[END_REF] also confirmed this kinetic law with copper crystal platelets (0.254 mm of mean diameter) for the first hour of oxidation (P=10 -6 -10 -1 atm, T < 80°C).

Inverse logarithmic kinetic law

The inverse logarithmic law is expected for various limiting phenomena, such as ion transport under an electrical field, chemisorption of a molecule, or even pores formation inside an oxide layer. This law was observed by O'Reilly et al [START_REF] O'reilly | Investigation of the oxidation behaviour of thin film and bulk copper[END_REF] for sputtered copper films (500 nm) and electroless deposited films (80 nm) during the first 300 min of oxidation (air, Patm, T < 150°C).

Cubic kinetic law

The cubic law is expected for cation diffusion under an electric field, and once again Cabrera and Mott were the first to observe this law for the formation of a Cu2O film of thickness varying between 7.3 nm and 1.5 µm.

O'Reilly et al [START_REF] O'reilly | Investigation of the oxidation behaviour of thin film and bulk copper[END_REF] observed this cubic law for T > 250°C on the previously described sputtered copper films. The cubic law for the growth of Cu2O was observed together with CuO formation. Fujita et al [START_REF] Fujita | New model for low-temperature oxidation of copper single crystal[END_REF] underlined poor characterizations of the surface state (in terms of native oxidation and morphology) in previous studies. In order to get more reliable results they studied the oxidation of a copper single crystal after reducing it, and evidenced a cubic oxidation law for thickness ranging from 5 to 25 nm.

Parabolic kinetic law

The parabolic oxidation law corresponds to a process limited by the diffusion through the oxide layer volume and through the grain boundaries. This kinetic law was observed by Fujita et al [START_REF] Fujita | New model for low-temperature oxidation of copper single crystal[END_REF] for a single crystal in orientation [START_REF] Chan | Plasmonic properties of copper nanoparticles fabricated by nanosphere lithography[END_REF] even for time as short as 20 min (air, Patm, T>140°C). Cabrera and Mott [START_REF] Cabrera | Theory of the oxidation of metals[END_REF] suggested that copper oxide films above 1.5 µm are growing according to this parabolic law. Both Gao et al. for thin film [START_REF] Gao | Oxidation behaviour of Cu thin films on Si wafer at 175-400 °C[END_REF] and Bouillon et al. for a single crystal [START_REF] Bouillon | Sur I'oxydation sèche du cuivre et de ses alliages II.-Etude de I'oxydation isotherme du cuivre pur[END_REF] confirmed this kinetic, for temperatures higher than 275 °C and 317°C respectively.

Influence of experimental parameters on oxidation kinetics

As previously described, the oxidation limiting process depends on various parameters, but we will focus on the influence of the crystalline orientation, the temperature and the oxygen partial pressure, since these parameters are the most commonly tuned.

Influence of the crystalline orientation

Copper single crystals are interesting samples to study the initial oxide growth. Studies of the early stage of oxidation on different faces of Cu single crystal evidence the variation of the kinetics with the crystalline orientation.

Homma correlated the faster oxidation of the Cu [START_REF] Chan | Plasmonic properties of copper nanoparticles fabricated by nanosphere lithography[END_REF] face to the easy diffusion of 𝑉 𝐶𝑢 through the oxide layer [START_REF] Homma | Nucleation and growth behavior of oxide on copper single crystals: their roles in kinetics[END_REF]. Young et al. compared the oxide growth on copper single crystal with ( 100), ( 111), ( 110) and (311) orientation. Under the same condition the thicker film is obtained for the (100) face and then Cu [START_REF] Chan | Plasmonic properties of copper nanoparticles fabricated by nanosphere lithography[END_REF]. The faces Cu [START_REF] Kneipp | Surface-Enhanced Raman Scattering[END_REF] and (311) are giving similar results. The (100) face has four energetically equivalent orientation where the [START_REF] Chan | Plasmonic properties of copper nanoparticles fabricated by nanosphere lithography[END_REF] has only one. The nuclei formation is very easy, the activation barrier is the lowest. The numerous oxide grain boundaries are enabling a faster oxide growth on this direction. The slow oxidizing [START_REF] Kneipp | Surface-Enhanced Raman Scattering[END_REF] and (311) faces have a unidirectional oxide growth with a small amount of oxide grain boundaries. These microstructural difference may partially account for the large rate difference for all faces [START_REF] Lawless | The structure of oxide films on different faces of a single crystal of copper[END_REF]. The kinetic of growth at 178°C for different crystalline orientations are compared in Figure I-14. 100), [START_REF] Chan | Plasmonic properties of copper nanoparticles fabricated by nanosphere lithography[END_REF], ( 110) and (311) with time under air heated at 178°C from [START_REF] Young | Spirals Developed on Single Crystals of Copper by Heating to High Temperatures in High Vacuums[END_REF] 

Influence of the temperature

Most of the studies are focusing at temperatures above 600°C, where the oxide growth follows the parabolic law, due to a diffusion limited process. The oxidation is a thermally activated process, with 𝐾 11 the oxidation constant following Arrhenius law. However, a large dispersion for the values of the kinetic constant is reported according to the authors [START_REF] Park | Oxidation of copper and electronic transport in copper oxides[END_REF][START_REF] Yabuki | Oxidation behavior of copper nanoparticles at low temperature[END_REF][START_REF] Roy | Pressure dependencies of copper oxidation for low-and high-temperature parabolic laws[END_REF][START_REF] Zhu | Oxidation mechanism of copper at 623-1073 K[END_REF]. That fact can be explained by the nature of the process, i.e. the diffusion is mostly supported by grain boundaries or by bulk diffusion of Cu + . In the case of duplex Cu2O / CuO structure, the diffusion can be limited only by CuO or Cu2O , or by both oxide layer. Park and Natesan [START_REF] Park | Oxidation of copper and electronic transport in copper oxides[END_REF] and by Zhu and Isshiki [START_REF] Zhu | Oxidation mechanism of copper at 623-1073 K[END_REF] showed that the dispersion in the values of the activation energy arise from the sample purity.

Influence of oxygen partial pressure

During the initial oxidation stage, where the oxygen adsorption is the limiting phenomenon, the oxide growth kinetic is strongly dependent on the oxygen partial pressure P(O2) [START_REF] Kofstad | High temperature oxidation of metals[END_REF]. For low oxygen pressure, Wagner [START_REF] Wagner | Contribution to the Theory of Formation of Oxidation Films[END_REF] reported that the growth is proportional to P(O2) 1/7 when PO 2 < 10 -2 atm and T > 900°C. Hausgrud and Kofstad [START_REF] Haugsrud | On the oxygen pressure dependence of high temperature oxidation of copper[END_REF] observed the same evolution for PO 2 varying in the (10 -4 -10 -2 atm) range. Mansour et al [START_REF] Mansour | Kinetic modeling of low temperature oxidation of copper nanoparticles by O2[END_REF] reported that the oxide growth rate for copper nanoparticles (mean diameter of 122 nm) is limited by the adsorption of oxygen at the surface of the oxide for PO 2 under 10 -1 atm.

For high oxygen pressure and when the diffusion is the limiting process, the growth is proportional to P(O2) 1/4 [START_REF] Haugsrud | On the oxygen pressure dependence of high temperature oxidation of copper[END_REF]. Roy et al [START_REF] Roy | Pressure dependencies of copper oxidation for low-and high-temperature parabolic laws[END_REF] also observed the good agreement (∝ P(O2) 1/4 ) for P(O2) in the range (10 -3 -10 -1 atm) and temperatures between 110 and 125°C. The kinetic difference between lower and higher oxygen pressures is explained by a change of carriers: 𝑉 𝐶𝑢 + for low PO 2 and 𝑉 𝐶𝑢 for PO 2 in the [10 -2 -1] atm range [START_REF] Haugsrud | On the oxygen pressure dependence of high temperature oxidation of copper[END_REF].

For duplex Cu2O / CuO structure, the thermodynamic equilibrium at Cu2O / CuO rules the Cu2O growth. No matter the external P(O2) the local P(O2) at Cu2O interface is fixed by the thermodynamic equilibrium.

To summarize, different oxidation kinetic laws are observed for similar ranges of oxide thickness / temperature as shown in Figure I-15. These variations can be explained by a deviation from the Cabrera-Mott theory which assumes the formation of a uniform oxide film at the metal surface. Also the crystalline orientation, the microstructure, the impurities greatly influence the oxidation mechanisms [START_REF] Bouzidi | Ultrathin films of lead oxide on gold: dependence of stoichiometry, stability and thickness on O2 pressure and annealing temperature[END_REF]. Figure I-15: Experimental kinetic laws reported by different authors, as a function of temperature and oxide thickness (from [START_REF] Fujita | New model for low-temperature oxidation of copper single crystal[END_REF]). "lin," "para," "cub," "log," and "in-log" indicate linear law, parabolic law, cubic law, logarithmic law, and inverse-logarithmic law, respectively. Underlined results use ellipsometry as characterization technic, others method often consider the sample weight gain.

The different rate laws previously reported for Cu oxidation are reported in This short review on copper oxidation at low temperature shows that it is very difficult to predict the kinetic law, due to the influence of various parameters such as the oxidizing conditions (pressure, temperature, environment), the crystalline orientation, the microstructure (grain size), the initial surface state (roughness), the impurities. Moreover, especially at low temperature, this prediction is made more complicated due to the difficulty to measure precisely the thickness of ultrathin oxide films as will be discussed in chapters II and III.

Cuprous oxide film growth

Even if there is no consensus on the kinetic of oxidation at low temperature, at least the oxidation mechanism leading to Cu2O formation is understood and accepted.

The oxidation of a metallic copper surface occurs in two steps: nucleation and growth. The generally accepted reaction sequence starts by the oxygen chemisorption, followed by nucleation of Cu2O and then oxide growth and coalescence [START_REF] Gattinoni | Atomistic details of oxide surfaces and surface oxidation: the example of copper and its oxides[END_REF] (Figure I-16). During the first step, the oxygen from the environment is chemisorbed before diffusing through the copper lattice. In a second step the nucleation proceeds through the formation of Cu2O nanoislands. Nucleation occurs preferentially at the vicinity of dislocations and grain boundaries where the nucleation energy is lower. In the third step a continuous oxide layer is formed through growth and coalescence of the Cu2O nano-islands.

The different steps of Cu2O formation on the metallic surface is sketched, Figure I-16: The Cu2O formation is described by the following chemical reaction (4) which can be subdivided into 2 half reactions (5)(6):

2 𝐶𝑢 + 𝑂 2 → 𝐶𝑢 2 𝑂 (4) 
𝐶𝑢 → 𝐶𝑢 + + 𝑒 - (5)

1 4 𝑂 2 + 2𝑒 -→ 1 2 𝑂 2- (6) 
The diffusion of the moving species, 𝐶𝑢 + and 𝑒 -occurs through the oxide grain boundaries and through the oxide bulk. This displacement is allowed by the presence of 𝑉 𝐶𝑢 , a naturally present defect, moving in the opposite direction. The activation energy for oxidation is weaker at grain boundaries due to the larger presence of defects. The dissociation of chemisorbed oxygen is very rapid at the copper surface, and combined with 𝑒 -produces oxygen ion 𝑂 2- [START_REF] Garner | Reactions on the surface of copper oxide[END_REF]. The diffusion of 𝐶𝑢 + is a thermally activated phenomenon assumed to follow the Arrhenius law. The generally admitted limiting oxidation process for copper is the diffusion of copper vacancies (𝑉 𝐶𝑢 ) allowing (4) the oxygen ions to recombines with 𝐶𝑢 + [START_REF] Benard | L'oxydation des métaux[END_REF].

This oxidation process is sketched in Figure I-17 with details of the species creation and recombination.

Figure I-17: Sketch of the Cu2O oxidation process showing the creation of copper cations and copper vacancies and the oxygen dissolution

Depending on the temperature and the oxygen partial pressure, CuO may be formed at the Cu2O surface, forming a duplex oxide structure.

Cu2O/ CuO predominance

Figure I-18 represents the copper oxide phases formed for copper thin films as a function of the oxidation time and temperature. Most of the studies were carried out at atmospheric pressure (𝑃 𝑎𝑡𝑚 ) on copper thin films [START_REF] O'reilly | Investigation of the oxidation behaviour of thin film and bulk copper[END_REF][START_REF] Gao | Oxidation behaviour of Cu thin films on Si wafer at 175-400 °C[END_REF][START_REF] Iijima | Native oxidation of ultra high purity Cu bulk and thin films[END_REF][START_REF] Shanid | Frohlich interaction and associated resonance enhancement in nanostructured copper oxide films[END_REF][START_REF] Figueiredo | Effect of post-annealing on the properties of copper oxide thin films obtained from the oxidation of evaporated metallic copper[END_REF][START_REF] Ramirez | Oxidation kinetics of thin copper films and wetting behaviour of copper and Organic Solderability Preservatives (OSP) with lead-free solder[END_REF]. For comparison the results of the study of Yabuki et al [START_REF] Yabuki | Oxidation behavior of copper nanoparticles at low temperature[END_REF] for powders particles (20 nm in mean diameter) and of Bouillon et al [START_REF] Bouillon | Sur I'oxydation sèche du cuivre et de ses alliages II.-Etude de I'oxydation isotherme du cuivre pur[END_REF] for polished copper bulk surface are reported.

thin films: 1 [START_REF] Figueiredo | Effect of post-annealing on the properties of copper oxide thin films obtained from the oxidation of evaporated metallic copper[END_REF] 2 [START_REF] Ramirez | Oxidation kinetics of thin copper films and wetting behaviour of copper and Organic Solderability Preservatives (OSP) with lead-free solder[END_REF] 3 [START_REF] Shanid | Frohlich interaction and associated resonance enhancement in nanostructured copper oxide films[END_REF] 4 [START_REF] Gao | Oxidation behaviour of Cu thin films on Si wafer at 175-400 °C[END_REF] 5 [START_REF] Iijima | Native oxidation of ultra high purity Cu bulk and thin films[END_REF] 6 [START_REF] O'reilly | Investigation of the oxidation behaviour of thin film and bulk copper[END_REF] Powder: 7 [START_REF] Yabuki | Oxidation behavior of copper nanoparticles at low temperature[END_REF] Bulk: 8 [START_REF] Bouillon | Sur I'oxydation sèche du cuivre et de ses alliages II.-Etude de I'oxydation isotherme du cuivre pur[END_REF] 

Generalities on light-matter interaction

Light

The current definition of light is given in classical and quantum physics. In classical physics, light is an electromagnetic wave propagating in the direction given by a wave vector 𝑘 ⃗ . A sketch of the electromagnetic wave is given in Figure I-19, where 𝐸 ⃗ and 𝐵 ⃗ represents the electric and the magnetic field, respectively. 𝐸 ⃗ and 𝐵 ⃗ are in phase, and oscillate at the same frequency [START_REF] Bloem | Discussion of some optical and electrical properties of Cu2O[END_REF]. They are always perpendicular to each other and both perpendicular to 𝑘 ⃗ . The wavelength 𝜆 is defined as the spatial periodicity (Figure I-19). Each class of material have specific interactions with light. For instance bulk metals are very good reflectors (> 90% of the incident light is reflected in the visible range, and the remaining part is absorbed). Glasses transmit almost all the incident light, while only a very small (<5%) part being reflected, and absorption being negligible. Semi-conductors transmit photons of energy smaller than their gap but absorb energies above. 

Matter

Transmittance of a thick layer with parallel faces

Here we briefly describe the transmittance of a thick layer (much larger than the wavelength) with parallel faces, with details on the absorbed and reflected beams, scattering being neglected due to the low surface roughness.

The transmittance is defined as the ratio between the transmitted intensity 𝐼 𝑇 and the incident intensity 𝐼 0 :

𝑇 = 𝐼 𝑇 𝐼 0 (8) 
For a multilayer system transmission is limited by reflection at each interface and by absorption of each layer.

Absorption

For an absorbing medium, the absorbance, 𝐴 depends on the thickness of the material and of its absorption coefficient 𝛼 (related to the imaginary part of the refractive index 𝜅, see equation ( 10)) as stated by Beer's law [START_REF] Peterson | Diffusion and point defects in Cu2O[END_REF]. Absorbance is the natural logarithm of the ratio of incident to transmitted intensity.

𝐴 = -𝑙𝑜𝑔 𝐼 𝐼 0 = exp( -𝛼 ⋅ 𝑥) (9) 
𝛼 = 4𝜋𝜅 𝜆 (10) 

Reflection

At the interface between two media, Maxwell equation at the limits are leading to the expression of the reflectance, the so-called Fresnel equation, defined as the ratio between the incident and the reflected intensities. The reflectance depends on the direction of the polarization with respect to the interface:

𝑅 ⊥ = tan 2 ( 𝜃 1 -𝜃 2 ) tan 2 ( 𝜃 1 + 𝜃 2 ) (11) 
𝑅 // = sin 2 ( 𝜃 1 -𝜃 2 ) sin 2 ( 𝜃 1 + 𝜃 2 ) (12) 
Where 𝑅 ⊥ and 𝑅 // refer to polarizations in the plane perpendicular to the interface (also called s-polarization) or parallel (p-polarization) to the interface, with 𝜃 1 and 𝜃 2 are the incident and transmitted angle, and 𝑛 ̃1 and 𝑛 ̃2 are the complex refractive index of two media ( For a normal incidence at the interface between a dielectric and a metal, the expression of the reflectance simplifies [START_REF] Meyer | Binary copper oxide semiconductors: From materials towards devices[END_REF] and can be even more simplified at the interface between two dielectrics [START_REF] Li | Engineering of optically defect free Cu2O enabling exciton luminescence at room temperature[END_REF], where 𝑛 𝑖 is the real part and 𝜅 𝑖 , the imaginary part of the refractive index.

𝑅 = (𝑛 1 -𝑛 2 ) 2 + 𝑘 1 2 (𝑛 1 + 𝑛 2 ) 2 + 𝑘 1 2 (13) 𝑅 = ( 𝑛 1 -𝑛 2 𝑛 1 + 𝑛 2 ) 2 (14) 
Therefore for an air / cuprous oxide / air system, with a strong absorption through the layer, the transmission expression is close to::

𝑇~(1 -𝑅 12 )(1 -𝑅 21 ) ⋅ 10 -𝛼 2 * 𝑥 (15) where R12 and R21 are the reflection at air / copper and copper / air interface, respectively, 𝛼 2 the absorption coefficient of cuprous oxide, and x the layer thickness. 

Raman spectroscopy 4.1. Theory

This section provides the background of Raman scattering process and describe the principle of Raman spectroscopy, one of the possible process induced by an interaction of light with matter. The selection rules are recalled for first and second order Raman scattering. The Raman intensity in discussed in a semi-quantum approach, to explain the resonance phenomenon. Finally we discuss important phenomena to increase the Raman signal, Interference Enhanced Raman Scattering (IERS) and Surface Enhanced Raman Scattering (SERS).

Raman scattering was observed for the first time in 1921, by Chandrasekhara Venkata Raman, using the sun light as the excitation source and his eyes as the detector. Nowadays the instrumentation has evolved: the excitation comes from lasers, with the advantages of being monochromatic and intense, which is required to observe the Raman signals which are only ~10 -6 -10 -7 of the incoming signal [START_REF] Poilblanc | Spectroscopies infrarouge et Raman[END_REF][START_REF] Colthup | Introduction to Infrared ans Raman spectroscopy[END_REF].

Scattering in a wave perspective

This section was written with the help of [START_REF] Srivastava | The physics of phonons[END_REF]. The electron displacement under the electric field is small, 𝛼 ̃ can be developed using Taylor's expansion at first order as: 

𝛼 ̃= 𝛼 ̃𝑖 + 𝜕𝛼 ∂𝑄 𝑚 (16) 
In this equation, the first term corresponds to the Rayleigh scattering, while the second and third terms respectively corresponds to the Stokes and anti-Stokes Raman scattering processes.

Scattering in a quantum perspective

The quantum perspective of the scattering process is sketched in Figure I-23 both for elastic Rayleigh scattering and the two possible Raman scattering processes, namely the Stokes and anti-Stokes processes. In the general case of non-resonant scattering, 𝐸 0 is the ground state and 𝐸 𝑖 , 𝐸 𝑖 ± 𝐸 𝑝ℎ𝑜𝑛𝑜𝑛 are intermediates virtual states. The scattered photon at ℏ𝜔 𝑖 corresponds to Rayleigh scattering, while ℏ𝜔 𝑖 -ℏω ph and ℏ𝜔 𝑖 + ℏω ph correspond to a phonon creation and annihilation (with Ω the phonon frequency), respectively. Note that in the case of resonant Raman scattering the intermediate states are not virtual but real, as will be discussed below.

Selection rule for first and second order Raman

For any scattering process, both the energy and the momentum must be conserved. For first order Raman scattering, these selection rules express:

ℏ𝜔 𝑖 = ℏ𝜔 𝑠 + ℏω ph (21) 
𝑘 𝑖 ⃗⃗⃗ = 𝑘 𝑠 ⃗⃗⃗ ± 𝑞 (22) 
Raman excitations are in the visible-near infrared domain. The wavevector of the incident wave is 𝑘 ⃗ 𝑖 = 2𝜋 𝜆 and the phonon wavevector in the first Brillouin zone lies in the range 0 ≤ 𝑞 ≤ 2𝜋 𝑎 . Since 𝜆 ≫ 𝑎, only the phonons at the center zone satisfy equation [START_REF] Dubois-Salomon | Chimie de l'état solide[END_REF]. On the other hand, second order Raman scattering process involve two phonons, or one phonon together with an elastic scattering process involving a defect. In this case, non-centerof-zone phonons Raman modes can be activated.

On the other hand, Raman process have to fulfill selection rules related to molecular/crystal symmetry. The point group symmetry is defined by all the invariant possible point operations (translation, rotation, inversion, reflection). The Raman active modes are given in the point group tables [START_REF] Poilblanc | Spectroscopies infrarouge et Raman[END_REF][START_REF] Colthup | Introduction to Infrared ans Raman spectroscopy[END_REF].

Raman intensities

In this part we discuss the Raman intensities. We first define the Raman cross section, and then discuss the influence of other parameters on the Raman intensity.

General equation

The Raman intensity is given by the general equation:

𝐼 𝑠 (𝑞 , 𝜔, 𝑅) = 𝐾(𝜔) * 𝑑𝑅 𝑠 𝑑ω ph (23) 
 𝐾 is a constant depending on the Raman set-up: the lenses, the gratings, the slits, the objectives 


𝑛(ω ph ) = 1 exp ( ℏω ph 𝑘 𝐵 𝑇 ) -1 (26) 
𝑤ℎ𝑒𝑟𝑒 𝑘 𝐵 is the Boltzman constant

The phonon creation is called Stokes process, and is more likely than the anti-Stokes process (phonon annihilation). This can be explained by the population of states. At room temperature, the population of the phonons ground state is much larger than those of the excited states [START_REF] Cabrera | Theory of the oxidation of metals[END_REF] therefore the Stokes process is much more probable and the Stokes spectra are more intense.

Resonance Raman scattering

Resonance Raman scattering occurs when the incident laser energy is close to the energy of an allowed optical transition. A quantum description of the first order Raman susceptibility tensor is given in [START_REF] Martin | Light scattering in Solids I[END_REF] The first Hamiltonian represents a photon 𝜔 𝐿 , absorbed by an electron excited from an initial state 𝐸 𝑖 to a higher energy level 𝐸 𝑎 . The second Hamiltonian represents the energy loss of an electron to a phonon 𝑓 (𝐸 𝑝ℎ = ℏΩ.) The electron goes from 𝐸 𝑎 to an energy level 𝐸 𝑏 . The last Hamiltonian describes the relaxation to the initial state: the electron goes from the energy level 𝐸 𝑏 to 𝐸 𝑖 . These processes are described in the sketch in The Raman intensity is given by the magnitude squared of 𝐾 2𝑓,10 , leading to strong signature enhancement when the incoming or outcoming photon energy matches an allowed optical transition. Indeed in [START_REF] Fujita | New model for low-temperature oxidation of copper single crystal[END_REF] the energy match implies a denominator who approaches zero, which means an overall high ratio.

Vibrational properties of copper oxide

The Raman spectra of Cu2O and CuO and the attribution of their Raman active modes are discussed below. The symmetries of the 3 acoustic phonons are Au, 2 Bu those of the 6 IR-active modes 3 Au, 3 Bu, and those of the 3 Raman active modes Ag and 2 Bg (since CuO possesses an inversion center, the IR active modes are Raman-inactive and vice-versa). These three Raman firstorder modes are observed experimentally at ~296-300 cm -1 (Ag) and ~346-350 with ~6Ram-638 cm -1 (Bg) (Figure I-25, see also [START_REF] Irwin | Raman scattering from single crystals of cupric oxide[END_REF] and [START_REF] Debbichi | Vibrational properties of CuO and Cu4O3 from first-principles calculations, and Raman and infrared spectroscopy[END_REF] 

Cu2O

There are 6 atoms in the unit cell of Cu2O, and therefore 18 phonon branches [START_REF] Debbichi | Vibrational properties of CuO and Cu4O3 from first-principles calculations, and Raman and infrared spectroscopy[END_REF].

Γ = 𝐴 2𝑢 ⊕ 𝐸 𝑢 ⊕ 3𝑇 1𝑢 ⊕ 𝑇 2𝑢 ⊕ 𝑇 2𝑔 where A, E, and T symmetry are one-, two-, and three-fold degenerated, respectively. The phonon dispersion curves and the corresponding density of states are shown in .

The 3 acoustic modes are described by T1u symmetry. Among the optical active modes, 2 IR-active modes have a T2u symmetry, and the only Raman active mode is T2g. The other modes are optically-silent. The symmetries and frequencies of each mode at the zone center are reported in the following Table I [START_REF] Sanders | Monitoring defect-induced perturbations of the ideal crystal structure of ZnO and Cu2O by Raman spectroscopy[END_REF] The Eu, T2u, and one of the T1u mode corresponds to rotations of the Cu tetrahedra around their centers. The second mode of T1u symmetry corresponds to out-of-phase motions of the Cu-and O-sublattices. Phonons of A2u symmetry correspond to oscillations of the copper atoms along the diagonal axes of the cubic structure, ie to a ''breathing'' mode of the Cu tetrahedron. Finally the only Raman-active mode, of T2g symmetry, consist of the out-ofphase motion of the two oxygen sublattices with respect to each other, with the copper sublattice remaining fixed. In opposition with group theory predictions, this T2g mode, at 515 cm -1 , is not the only Raman peak observed on the experimental spectrum . Other modes are actually reported at 94, 149, 245 and 645 cm -1 , independently from the sample quality and preparation method, and their observation has been discussed by several groups in the past 50 years [START_REF] O'keeffe | The crystal structure of paramelaconite Cu4O3[END_REF][START_REF] Yu | Study of dispersive raman modes in Cu2O by resonant raman scattering[END_REF][START_REF] Yu | Multiple resonance effects on raman scattering at the yellow-exciton series of Cu2O[END_REF][START_REF] Martin | Theory of the one-phonon resonance Raman effect[END_REF][START_REF] Pinczuk | Raman Scattering from InSb surfaces at photon energies near the E1 energy gap[END_REF][START_REF] Klein | Equivalence of resonance Raman scattering in solids with absorption followed by luminescence[END_REF][START_REF] Shanid | Evolution of nanostructure, phase transition and band gap tailoring in oxidized Cu thin films[END_REF][START_REF] Shanid | Frohlich interaction and associated resonance enhancement in nanostructured copper oxide films[END_REF][START_REF] Genack | Quadrupole-dipole Raman scattering at the 1 S yellow exciton in Cu2O[END_REF][START_REF] Williams | Symmetry-forbidden resonant Raman scattering in Cu2O[END_REF][START_REF] Compaan | Surface damage effects on allowed and forbidden phonon raman scattering in cuprous oxide[END_REF][START_REF] Compaan | Resonant Quadrupole-Dipole Raman Scattering at the 1 S Yellow Exciton in Cu2O[END_REF][START_REF] Yu | Resonance Raman Scattering at the Forbidden Yellow Exciton in Cu2O[END_REF][START_REF] Yu | Resonance Raman scattering in Cu2O at the blue and indigo excitons[END_REF][START_REF] Wu | Theory of resonant Raman enhancement of a forbidden phonon in Cu2O[END_REF][START_REF] Washington | Spectroscopy of excited yellow exciton states in Cu2O by forbidden resonant Raman scattering[END_REF][START_REF] Yu | Resonance Raman studies in Cu2O. II. The yellow and green excitonic series[END_REF][START_REF] Weiner | Time-resolved hot luminescence and resonant Raman scattering: Cu2O revisited[END_REF].

 the T1u modes measured around 150 and 645 cm -1 correspond to phonons not at the zone center: they are activated by defects [START_REF] Williams | Symmetry-forbidden resonant Raman scattering in Cu2O[END_REF][START_REF] Compaan | Surface damage effects on allowed and forbidden phonon raman scattering in cuprous oxide[END_REF], and resonantly enhanced by a Fröhlich interaction involving an intra-band transition and electron-phonon coupling [START_REF] Yu | Study of dispersive raman modes in Cu2O by resonant raman scattering[END_REF][START_REF] Yu | Multiple resonance effects on raman scattering at the yellow-exciton series of Cu2O[END_REF][START_REF] Williams | Symmetry-forbidden resonant Raman scattering in Cu2O[END_REF]]  the Raman peak measured around 220 cm -1 is the second order of the Eu mode [START_REF] Yu | Study of dispersive raman modes in Cu2O by resonant raman scattering[END_REF][START_REF] Yu | Multiple resonance effects on raman scattering at the yellow-exciton series of Cu2O[END_REF]  The intensity ratio of the Raman peaks at 150 and 220 cm -1 was reported to be very sensitive to surface damages [START_REF] Compaan | Surface damage effects on allowed and forbidden phonon raman scattering in cuprous oxide[END_REF].

Vibrational properties of Raman probes 4.3.4.1. BPE

The Raman spectrum and the peak attribution for 2-Bis(4-pyridyl)ethylene (BPE) are presented in Figure I-30 according to the work from Kim et al [START_REF] Kim | Study of molecular trapping inside gold nanofinger arrays on surface-enhanced Raman substrates[END_REF]. The main bands of BPE are assigned to 𝜈(𝐶 -𝐶) and 𝛿(𝐶 -𝑁) of the pyridyl at 1200 and 1600 cm -1 , and to the 𝜈(𝐶 = 𝐶) of the vinyl group about 1635 cm -1 . This group compared the Raman spectra of a powder to the SERS signal on flexible gold pillars with two configurations (raw substrates and pre-leaned pillars. They reported a blue-shift of the peak at 994 cm -1 , assigned to pyridyl ring breathing and a shift of the peak at 1596 cm -1 assigned to 𝛿(𝐶 -𝑁) 𝑝𝑦 ; 𝜈(𝐶 -𝐶). These blue shifts are an indication that the BPE molecule interact with gold via the pyridyl nitrogen atoms. On the other hand the band at 880 and 1635 cm -1 assigned to 𝛿(𝐶 = 𝐶) and 𝜈(𝐶 = 𝐶), respectively remain unshifted, which suggests by an absence of bond by the conjugated 𝜋 electrons of the vinyl group, between the pyridine rings.

Chen et al [START_REF] Chen | Identification of vertical and horizontal configurations for BPE adsorption on silver surfaces[END_REF] remarked a peak intensity variation between the bands at 1588 and 1618 cm -1 , respectively assigned to 𝛿(𝐶 -𝑁) 𝑝𝑦 ; 𝜈(𝐶 -𝐶) and 𝜈(𝐶 = 𝐶).

The DFT calculation show that BPE can adsorb on metallic surface in two configurations: vertical or horizontal. The adsorption occurs either via the 𝜋 electrons from the vinyl group between the pyridyl rings (horizontal bond) or the nitrogen bond (vertical bond). Both bonds are stable at low concentration, but as the BPE concentration increases, the BPE molecules in horizontal configuration reorient into the vertical configuration to accommodate additional adsorbed molecules, by making more surface available for adsorption. After reaching the full surface coverage no change is observed.

The intensity of the peak at 1618 cm -1 in vertical configuration is larger, and explains the higher ratio RBPE= I (1618 cm -1 ) / I(1583 cm -1 ) around 1.2 for BPE concentration above 10 -3 g/l (Figure I-31). A similar simulation on Ag and oxidized Ag surfaces also gives the same intensity ratio change for a BPE concentration of 10 -3 g/l. The simulation on oxidized Ag surfaces predicts that the horizontal configuration is more stable compared to the metallic Ag surface. 

Graphene

Graphene is a two-dimensional allotrope of carbon, with atoms arranged in a sp 2 Raman spectrum excited at 532 nm for pristine graphene and defective graphene (bottom) [START_REF] Ferrari | Raman spectroscopy as a versatile tool for studying the properties of graphene[END_REF] Graphene is a good probe for SERS measurements on copper for several reasons. The deposition of a Single Layer Graphene (SLG) is possible even for large surfaces (~1 cm²). The Raman signal of SLG, i.e. the ratio of 2D and G area and the shape and width of 2D band (𝐴 2𝐷 /𝐴 𝐺 and Γ 2𝐷 ) is informative on the number of layers for the most general case with Bernal (ABA) stacking. On the other hand, the best parameter to discriminate monolayers from multilayers is the intensity ratio of the G peak of graphene with respect to that of highly pyrolitique graphene (HOPG) 𝐴 𝐺 /𝐴 𝐻𝑂𝑃𝐺 [START_REF] Bayle | Dependence of the Raman spectrum characteristics on the number of layers and stacking orientation in few-layer graphene[END_REF]. The Raman characterization also gives indications on strain and doping notably with the position of 2D and G bands [START_REF] Ferrari | Raman spectroscopy as a versatile tool for studying the properties of graphene[END_REF][START_REF] Tiberj | Reversible optical doping of graphene[END_REF][START_REF] Otakar | Interaction between graphene and copper substrate: The role of lattice orientation[END_REF][START_REF] Lee | Optical separation of mechanical strain from charge doping in graphene[END_REF][START_REF] Lazzeri | Nonadiabatic Kohn anomaly in a doped graphene monolayer[END_REF]. Table I-6 gives the positions and width of the G and 2D band for suspended and supported graphene excited at 514.5 nm. The positions are sensitive to stress and doping [START_REF] Lee | Optical separation of mechanical strain from charge doping in graphene[END_REF][START_REF] Lazzeri | Nonadiabatic Kohn anomaly in a doped graphene monolayer[END_REF]. The position of the G band is independent of the wavelength, but not for the 2D band, shifting about 110 cm -1 .eV -1 [START_REF] Lee | Optical separation of mechanical strain from charge doping in graphene[END_REF]. According to Frank et al, the graphene grown on copper is under compressive stress and can be n-or p-doped (yellow square in Figure I-34). [START_REF] Berciaud | Probing the intrinsic properties of exfoliated graphene: Raman spectroscopy of free-standing monolayers[END_REF] and on Cu single crystal [START_REF] Chan | Plasmonic properties of copper nanoparticles fabricated by nanosphere lithography[END_REF] and all orientations [START_REF] Frank | Interaction between graphene and copper substrate: The role of lattice orientation[END_REF] Figure I-34: Comparison of the G and 2D band position from pristine graphene and for graphene under stress and doping from [START_REF] Lee | Optical separation of mechanical strain from charge doping in graphene[END_REF] with the position of G and 2D on copper reported in the yellow square from [START_REF] Frank | Interaction between graphene and copper substrate: The role of lattice orientation[END_REF] 
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Interference enhanced Raman Scattering (IERS)

Interferences occur when spatial, temporal and polarization coherence exist. This means that the interfering waves should come from the same source or from a coherent source. The path length should be much smaller than the wave train (which represents a certain amount of temporal periods).

This interference phenomenon leads to a variety of signal amplification, from a maximal amplification with pure amplitude addition to destructive interferences, when the two waves are completely out of phase.

Multi-reflection of light on the interfaces of a thin homogeneous layer leads to interferences. Therefore, the Raman signal of a molecule or a crystal lying on a thin layer is modulated by these interferences, which leads to the so-called Interference Enhanced Raman Scattering (IERS) phenomenon.

The beam reflected on the top interface of a thin layer interferes with that refracted and then reflected on the bottom interface. The phase mismatch ∆ϕ between these two beams is directly related to the difference of path 𝛿, i.e: 𝛿 [START_REF] Garner | Reactions on the surface of copper oxide[END_REF] ⃗⃗⃗⃗ is the wave-vector of the beam in the dielectric, so that constructive interferences are expected for 𝑑 = 𝑚𝜆 0 /2𝑛d were m is an integer.

Figure I-35: Modulation by interferences of the field reflected by a dielectric thin layer (left), and details on the reflected field for the general case, and for the maxima and minima intensities (right)

In a similar way, the incident field on the top of a thin layer is modulated by interference with that refracted and then reflected on the bottom inter-face, with a difference of path of: 𝛿 10 = 2𝑛𝑑𝑐𝑜𝑠 𝜃 𝑟 and a corresponding difference of phase: 𝜙 1 -𝜙 0 = 2𝑘 𝑧 𝑑 + 𝜋, so that constructive interferences are expected for 𝑑 = [(2𝑚 -1)𝜆 0 ]/(4𝑛) where m is an integer.

It is worth noting that the differences of phase are opposite for reflection and absorption, i.e. when constructive interferences occur for the reflected beam, destructive ones occur for the incident beam, and reciprocally. Furthermore, for ultrathin dielectric layers, the difference of phase is close to 0 and Pi for the reflected and incident beam at the top interface, respectively and therefore, one expects an intense reflection but a weak local field, respectively (Figure I-36). The example of a single graphene layer deposited on a Si/SiO2 substrate, which is widely used to image by optical microscopy or detect by Raman some 2D materials at the surface, is developed below in the framework of the multi-reflection model, as developed by Yoon et al in reference [START_REF] Yoon | Interference effect on Raman spectrum of graphene on SiO2/Si[END_REF]. Here, the extinction of the beam going through the graphene sheet is neglected, so that the previous expression of the reflection is valid. When one considers multiple reflections, the reflected field is expressed as [START_REF] Rhodin | Low temperature oxidation of copper. I. Physical mechanism[END_REF]. On the other hand, the first step for Raman scattering by graphene is ab-sorption of the effective incident beam on top of the thin layer. Considering multiple reflections, the amplitude of the effective incident beam Eab is the sum of the red dots in Figure I-39 and the enhancement factor is related to the absorption step: [START_REF] Raugh | The oxidation kinetics of thin copper films studied by ellipsometry[END_REF] where

𝐸 𝑅 = 𝑟 12 +𝑟 23 𝑒 𝑖𝜙
𝑡 1 = 2𝑛 0 / (𝑛 1 ̃+ 𝑛 0 ) , 𝑟 1 = (𝑛 0 -𝑛 1 ̃) / (𝑛 0 + 𝑛 1 ̃) , 𝑟 2 = (𝑛 1 ̃ -𝑛 2 ̃) / (𝑛 1 ̃+ 𝑛 2 ̃
) , and 𝑟 3 = (𝑛 2 ̃ -𝑛 3 ̃) / (𝑛 2 ̃+ 𝑛 3 ̃) are the Fresnel transmittance and reflection coefficients for the interfaces involving Air: 0, graphene: 1, SiO2: 2, and Si: 3. 𝑛 0 =1 is the refractive index of air, and 𝑛 1 ̃, 𝑛 2 ̃, and 𝑛 3 ̃ are the refractive indices for graphene, SiO2, and Si, respectively.

β 𝑥 = 2(𝜋 𝑥 𝑛 1 ̃)/𝜆, β 1 = 2(𝜋 𝑑 1 𝑛 1 ̃)/𝜆, β 2 = 2(𝜋 𝑑 2 𝑛 1 ̃)/𝜆
On the other hand, the scattering field Esc is modulated by interferences as well (Figure I-39), and the corresponding enhancement factor Fsc: [START_REF] Derin | Optical characterization of thin thermal oxide films on copper by ellipsometry[END_REF] where

𝑡 1 ′ = 2𝑛 1 ̃ / (𝑛 1 ̃+ 𝑛 0 )
Note that the enhancement factors, as well as the positions of the maxima/minima depend on the incident angle of the beam and therefore on the numerical aperture (NA) of the objective. The expressions above rigorously correspond to NA=0. The changes are relatively small up to NA=0.5 [START_REF] Huntzinger | Raman summer school[END_REF] (typical of long working distance 50x objectives), but are significant for a numerical aperture NA=0.9 (typical of short working distance 50x objectives).

Finally, the total enhancement factor 𝐹 is:

𝐹 = 𝑁 ∫ |𝐹 𝑎𝑏 𝐹 𝑠𝑐 | 2 𝑑 1 0 𝑑𝑥 (31) 
The total enhancement factor for a single layer of graphene deposited on a Si/SiO2 substrate is plotted in Figure I-39 as a function of the silica thickness in the interval (0-500) nm for a laser excitation at 𝜆=532 nm.

The thickness of silicon dioxide leading to the largest enhancement is about 90, 270 and 450 nm in the approximation that the incident and scattered waves have the same frequency. The position of these interference maxima shift to larger thicknesses when the mode frequency increases (G band and 2D band) and the corresponding enhancement factors decrease accordingly.

Figure I-39: Schematic diagrams of multiple reflection interference in the absorption and scattering processes (left). Calculated IERS enhancement factor as a function of the thickness of the SiO2 layer in the approximation that the incident and scattered frequencies are the same (solid line), for the G band (dashed line) and for the 2D band (dotted line) (right).

The IERS phenomenon has been addressed recently for the Copper / Cu2O / Graphene system [START_REF] Yin | Evolution of the Raman spectrum of graphene grown on copper upon oxidation of the substrate[END_REF][START_REF] Cheng | Direct Identification of Multilayer Graphene Stacks on Copper by Optical Microscopy[END_REF]. An IERS enhancement factor of about 10 is predicted, and supported by experimental measurements, even though no precise measurement of the thickness of the copper oxide layer was achieved in these works. Ramirez-Jimenez et al reported recently much larger IERS enhancements (up to 55 experimentally, and 70 theoretically) for CVD single layer graphene grown on copper after one year aging [START_REF] Ramírez-Jímenez | Interference enhanced Raman effect in graphene bubbles[END_REF] They assigned this enhancement to the growth of air bubbles at the graphene/copper oxide interface, leading to an additional dielectric layer of smaller refractive index and a concomitant increase of the effective incident and scattered field on the graphene sheet ( 

Surface enhanced Raman spectroscopy (SERS)

A way to overcome the low Raman cross-sections is to take advantage of the enhanced local fields at the surface of metallic nanostructures. Here we consider only the electromagnetic enhancement, and ignore any chemical enhancement.

This section focuses on the description of the physical mechanisms leading to SERS enhancement. First the electronic and optical properties of metals will be described in the framework of the Drude model. Metallic nanostructures present localized surface plasmon modes which can couple with electromagnetic waves and lead to huge local fields responsible of the SERS enhancement. We will discuss LSP resonance signatures measured in extinction spectroscopy, in far field. Then, we will discuss the main parameters which influence local field enhancement, namely the nature, size and shape of nanostructures, as well as gap between two nanostructures. Finally, we will review the molecular probes used in the literature to measure SERS and the literature addressing the SERS properties of copper, which has been so far only scarcely used for SERS. This part was mainly written with the help of [START_REF] Ru | Principles of Surface-Enhanced Raman Spectroscopy: and related plasmonic effects[END_REF].

Physical background on lightmetal interactions

Polarizability, and relative permittivity

The polarizability 𝛼 ̃ is the ability of an electron cloud to be distorted by an external electric field. It is defined as the ratio of the induced dipole moment and the incident electric field [START_REF] Bouillon | Sur I'oxydation sèche du cuivre et de ses alliages II.-Etude de I'oxydation isotherme du cuivre pur[END_REF]. The matrix description is given in [START_REF] O'reilly | Investigation of the oxidation behaviour of thin film and bulk copper[END_REF].

𝑃 ⃗ = 𝛼 ̃𝐸 ⃗ (32) 
[

𝑃 𝑥 𝑃 𝑦 𝑃 𝑧 ] = [ 𝛼 𝑥𝑥 𝛼 𝑥𝑦 𝛼 𝑥𝑧 𝛼 𝑦𝑥 𝛼 𝑦𝑦 𝛼 𝑦𝑧 𝛼 𝑧𝑥 𝛼 𝑧𝑦 𝛼 𝑧𝑧 ] ⋅ [ 𝐸 𝑥 𝐸 𝑦 𝐸 𝑧 ] (33) 
In case of crystals, the long periodicity allowed by the crystal's invariance in some direction requires a new description. The polarizability is the product of the susceptibility, the vacuum permittivity and the electric field:

𝑃 ⃗ = ϵ ⋅ 𝜒 ⋅ 𝐸 ⃗ ( 34 
)
The permittivity is defined as the square of the complex dielectric function, with 𝑛 the real part and 𝜅 the imaginary part of the complex refractive index, respectively [START_REF] Iijima | Native oxidation of ultra high purity Cu bulk and thin films[END_REF]. The permittivity is related to the susceptibility as equation [START_REF] Boggio | Theory of formation of very thin oxide films on metals[END_REF] gives.

𝜖(𝜔) = 𝑛 ̃2 = (𝑛 + 𝑖 𝜅) 2 (35) 
ϵ = 1 + 𝜒 (36)

Plasmon definitions

Plasmons are quantum quasi-particles associated with the elementary collective oscillations of free electrons in the metal (the plasma). A simple analogy: plasmons are to the electron plasma what photons are to the electromagnetic field.

The properties of bulk plasmons are not sensitive to the surrounding medium. However, as the characteristic size of the metal diminishes plasmons get confined to the surface and may interact strongly with some incoming light at a metal / dielectric interface.

They are two type of Surface Plasmon Polaritons (SPP) depending on the geometry of the surface. On continuous and homogeneous thin films, surface plasmons are propagating following a dispersion relation sketched in 

Figure I-43: An evanescent wave corresponds to a transversal magnetic-mode that propagates along the interface of a metal and a dielectric, where the z-component of the electric field decays exponentially

Optical properties of metals

Metals are a class of material for which conduction electrons are weakly bounded to the nuclei. Under an electromagnetic (EM) field these so-called "free electrons" can therefore easily move.

We start by considering the optical response of a dipole, formed by an electron and an ion, interacting with an EM wave. Both the electrons and ions are submitted to the Coulomb force (𝐹 𝑐𝑜𝑢𝑙𝑜𝑚𝑏 = -𝑒𝐸 ⃗ ). But given their respective masses, one can neglect the motion of the ion, and consider only the electron motion, submitted to a local field 𝐸 𝑙𝑜𝑐 . This local field is the sum of the incident field and the depolarization field created by the surrounding charges. By solving the equation of motion [START_REF] Homma | Nucleation and growth behavior of oxide on copper single crystals: their roles in kinetics[END_REF], one can define the polarizability as the factor relating the local electric field and the induced dipolar moment [START_REF] Lawless | The structure of oxide films on different faces of a single crystal of copper[END_REF].

𝑚 𝑑 2 𝑟 𝑑𝑡 2 = ∑ 𝐹 𝑎𝑝𝑝𝑙𝑖𝑒𝑑 = -𝑒𝐸 ⃗ -𝑚 𝜔 0 2 𝑟 - 𝑚 𝜏 𝑑𝑟 𝑑𝑡 (37) 
The solution to this equation is:

𝑟 = -𝑒 𝑚 [(𝜔 0 2 -𝜔 2 ) + 𝑖 𝜔 𝜏 ] 𝐸 0 ⃗⃗⃗⃗ 𝑒 𝑖𝜔𝑡 𝑃 ⃗ = -𝑛 𝑒 𝑒 2 𝑚 [(𝜔 0 2 -𝜔 2 ) + 𝑖 𝜔 𝜏 ] 𝐸 0 ⃗⃗⃗⃗ 𝑒 𝑖𝜔𝑡 (38) 
 𝑛 𝑒 the number of electron per volume unit

The Drude model was proposed to explain the transport properties of electrons in material, applying the classical kinetic theory of gases to the conduction electrons. One way to introduce the Drude model is by using the Lorentz model for the atomic polarizability. The model describes the optical response of an electron bounded to a nucleus with a restauration force (𝐹 𝑟 = -𝑚 𝜔 0 2 𝑟 ) and the damping force (𝐹 𝑑 = -𝑚 𝜏 𝑑𝑟 𝑑𝑡

). In a metal the conduction electrons are not bound, therefore the restoration force is considered to be zero.

Extending this approach to the macroscopic scale, one can define the relative permittivity as a key parameter to describe the optical properties of a solid. Identifying [START_REF] Lawless | The structure of oxide films on different faces of a single crystal of copper[END_REF] with [START_REF] Gao | Oxidation behaviour of Cu thin films on Si wafer at 175-400 °C[END_REF], the permittivity is:

𝜖 (𝜔) = 1 - 𝑛 𝑒 2 𝑚 𝑒 0 ⋅ 1 𝜔 2 + 𝑖 𝛾 0 𝜔 (39) 
 𝑛, the number of free electrons per unit of volume  𝑚, the mass of electrons  𝛾 0 , is a damping term, which is related to the collision rate of free electrons.

In absence of perturbation the charge density is uniform. The electron cloud will oscillate around its equilibrium position at its eigen plasma frequency: 𝜔 𝑝𝑙𝑎𝑠𝑚𝑎 , the plasma frequency defined as:

𝜔 𝑝𝑙𝑎𝑠𝑚𝑎 = √ 𝑛 𝑒 2 𝑚 𝑒 0 𝜖 ∞ (40) 
At small frequencies 𝜔 ≪ 𝜔 𝑝𝑙𝑎𝑠𝑚𝑎

𝜖 (𝜔) = 𝜖 ∞ ( 1 - 𝜔 𝑝𝑙𝑎𝑠𝑚𝑎 2 𝜔 2 + 𝑖 𝛾 0 𝜔 ) (41) 
And the separation of the real and the imaginary part of the dielectric function leads to:

𝜖(𝜔) = 𝜖 ∞ (1 - 𝜔 𝑝𝑙𝑎𝑠𝑚𝑎 2 𝜔 2 + 𝛾 0 2 ) + 𝑖 ( 𝜖 ∞ 𝜔 𝑝𝑙𝑎𝑠𝑚𝑎 2 𝛾 0 𝜔 (𝜔 2 + 𝛾 0 2 ) ) (42) 
The Drude model only considers the contribution of free electrons to the permittivity, which correspond to intra-band transitions (in the conduction band). On the other hand, at sufficiently high frequencies, some bound electrons may be excited to a higher band. The contribution of such inter-band electronic transitions to the dielectric function is taken into account by an additional term 𝜖 𝑏 (𝜔):

𝜖 (𝜔) = 𝜖 𝑏 (𝜔) + 𝜖 ∞ ( 1 - 𝜔 𝑝𝑙𝑎𝑠𝑚𝑎 2 𝜔 2 + 𝑖 𝛾 0 𝜔 ) (43) 
Inter-band transitions occur in the UV for silver (which explains its bright grey color). By contrast for gold and copper they occur in a frequency range closed to or below the plasma frequency, in the visible range.

Localized surface plasmon resonance and local fields

The physical phenomena such as localized surface plasmon-polariton resonance (LSPR) is to take the case of a spherical metal nanoparticle (NP).We first describe the polarizability and the resonance conditions, then we stress the parameters influencing the resonance and the associated local fields, namely the geometrical aspect (shape, size of the NP), the dielectric properties of the metal and the environment, and the coupling of two nanoparticles.

In the simplest case of an isolated metallic sphere of radius 𝐷 and permittivity 𝜖(𝜔) standing in a medium of permittivity 𝜖 0 , the optical interactions between light and the particle are described by the Mie theory, which allows to calculate accurately the absorption, scattering and extinction cross-sections, and therefore to evidence the resonance of the LSPP. For particles with different geometries, no exact analytic solution of Maxwell equations can be derived. The electrostatic approximation (ESA, also called the quasi-static approximation [103, p. 279]) is widely used to calculate the optical responses of nanoparticles and provides good results as long as their size remains small with respect to the wavelength. The basic assumption of the ESA is that the electric field is homogeneous in any point of the particle. In particular, the ESA neglects any retardation effect and therefore any interference effect. Therefore, the ESA is strictly valid only for small particles (D ≤ 𝜆/20) but is actually widely used for larger ones, as an easy tool to capture the evolution of the optical properties for various geometries.

The local field intensity enhancement for 𝐿𝐹𝐼𝐸𝐹(𝜆 1 ) defined as [START_REF] Kofstad | High temperature oxidation of metals[END_REF], by le Ru as the ratio of the local electric field and the incident electric field, squared.

𝐿𝐹𝐼𝐸𝐹(𝜆 1 ) = |𝐸(𝜆 1 )| 2 |𝐸 0 (𝜆 1 )| 2 (44) 

Influence of the size and shape

First, we consider the polarizability of a sphere, considering the simple case of a spherical NP, given by Maxwell theory [START_REF] Mansour | Kinetic modeling of low temperature oxidation of copper nanoparticles by O2[END_REF]. Under an EM field, the polarized electron cloud will move periodically Figure I-44.

In the ESA [START_REF] Tsang | Scattering of Electromagnetic Waves: Theories and Applications[END_REF] the phase of the wave is assumed constant through the nanoparticle. Under this approximation, the polarizability of a metallic sphere of radius R and relative permittivity 𝜖 𝑚 , surrounded by a medium of permittivity 𝜖 1 is expressed as: From the polarizability is expected to be maximum for (𝜖 𝑚 ) = -2 𝜖 1 , which is referred as the Fröhlich condition. Resonance is achieved when the frequency of the incident EM wave matches the eigen frequency of the LSP, ie when the Fröhlich condition is fulfilled. This following paragraphs are stressing the influence of the size and the shape from a far field point of view, i.e. on the absorption and scattering cross-sections and related LSPP resonance.

𝛼 = 4 𝜋 𝜖 0 𝑅 3 ( 𝜖 𝑚 -𝜖 1 𝜖 𝑚 + 2𝜖 1 ) (45) 
Scattering cross section 𝐶 𝑠𝑐𝑎 , is calculated as a difference between the extinction cross section (𝐶 𝑒𝑥𝑡 ) is the sum of the absorption 𝐶 𝑎𝑏𝑠 and scattering cross-sections.

𝐶 𝑒𝑥𝑡 = 4𝜋𝑘 |𝐸 𝑜 | 2 ∑ ℑ(𝐸 0,𝑖 * ⋅ 𝑃 𝑖 ) 𝑖 ( 46 
)
𝐶 𝑎𝑏𝑠 = 4𝜋𝑘 |𝐸 𝑜 | 2 ∑{ℑ[𝑃 𝑖 ⋅ (𝛼 𝑖 -1 ) * * 𝑃 𝑖 * ] ⋅ 𝑃 𝑖 * } 𝑖 ( 47 
)
𝐶 𝑠𝑐𝑎 = 𝐶 𝑒𝑥𝑡 -𝐶 𝑎𝑏𝑠 (48) 
The resonance frequency depends on the size and shape of the particles. Figure I-45 gives the scattering cross section calculated in the ESA (more details on the calculation are given in [START_REF] Trügler | Optical Properties of Metallic Nanoparticles: Basic Principles and Simulation[END_REF]), as shown in Figure I-45. The maxima for a gold particle in air is given for an excitation in the red, for particles with a diameter of 80-100 nm. The aspect ratio giving the highest scattering cross section is L=0.3-0.5. [START_REF] Trügler | Optical Properties of Metallic Nanoparticles: Basic Principles and Simulation[END_REF] The best size for the SERS platform, leading to the higher SERS cross section, can be determined for a given metal in a fixed medium. Pointed shapes should be preferred, since they lead to the larger local field enhancements. Now we focus on the influence of the dielectric background. For a gold nanorod of fixed size and aspect ratio, the resonant scattering cross section vary as a function of the dielectric constant of the environment, as shown in The expression of the polarizability depends on the shape of the nanoparticle. For an ellipsoid, the polarizability along the 𝑖 𝑡ℎ -𝑎𝑥𝑖𝑠 is expressed as:

Figure I-45: Scattering cross section for varying diameter of a gold nanosphere (a) or by tuning its aspect ratio (b)

𝛼 = 𝑉 𝐿 𝑖 𝜖 0 ( 1 -𝜖 𝑚 ( 1 𝐿 𝑖 -1) + 𝜖 𝑚 ) (49) 
 𝑉: the volume of the elliptical particle 𝑉 = 4 3 𝜋𝑎𝑏𝑐, with 𝑎, 𝑏, 𝑐 the elliptical radii of the ellipsoid, and 𝐿 𝑖 the geometrical factor related to the shape of the particle:

𝐿 𝑖 = (1 + 𝑎 𝑏 ) -1.6
Remark that equation [START_REF] Mansour | Kinetic modeling of low temperature oxidation of copper nanoparticles by O2[END_REF] for a sphere can be recovered from [START_REF] Hu | Kinetic investigation of copper film oxidation by spectroscopic ellipsometry and reflectometry[END_REF], with 𝐿 𝑖 = 1 3

An example illustrating all the parameters influencing the LSPP resonance and related local field enhancement maximum scattering cross-section (size, shape, permittivity of particle and surrounding medium) is given Figure I-47.

The resonance wavelength is found to redshift for increasing aspect ratio, and the maximum enhancement at resonance is found to increase accordingly.

Like Raman cross section the SERS cross section will also depend of the excitation wavelength the refractive index of the environment and the vibrational mode considered.

On the other hand, the nature of the metal has only a little influence with small blue shift from Au to Ag, but the change of dielectric medium leads to a much larger blue when Au NP are dispersed air rather than in water. 

Coupling of nanoparticles

The last parameter discussed in the following paragraph is the coupling of two metal NP. 

𝐹 𝐸4 0 = 𝑀 𝐿𝑜𝑐 (𝜔 𝐿 , 𝑟 ) 2 = |𝐸 𝐿𝑜𝑐 (𝜔 𝐿 , 𝑟 )| |𝐸 𝐼𝑛𝑐 | 2 (50) 
We can also remark that all considered gaps (1-20 nm) between the NP are leading to a higher enhancement than that of a single sphere. 

Effective metals for SERS

The quality factor is a key parameter to evaluate if a metal can be used as an effective substrate for SERS. The higher the Q, the better the enhancement.

𝑄 = 𝜔(𝑑𝑅𝑒(𝜖)/𝑑𝜔) 2 (𝐼𝑚(𝜖)) 2 (51) 
The relative permittivities and the corresponding quality factors of different metals are compared in Figure I-49. Good quality factor (>2) are achieved for metals with a small imaginary part and a large negative real part, as expected from [START_REF] Roy | A critical appraisal of the logarithmic rate law in thin-film formation during oxidation of copper and its alloys[END_REF]. Therefore, in the visible range, the more effective metals for SERS are Ag, Au and Cu. Pd presents a good quality factor, but the large imaginary part of its dielectric function leads to a huge absorption which hinders him to be a good SERS platform.

In summary the more promising platforms for SERS are metals with: a negative 𝑅𝑒(𝜖): -20 ≤ 𝑅𝑒(𝜖) ≤ -1 a small enough 𝐼𝑚(𝜖) a quality factor (51) larger than 2, and preferably to 10 

Probe for SERS

We now discuss what molecule/system can be used for probing the SERS signal at the surface of relevant nanostructured metallic platforms. An effective SERS probe should have a large Raman cross sections. This especially occurs when the laser energy matches an optical transition of the probe, ie when the probe is studied in Raman resonant conditions, and this leads to a so-called SERRS phenomenon, where the second R states for resonance. As recalled in section 4.3.2, resonant Raman scattering (RRS) intensities can be up to 10 6 times larger than non-resonant ones [START_REF] Ru | Principles of Surface-Enhanced Raman Spectroscopy: and related plasmonic effects[END_REF].

Among the variable parameters in a SERS experiment, the probesubstrate interaction is the most important one. Adsorption/stacking of the probe onto the substrate is requested to benefit from a significant enhancement. Some molecules/functional groups have a strong chemical affinity with metallic surfaces such as Au. In particular thiols groups are known to form covalent bond on gold surfaces [START_REF] Heimel | Interface energetics and level alignment at covalent metal-molecule junctions: π-conjugated thiols on gold[END_REF]. Amino group are also known to bonds to the metallic atoms, which promote bonding partially electrostatic and partially covalent [START_REF] Pakiari | Interaction of amino acids with gold and silver clusters[END_REF][START_REF] Jazayeri | Various methods of gold nanoparticles (GNPs) conjugation to antibodies[END_REF]. Another mechanism for probe adsorption is through physical bounding, with electrostatic interactions. Another mechanism for the probe adsorption is through physical bonding, with electrostatic interactions such as 𝜋 -stacking or Van der Waals [START_REF] Chen | Identification of vertical and horizontal configurations for BPE adsorption on silver surfaces[END_REF].

Often, dyes are used as reference molecules for SERS studies, since they present both large intrinsic Raman cross sections and chemical affinities with noble metal surfaces. Among others, Rhodamine 6G (R6G) and crystal violet (CV) are widely used (see their skeleton formula in Figure I-50). 1,2-Bis(4-pyridyl)ethylene (BPE) is a dye in the UV domain, widely used in SERS due to its large Raman cross section and its two amino groups and the vinyl group that may form bonds to the metallic surface [START_REF] Chen | Identification of vertical and horizontal configurations for BPE adsorption on silver surfaces[END_REF].

R6G

CV BPE 

Enhancement factor

The enhancement factor can be theoretically defined at the level of the single molecule as the ratio of the local field 𝐸 𝐿𝑜𝑐 and the incoming electric field at the power 4 divided by the incoming electric field 𝐸 0 also at the power 4, as le Ru defines [103, p. 217], the so-called SMEF:

𝑆𝑀𝐸𝐹 = |𝐸 𝐿𝑜𝑐 | 4 |𝐸 0 | 4 (52) 
Experimentally, the measurement of the enhancement factor is not straightforward. The main issue is that the number of molecules actually participating to the enhancement is generally unknown. The way of estimating the enhancement factor as proposed by le Ru is the average surface enhancement factor:

𝐸 𝑓 ; 𝐴 = 𝐼 𝑆𝐸𝑅𝑆 /𝑁 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝐼 𝑅𝑆 /𝑁 𝑣𝑜𝑙𝑢𝑚𝑒 (53) 
 𝑁 𝑣𝑜𝑙𝑢𝑚𝑒 = 𝑐 𝑅𝑆 𝑉 where 𝑐 𝑅𝑆 is the concentration of the molecule and 𝑉 the Raman scattering volume  𝑁 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 the average adsorbed molecules According to Le Ru [START_REF] Ru | Principles of Surface-Enhanced Raman Spectroscopy: and related plasmonic effects[END_REF], Sharma [START_REF] Sharma | SERS: materials, applications, and the future[END_REF] or Kneipp [START_REF] Kneipp | Surface-Enhanced Raman Scattering[END_REF], experimental values as high as 10 5 -10 6 for the average Ef and 10 10 -10 11 for the maximum Ef can be reached. SERS enhancement is not uniform, therefore the 𝐸 𝑓 ; 𝐴 is giving a good estimation on the substrate quality. 𝐸 𝑓 ; 𝑚𝑎𝑥 is the maximum enhancement measured, at places with a high density of hotspots (a spatial area where the local field is huge), and is much more complicated to estimate in a correct way.

SERS on copper

Many papers and reviews on are mentioning copper nanomaterials as possible platforms for SERS. Van Duyne's underlines the spectral ranges where Cu, Au or Ag are expected to support SERS [START_REF] Sharma | SERS: materials, applications, and the future[END_REF] (Figure I-51). However, literature reporting SERS effective copperbased materials remains scarce. The main reason for this absence of papers on copper is likely its spontaneous oxidation in air, hindering the coupling of LSP with the incident EM excitation. The main papers regarding this issue are from Van Duyne's group [START_REF] Chan | Plasmonic properties of copper nanoparticles fabricated by nanosphere lithography[END_REF] and Ghodselahi and Vesaghi [START_REF] Ghodselahi | Localized surface plasmon resonance of Cu@ Cu2O core-shell nanoparticles: absorption, scattering and luminescence[END_REF]. Van [START_REF] Chan | Plasmonic properties of copper nanoparticles fabricated by nanosphere lithography[END_REF] Figure I-53: Calculated absorbance of core/shell spherical nanoparticles with a copper core of diameter 4 nm as a function of (left) the thickness of the copper oxide shell , (right) the real relative permittivity of the shell [START_REF] Ghodselahi | Localized surface plasmon resonance of Cu@ Cu2O core-shell nanoparticles: absorption, scattering and luminescence[END_REF] Some groups reported SERS experimental studies on various molecular probes on various copper-based nanomaterials, like 4-aminobenzenethiol (10 -5 M) on copper colloids [START_REF] Dendisová-Vyškovská | Comparison of SERS effectiveness of copper substrates prepared by different methods: what are the values of enhancement factors?[END_REF] phenolic capping molecule (1,10-phenanthroline) on laser ablated substrates [START_REF] Muniz-Miranda | Surface-enhanced Raman scattering from copper nanoparticles obtained by laser ablation[END_REF]. R6G and CV dyes (at concentrations down to 10 -5 M) on porous copper structures formed by dealloying Cu30Mn70 [START_REF] Chen | Nanoporous copper with tunable nanoporosity for SERS applications[END_REF]. Lastly the electrolytic deposition of copper has given interesting surfaces [START_REF] Cejkova | Characterization of copper SERS-active substrates prepared by electrochemical deposition[END_REF].

Typical SEM / AFM / TEM pictures of those surfaces are presented in [START_REF] Dendisová-Vyškovská | Comparison of SERS effectiveness of copper substrates prepared by different methods: what are the values of enhancement factors?[END_REF] (upper left), laser ablation (upper right) [START_REF] Muniz-Miranda | Surface-enhanced Raman scattering from copper nanoparticles obtained by laser ablation[END_REF], dealloyed surface from [START_REF] Chen | Nanoporous copper with tunable nanoporosity for SERS applications[END_REF] (lower left) and electrolict deposition [START_REF] Cejkova | Characterization of copper SERS-active substrates prepared by electrochemical deposition[END_REF] Chapter II: Materials and methods Using copper as a SERS substrate requires to study of the effect of the copper oxide native layer on the Raman signal, in a first step, and on the enhanced signal, in a second step.

In this chapter the different samples used as Raman references for oxide thickness calibration samples and SERS substrates are described as well as the related characterization techniques.

Copper and copper oxide reference samples

In a first step the Raman signals of copper and copper oxides have to be determined for reference sample. Raman experiments were carried out using a T64000 equipment with a Linkam cell (Figure II-1).

A ( 111) oriented copper single crystal (MTI supplier) was selected to get the Raman signal of pure copper. The sample was heated during 10 min at 400°C under H2 flow (400 sccm) to reduce the native copper oxide before analysis. Copper oxide powders, from Alfa Aesar, were chosen as references. Cu2O cuprous oxide powder (Alfa Aesar 40188) shows a purity of 99 % and a granulometry of 200 mesh whereas cupric oxide powder (Alfa Aesar 10700) shows a purity of 99.995 % for a granulometry of 350 mesh (Figure II-2). 

Copper and copper oxide calibration thin films

In order to determine the effect of copper oxide, and more precisely the copper oxide thickness, on the Raman signal, copper and copper oxide thin films with calibrated thicknesses were prepared.

Calibration of copper thin films

Copper thin films were deposited onto fused silica substrates using thermal evaporation. Experiments were carried out by F. Pichot and J. Lyonnet from the Centrale de Technologie en Micro et Nanotechnologie (CTM) of the Université de Montpellier using a home-made equipment. Thin films were deposited from the evaporation of a copper wire, 99,999% pure (Alfa Aesar), under secondary vacuum of 10 -5 mbar and an applied intensity of 120 A. The thickness calibration was performed onto glass substrates using quartz crystal micro-balance (QCM) and atomic force microscopy (AFM) measurements.

Prior to deposition, fused silica substrates were ultrasonically cleaned in an acetone bath for 5 min and plasma treated in a 70 % O2 / 30 % N2 atmosphere for 6 min. A silicon piece was used to create a double step in the middle of the substrate for the AFM thickness measurements (Figure II-3). 

Calibration of copper oxide thin film

Copper oxide thin films were obtained from the oxidation of copper thin films prepared by thermal evaporation as previously described. Cu thin films, of thickness varying from 10 to 180 nm, deposited onto fused silica substrates were annealed under air at atmospheric pressure.

The annealing temperatures were chosen to be low enough to preferentially form Cu2O. Based on literature [START_REF] Gao | Oxidation behaviour of Cu thin films on Si wafer at 175-400 °C[END_REF][START_REF] Iijima | Native oxidation of ultra high purity Cu bulk and thin films[END_REF][START_REF] Shanid | Frohlich interaction and associated resonance enhancement in nanostructured copper oxide films[END_REF][START_REF] Figueiredo | Effect of post-annealing on the properties of copper oxide thin films obtained from the oxidation of evaporated metallic copper[END_REF][START_REF] Ramirez | Oxidation kinetics of thin copper films and wetting behaviour of copper and Organic Solderability Preservatives (OSP) with lead-free solder[END_REF], thin films were annealed in the range of 120 to 170°C. Annealing was performed progressively, for increasing time and temperature following the thermal treatment described in Figure II-5. Annealing times are reported in Table II-1. The evolution of the oxidation was studied by UV-vis absorbance analyses for each annealing condition from the Cu signal evolution. The time required to achieve full oxidation of the copper thin film for the different thicknesses is reported in Table II-2. However, even though the fully oxidized state of the thinnest Cu layers was achieved for lower annealing times, all the samples were submitted to the complete annealing treatment whatever the initial Cu thickness was.

The samples will be referred as "S 'thickness' -'annealing time' ". As an example, S180-t600 means the series of samples with an initial thickness of 180 nm annealed during 600 min (according to the thermal treatment of Table II- 

SERS substrates

As the SERS signal is very sensitive to the surface morphology and roughness, three different substrates were prepared: silicon substrates coated with electroless plated copper, chemically etched copper foils and commercial substrates made of Au pillars coated with a 50 nm thick copper layer.

Electroless copper substrates

Copper coated silicon wafers were used as SERS substrates. The copper layer was deposited using the electroless plating process.

The electroless plating process is a metallization method based on chemical oxidation and reduction reactions without application of an external current, unlike electrodeposition. The main advantage of electroless deposition is that nonconductive substrates of complex shapes can be uniformly plated, at a relative slow deposition rate, which enables the control of thin deposits [START_REF] Deckert | Electroless copper plating. A review. I[END_REF]. The process requires the use of a reducing agent (formaldehyde [START_REF] Paunovic | Modern Electroplating[END_REF] or glycolic acid [START_REF] Shacham-Diamand | Electroless copper deposition using glyoxylic acid as reducing agent for ultralarge scale integration metallization[END_REF][START_REF] Jayalakshmi | Recent acvances in electroless copper deposition -A review[END_REF]) and copper ions as the metal source. A complexing agent is added to build a ligand system (CuL) with the metal ions and prevent the formation of copper hydroxide in the alkaline electrolyte. To provide OH -ions, the pH is set to 13. Furthermore, commercial plating baths contain additives to stabilize the electrolyte against uncontrolled plate out and to control the plating rate and the morphological properties of the deposited Cu film. For formaldehyde and glycolic acid the general copper electroless deposition equation are respectively:

𝐶𝑢𝐿 + 2 𝐻𝐶𝐻𝑂 + 4 𝑂𝐻 -→ 𝐶𝑢 + 2 𝐻𝐶𝑂𝑂 - +2𝐻 2 𝑂 + 𝐻 2 + 𝐿 2-( 54 
)
𝐶𝑢𝐿 + 2 𝐻𝑂𝑂𝐶𝐶𝐻𝑂 + 4 𝑂𝐻 -→ 𝐶𝑢 + 2 HOOCCO𝑂 - +2𝐻 2 𝑂 + 𝐻 2 + 𝐿 2-( 55 
)
The SERS substrates were prepared from silicon wafers coated with a SiO2 layer (~300 nm) and a TaN (35 nm) / Ta (30 nm) bi-layer to prevent copper diffusion (i.e. electromigration) into the silicon substrate. Prior to electroless deposition a thin Ru layer, 2-5 nm thick, is deposited to catalyse the Cu electroless process. The electrolyte solutions used for copper plating were the Atotech "PRINTOGANTH PV" or "EXPT SEEDPLATE bath" ones [START_REF] Hofmann | Method of manufacturing a circuit carrier and the use of the method[END_REF][START_REF] Dammasch | Method for depositing a copper seed layer onto a barrier layer and copper plating bath[END_REF] Electroless copper layers with a thickness of about 300 nm are deposited. The surface microstructure is represented in 

Etched copper substrates

Etched copper substrates were prepared from bare copper foils. Copper foils, 30 µm thick, were chemically etched for 30s, at 35°C in a solution of sodium persulfate (𝑆 2 𝑂 8

2-) at a concentration of 0.1 M. The etching is based on the oxidation reactions of metallic copper and cuprous oxide by sodium persulfate (( 56) and ( 57)). Cupric oxide remains at the same oxidation state but oxygen is replaced by sulfur by a double replacement with the sodium sulfate (𝑆𝑂 

𝐶𝑢𝑂 + 𝑆𝑂 4 2-+ 𝐻 2 𝑂 𝐶𝑢𝑆𝑂 4 + 2 𝑂𝐻 - (57) 
SEM images of the copper foil surface after etching are represented in Figure II-9. A quite different microstructure is observed in comparison to the previous electroless copper substrate with a rougher surface. Topography at two different scales is observed, one at the micron scale and the other one at the nano-scale. 

Gold based substrates

As previously described, gold is the material usually used as SERS substrate. For this reason, commercial gold substrates have been used in this study for preliminary SERS experiments. These substrates, supplied by Silmeco with "SERStrate" commercial reference, are prepared from a silicon substrate. Pillars structures are formed by maskless reactive ion etching of the silicon substrate and gold is deposited on the Si pillars structures by thermal evaporation (Figure . This process leads to the formation of pillars with a height of around 1 µm, a diameter of about 100 nm and a distance between the pillars of about 100 nm . To study the Raman signal enhancement, "flat" Au samples, with a mean square roughness, Rms, of 5 nm, were additionally prepared from thermal evaporation of a gold wire (99.9999 % pure) onto a glass substrate. Au layers with a thickness of 500 nm were prepared.

In a second step the SERS enhancement from a copper pillar structure has been studied. A copper layer, about 50 nm thick, has been deposited by thermal evaporation onto the Au SERStrate previously described. This thickness is low enough so that the pillar structure is still observed ( 

Raman probes

Raman experiments were carried out using either graphene or organic molecules probes.

Graphene probe

Graphene samples were synthesized by F. Otakar and M. Kalbac [START_REF] Frank | Interaction between graphene and copper substrate: The role of lattice orientation[END_REF][START_REF] Kalbac | The control of graphene double-layer formation in copper-catalyzed chemical vapor deposition[END_REF] from the J. Heyrovsky Institute of Physical Chemistry in Prag, using chemical vapor deposition (CVD) as reported by Li et al [START_REF] Li | Large-area synthesis of high-quality and uniform graphene films on copper foils[END_REF] and Reina et al [START_REF] Reina | Transferring and identification of single-and few-layer graphene on arbitrary substrates[END_REF]. A copper foil is heated at 1000°C, and annealed 20 min under flowing H2 (50 standard cubic centimeter per minute (sccm)). Then the foil is exposed to 1 sccm 12CH4 for 1 min, leaving hydrogen gas on with the same flow rate of 50 sccm. Finally the substrate was cooled down under H2 by opening the furnace and removing the reaction tube from the heated zone. The cool down time from 1000 to 500°C was of 5 min. The pressure was kept at 0.35 Torr during the whole process. The as-grown graphene was subsequently transferred to the target copper substrate using polymethylmethacrylate (PMMA) (MicroChem, 950,000 MW, 9-6 wt. % in anisole), according to procedures reported previously [START_REF] Dieckmann | Point defects and transport in non-stoichiometric oxides: solved and unsolved problems[END_REF]. The graphene transferred is essentially a single layer. This is checked by the ratio of A2D/AG ~2-5 [START_REF] Wang | Growth of millimeter-size single crystal graphene on Cu foils by circumfluence chemical vapor deposition[END_REF], the 2D profile [START_REF] Ferrari | Raman spectroscopy as a versatile tool for studying the properties of graphene[END_REF], and the AG/AHOPG [START_REF] Graf | Spatially resolved Raman spectroscopy of single-and few-layer graphene[END_REF][START_REF] Ni | Graphene thickness determination using reflection and contrast spectroscopy[END_REF]. The quality of SLG is proved by the absence of the D peak. The position and width of the G and 2D peaks are an indication of the good adhesion of graphene to the copper substrate.

Organic molecules probes

The organic molecules chosen as Raman probes are the 1,2-Bis(4-pyridyl)ethylene (BPE) and 2-Mercaptobenzothiazole (MBT) ones supplied from Sigma Aldrich. The skeletal formula of these molecules are reported in Figure II-12. The interest of these two molecules is related to the presence of the -N and -S bonds which promote bonding with metallic surfaces [START_REF] Pakiari | Interaction of amino acids with gold and silver clusters[END_REF][START_REF] Jazayeri | Various methods of gold nanoparticles (GNPs) conjugation to antibodies[END_REF] and show strong intrinsic Raman signatures [START_REF] Kim | Study of molecular trapping inside gold nanofinger arrays on surface-enhanced Raman substrates[END_REF][START_REF] Chen | Identification of vertical and horizontal configurations for BPE adsorption on silver surfaces[END_REF][START_REF] Song | Preparation of 2mercaptobenzothiazole-labeled immuno-Au aggregates for SERS-based immunoassay[END_REF]. Due to its poor solubility in water, MBT was prepared in ethanoic solution at 10 -6 M. Raman spectra on SERStrates (Au and Cu coated ones) acquired in two conditions: the first one with the SERStrate immersed in those solutions and the second one with the dried SERStrate after thorough rinsing in the solvent (MilliQ water or ethanol) to remove unattached molecules, and drying at room temperature.

Characterization techniques

Various experimental techniques were selected to characterize the substrates (surface morphology and roughness) and the copper / copper oxide films (thickness, microstructure).

SEM / AFM observations

The sample microstructure was observed using Scanning Electron Microscopy (SEM). High resolution Hitachi S4800 and Helios NanoLab 660 FEI microscopes were a to observe the sample surfaces and cross-sections.

Additionally, Atomic Force Microscopy (AFM) was performed to determine the copper substrate and oxide roughness and the lateral auto-correlation length. An AXS Brücker equipment was used in the tapping mode using silicon nitride cantilevers with sharpened pyramidal tips. 2 x 2 µm 2 , 5 x 5 µm 2 and 10 x 10 µm 2 scans were recorded with a resolution of 512 x 512 pixels and a residual noise of ± 0.5 Å. Data were computed using Gwyddion and NanoScope Analysis softwares.

The layer roughness was determined considering the Rms mean square roughness defined as:

𝑅 𝑚𝑠 = √ 1 𝑛 ∑(𝑧 𝑖 -𝑧̅ ) 2 𝑛 𝑖=1 (59) 
where 𝑧 𝑖 is the height of the profile and z ̅ the average 2D plane height. If the 𝑅 𝑚𝑠 roughness is widely used to characterize the surface morphology with reliability, this statistical description makes no distinction between peaks and valleys and does not account for the lateral distribution of surface features. A more complete description is provided by the power spectral density (PSD) of the surface topography, which performs a decomposition of the surface into its spatial wavelengths and allows comparison of roughness measurements over different spatial frequency ranges [START_REF] Gavrila | A power spectral density study of thin films morphology[END_REF].

The PSD analysis requires the transformation of the spatial domain into the frequency domain using the Fourier transform [START_REF] Ramonda | Evolution dynamique de rugosité de surface lors de processus d'érosion et de croissance[END_REF]. It consists in the Fourier transform (FT) of the height distribution 𝐹𝑇(𝑧(𝑟 )) of a topographic image:

𝑃𝑆𝐷(𝑘 ⃗ ) = 4𝜋 𝐿 2 |𝐹𝑇(𝑧(𝑟 ))| 2 ( 60 
)
where 𝑧(𝑟 ) is the height distribution of the surface, centered on a mean medium plane and 𝐿 the topographic picture length (µm).

Considering any waveform line in the topographic image, it can be deconvoluted using a sum of sine and cosine waves of different wavelengths. The PSD representation plots the pondering coefficient in front of each sinus (the PSD) as a function of spatial frequencies (inverse of the spatial period). Figure II-13 displays an example of a PSD profile obtained for an evaporated Cu layer after the final oxidation process (S50-t900). The PSD profile reported in Figure II-13 is characteristic of all the Cu deposits studied. Two distinct regimes can be observed a low and high-frequencies. The transition between these two regimes allows determining a lateral auto-correlation length 𝜉, calculated as 2𝜋/𝜉. This lateral auto-correlation length allows the characterization of the in-plane copper and copper oxide microstructure. Additionally AFM was used to determine the thickness of copper and copper oxide thin layers of the calibration reference samples.

𝜉

XPS chemical analyses

The chemical composition and degree of oxidation of the copper oxide were studied using X-Ray Photoelectron Spectroscopy (XPS).

XPS principle

XPS is a chemical surface analysis technique which gives information on the chemical nature and state of the detected elements [START_REF] Briggs | Surface analysis by auger and X-ray photoelectron spectroscopy in IM Publications and SurfaceSpectra Limited[END_REF].

XPS is based on the energy analysis of the electrons emitted from a surface illuminated by X-rays and exhibiting the photoelectric effect. Photoelectrons are emitted with a specific kinetic energy, EKE which is measured by an electron energy analyzer. The electron kinetic energy depends on the energy, h, of the primary X-ray source and on the electron binding energy, EBE:

𝐸 𝐵𝐸 = ℎ𝜈 -𝐸 𝐾𝐸 -𝜙 𝑆 ( 61 
)
Where 𝜙 𝑆 is the spectrometer work function

The XPS spectrum is obtained as a plot of the number of detected electrons per energy interval versus their kinetic energy. Since the mean free path of the electrons in solids is very small, most of the detected electrons originate from the top few atomic layers, typically from a depth of 10 nm at the most (Figure . 

XPS experiments

XPS experiments are performed using an ESCALAB 250 spectrometer (Thermo Electron) with a monochromatized X-ray Al K radiation (1486.6 eV). The pressure in the analysis chamber is maintained at approximately 4x10 -9 Torr. The analyzed core-level lines are calibrated against the C 1s binding energy set at 284.6 eV. The signals are deconvoluted using mixed Gaussian-Lorentzian curves where the Gaussian character was set to 80 %. The spatial resolution is limited by the X-ray beam with a diameter of about 400 µm. The elemental detection limit is of 0.1 % atomic and the chemical quantification is calculated with a standard deviation of ± 10 -20 at. %.

Reference XPS spectra were performed for copper and copper oxides. The reference for metallic copper is obtained from a copper foil after acid etching ("NAPS" etching) and copper oxide powders, previously described, were used as Cu2O and CuO references. Prior to analysis, the native oxide thin layer formed at the surface of the copper foil is removed through in situ erosion using Ar ions bombardment. The oxide removal is controlled from the evolution of the O1s spectrum as metallic copper doesn't show any peak in the O1s kinetic energy region.

The chemical composition of the reference samples, and more specifically of the Cu oxidation states, was studied from the XPS Cu 2p peak. This Cu 2p peak is usually used to determine the relative amount of each species [START_REF] Biesinger | Resolving surface chemical states in XPS analysis of first row transition metals, oxides and hydroxides: Sc, Ti, V, Cu and Zn[END_REF].

The reference spectra of the etched copper foil and of the copper oxide powders are reported in Figure II-16 for the Cu 2p transition. Metallic copper, Cu(0), shows two peaks: Cu 2p1/2 at 952.4 eV and Cu 2p3/2 at 932.6 eV. For Cu(II) oxide, there are five large peaks: the two main peaks Cu 2p1/2 and Cu 2p3/2 at 953.5 and 933.9 eV respectively and their satellites at 941.0, 943.9 and 962.4 eV respectively.

The relative intensity of the satellites over the main peaks is 1.92 ± 0.1. Shake-up peaks occur when the outgoing photoelectron simultaneously interacts with a valence electron which is excited to a higher-energy level. The kinetic energy of the shaken-up core electron is then slightly reduced giving a satellite structure a few eV below the core level position [START_REF] Watts | An introduction to surface analysis by XPS and AES[END_REF].

Hence, these electrons are part of the total Cu 2p emission. For Cu(I) oxide, the two main peaks are at the same position as for Cu(0). In addition, one can observe a shoulder at the bottom of the Cu 2p3/2 peak at 934.4 eV, attributed to Cu(II) oxide. Moreover, one observes an additional peak at 946.9 eV, of low intensity, assigned to Cu(I) satellite. In the region from 939.4 to 945.9 eV, it is difficult to distinguish the presence of Cu(II) oxide satellites from the noise. The experimental values of the binding energy for the reference samples are reported in 

Ellipsometry

Ellipsometry is a non-destructive method used to characterize materials with respect to their optical properties. If thin films are considered their thickness can be determined using this technique.

The ellipsometer principle is sketched in Figure II-18, with also shows the ellipsometric angle 𝛹 and 𝛥. Incident light is emitted by a laser beam or by a monochromatized light from a broad band source. The incident beam is linearly polarized and hits the sample surface with an incident angle 𝜙. Depending on the optical properties and on the composition of the sample (complex refractive index and thickness of the film under investigation), the parallel and perpendicular components of the electric field in the reflection plane respectively 𝐸 𝑝 and 𝐸 𝑠 are modified according to Fresnel's equations. In most cases, the reflected light is elliptically polarized, which is the origin of the name of the instrument and the technique (Ellipsometer, ellipsometry).

Knowing the polarization of the incident beam, it is possible to determine to what extent the polarization has change after interaction with the sample. A portion of light is reflected under the same angle as 𝜙, while the other portion enters the material and is refracted according to Snell's law under a refraction angle 𝜙 2 . Fresnel's equations determine the complex reflection coefficients 𝑟 𝑝 and 𝑟 𝑠 for the parallel (p subscript) and for the perpendicular (s subscript) component to the reflection plane. 

𝑟 𝑝 = 𝑁 2 ̃cos 𝜙 1 -
The complex ellipsometric parameter 𝜌 ̃ is defined as the ratio of 𝑟 𝑝 and 𝑟 𝑠 . 𝜌 ̃ is determined by ellipsometry, with tanΨ being the ratio of the amplitude (tan

Ψ = | 𝑟 𝑝 r𝑠
|) and ∆ is the phase shift (∆ = 𝛿 𝑝 -𝛿 𝑠 ):

𝜌 ̃= tan Ψ 𝑒 𝑖∆ (64) 
∆ and Ψ are the ellipsometric angles measured experimentally from which the complex refractive index of an unknown material, or the thickness of a known thin film can be determined. [START_REF] Wächter | Thin Films of Copper Oxide and Copper Grown by Atomic Layer Deposition for Applications in Metallization Systems of Microelectronic Devices[END_REF] The ellipsometric angles are particularly sensitive around Brewster's angle (𝜃 𝐵 ) which is a particular angle of incidence where the reflection of linearly polarized light with parallel orientation has a minimum (for metals, in case of dielectric at Brewster angle there is no reflection at all).

Brewster's angle 𝜃 𝐵 is defined as:

tan 𝜃 𝐵 = 𝑛 1 ñ2 ̃ (65) 
Where 𝑛 1 ̃ and 𝑛 2 ̃ are the complex refractive angles of the incident and studied media respectively.

In modelling fixing some parameters is essential for the determination of others. In case of multiple stacked layers, fixing the refractive index of the known layers allows the determination of their thicknesses.

By numerical routines, the modeled parameters are varied to find the best possible match between the measured and the calculated ∆ and Ψ. The fit return the chosen fitted parameter, i.e 𝑛, 𝜅, or the layer thicknesses. Two different ellipsometer setups were considered for the ellipsometric measurements, multiple angle of incidence (MAI) ellipsometry and spectroscopic ellipsometry.

Multiple angle of incidence (MAI) ellipsometry

Multiple angle of incidence (MAI) measurements were performed using an ellipsometer (Optrel, Germany) working with green laser light ( = 532 nm) closed to the Brewster's angle. Brewster's angle is estimated by a simulation of the modelled layer stack for each sample using the 'Ellipsometry: Simulation and Data-evaluation' software from Nanofilm before the measurement. Typical value for optical glass is 56°, while for samples modelled by: substrate=fused silica / Cu / Cu2O its value is closer to 70°. Ten experimental points are chosen around 𝜃 𝐵 with a step from 2 -5°. The laser power was set to P = 50 mW, for an illuminated surface area about 1 mm². The polarizer step and analyzer step for measurement to determine the ellipsometric parameters (𝜌, Ψ, ∆) are respectively fixed to 15 and 3° for the best estimation. Thickness of Cu and Cu2O is searched using the model: substrate= optical grade SiO2 / Cu / Cu2O.

A typical fit of ellipsometric angles Ψ, ∆ is represented in Figure II-19 with data points for S15-t0.

Figure II-19: Experimental and fitted 𝛥 (left) and tan(𝛹) (right) evolution as a function of the incidence angle (aoi (°)) for S15-t0 (top), with residuals (bottom)

Spectroscopic ellipsometry

Spectroscopic ellipsometry was performed with monochromatized light at 560, 660, 760, 860 and 960 nm. Additional data points at 360 and 460 nm were analyzed for the thickness determination of the Cu and Cu2O thin films, S10 and S30 (10 and 30 nm thick respectively), after annealing, to confirm the result obtained with smaller spectral range. The incidence angle is fixed at 50° for a model: substrate = optical grad SiO2 / Cu / Cu2O. For S50 and S180, the thickness of copper is too high for a quantification with ellipsometry, because Cu films become opaque at a thickness of 40-50 nm. Only Cu2O thickness is fitted using copper as a substrate for the model: substrate = Cu / Cu2O.

A typical fit of experimental ellipsometric angles Ψ, ∆ for S30-t0 gives very good fitting results (Figure .

Figure II-20: Experimental and fitted 𝛥 (left) and tan(𝛹) (right) evolution as a function of the wavelength for S30-t0 (top), with residuals (bottom)

UV-vis

The absorbance of the thin layers of copper/copper oxide was measured on a UV-Visible-NIR CARY 5000 in the spectral range 350-800 nm. The beam diameter was fixed to 1 mm Refractive indices of Cu and of Cu2O are represented in Figure II-21. The imaginary part of the refractive index is increasing with the wavelength from 2 at 380 nm to a value as high as 10 for 𝜆 > 1450 nm. The imaginary part of Cu2O is decreasing with the wavelength and can be neglected for 𝜆 > 600 nm. Cu2O imaginary part of the refraction index cannot be neglected from copper's for 𝜆 < 600 nm. At 𝜆 = 380 nm its value is 1.2 while copper's is of 2.

In summary for shorter wavelengths, the absorbance of Cu2O is at maximum. While for wavelength above 600 nm, the contribution of Cu2O to the sample absorption can be neglected because Cu is largely dominant. [START_REF] Mcpeak | Plasmonic films can easily be better: Rules and recipes[END_REF] for Cu (left) and from Sopra [START_REF] Sopra | The Sopra S.A. company[END_REF] for Cu2O (right) 

Figure II-21: Real and imaginary part of the refractive index plotted as a function of the wavelength The data are taken from Mc Peak

Raman spectroscopy

Raman measurements were carried out on two spectrometers of Laboratoire Charles Coulomb:

 a Renishaw Invia spectrometer, using three laser lines (532, 633 and 785 nm and associated edge filters), two gratings (2400 l/mm at 532 nm and 1200 l/mm at 633 and 785 nm) and a CCD camera detector. Measurements in air and in a liquid cell are achieved in a microscopic configuration using a 50xlwd objective with a numerical aperture of 0.5  a Raman Horiba T64000 spectrometer using a laser line at 488 nm (and an associated edge filter), a grating with 600 l/mm and a CCD camera detector Raman maps were measured:  on the Invia spectrometer with 2 µm steps for typical maps of 20*10 spectra  on a Horiba XploRA TM spectrometer in the lab of Pr Stephanie Reich at FU Berlin, using a laser line at 638 nm with 1 µm steps for a typical map of 20*20 spectra.

For calibration, we used the silicon peak at 521 cm -1 , varying as a function of the wavelength. 488 nm spectra are acquired on the Horiba T64000, while the Renishaw Invia spectrometer is used for excitation at 532, 633 and 785 nm. Chapter III: Coupled microscopic/ spectroscopic characterization of ultra-thin copper/ copper oxide films One of the main goals of this thesis is to study the influence of the copper oxide layer on the Raman / SERS signal. The accurate measurement of the nature and thickness of thin (< 100 nm) and ultra-thin (< 10 nm) layers of copper oxide is not straightforward. In this chapter, we propose a coupled microscopic / spectroscopic study of series of thin and ultra-thin copper films (10-180 nm) deposited by thermal evaporation on fused silica substrates, and a monitoring of copper oxide growth during thermal oxidation.

We first characterize the microstructure and the thickness of raw and fully-oxidized samples by SEM and AFM. We then study the nature of the superficial oxide by XPS. Finally, we use ellipsometry and UV-visible absorption spectroscopies to accurately determine the thicknesses and optical properties of both the copper and the copper oxide layers. One of the main originality of this approach is the use of UV-vis spectroscopy in transmission which allows to couple simple measurements and thorough calculations.

Samples described in this chapter will be referred to with their initial target thickness, and with the subsequent oxidation time (Table III-1). Four series of samples are studied, hereafter called S10, S30, S50 and S180. Thermal oxidation was achieved at various temperatures and times as summarized in chapter II. 

Thin films microstructure

The microstructure of as-deposited copper thin films and oxidized ones has been observed using SEM and AFM in order to determine the roughness, porosity and grain size.

Microstructure observation of the raw Cu thin films

SEM cross-section and surface of the as-deposited 180 nm thick Cu layer (S180-t0) are reported in Figure III-1. Films are observed to be formed with a very fine grain size of about 30 nm. A non-columnar growth seems to be formed. The roughness of the film surface, Rms, is observed to be low with a mean value of 1.2 nm determined from the 5 x 5 µm 2 image (Figure III-2). A lateral correlation length, 𝜉 of 79 nm is determined which is higher but in the same range than the grain size evaluated from SEM image (~ 30 nm). The lateral correlation length is therefore assumed to be more representative of agglomerates of very fine grains than of the film grain size itself. 1 µm 1 µm

Microstructural observation of the oxidized thin films

SEM images of the oxidized Cu thin films are shown in Figure III-4 for samples exposed to the higher oxidation time (t900). The 10 nm surface could not be observed due to difficulties in the sample preparation.

From cross-section observation, it appears that the film microstructure is similar for all the samples except for the 180 nm one (Figure III-4a). In this last case, one can observe a bilayer structure which suggests that the Cu layer is not fully oxidized as confirmed from UVvis experiments ( §3.3.1). The oxide growth is related to a significant increase of the grain size when the initial thickness increases ( The Rms values for the as-deposited and oxidized films are reported in Table III-2. The roughness decreases from 13.6 to 6.6 nm when the initial thickness increases from 30 to 180 nm, respectively. This may be explained by the decrease of the oxide porosity with the oxide growth as observed from the cross-section SEM images. Additionally, it can be noted that oxidation induces an increase of the roughness for both S10 and S180 series even though the S10 sample shows a very low roughness. III-3. For raw samples, the lateral correlation length is in the range of 24 -79 nm for S10-t0 and S180-t0 respectively, and is increasing after oxidation for samples S10 to reach 35 nm. For S30, S50 and S180 fully-oxidized (t900), 𝜉 is about 70-79 nm. The oxidation seems to form larger oxide grain compared to the initial copper grains. The fully-oxidized S10 has a smaller 𝜉 than the other oxidized samples, which can be understood by the thinner layer, preventing a larger grain growth. 

Table III-3: Lateral auto-correlation length 𝜉 and the grain size from of raw and fully-oxidized samples* the S180 is not fully oxidized

As previously detailed, the values of the auto-correlation length is higher than the grain size evaluated from SEM images and are therefore more representative of agglomerates of very fine grains. We also note a low roughness from about 1 nm to 14 nm for raw and fully oxidized surfaces, two order lower than the visible light scale.

Determination of the copper oxidation state of thin films

The nature of the oxidized copper films has been investigated from high resolution Cu LMM and Cu2p3/2 XPS spectra.

Study of the Cu LMM Auger transition

The Cu LMM Auger spectra for as-deposited S10, S15 and S180 series are shown in Figure III-8 (left) with the peak positions reported Table III-4. The raw spectra show similar profiles with however a shift to lower kinetic energies for the S180-t0. This shift is attributed to calibration.

The main peak centered at 916.5 eV is assigned to Cu2O (916.3 eV [START_REF] Biesinger | Resolving surface chemical states in XPS analysis of first row transition metals, oxides and hydroxides: Sc, Ti, V, Cu and Zn[END_REF]) whereas the peak at 918.5 eV is assigned to Cu (918.7 eV [START_REF] Biesinger | Resolving surface chemical states in XPS analysis of first row transition metals, oxides and hydroxides: Sc, Ti, V, Cu and Zn[END_REF]). It seems that CuO (917.7 eV [START_REF] Biesinger | Resolving surface chemical states in XPS analysis of first row transition metals, oxides and hydroxides: Sc, Ti, V, Cu and Zn[END_REF]) is not detected for these samples (assuming that the S180 spectrum is shifted due to calibration effect).

The Auger Cu LMM spectra for t900 oxidized films are shown in Figure III-8 (right), with the position reported in Table III-4. A change in the spectra is observed in comparison with raw Cu films with one large peak only for each series (S10 to S180). This large peak may be attributed to the contribution of both Cu2O (916.3 eV) and CuO (917.7 eV). Contrarily to raw films, Cu is not detected which let assume that the copper oxide thickness is higher than 5-10 nm. 

Study of the Cu 2p3/2 XPS transition

The CuO contribution to the copper oxide film cannot be precisely determined from the Cu LMM Auger transition. Therefore the Cu 2p3/2 transition is used for a better characterization of the CuO contribution. As a conclusion, as-deposited copper films show a very fine microstructure, with a grain size of a few nm, and a very low roughness with a Rms value of about 1 nm. This microstructure remains thin after full oxidation with a grain size varying from a few nm to 80 nm according to the oxide thickness and a roughness varying from 2 to 14 nm. The oxide layer is observed to be essentially composed of Cu2O, with the presence of CuO. Even if the semi-quantification shows a non-negligible CuO presence, we will assume in a first approach that this CuO layer remains thin enough to be ignored in the modeling described in Chapter IV.

Determination of the copper and the oxidized thin films thicknesses

The thickness of raw and fully-oxidized thin films has been determined coupling microscopy and spectroscopic techniques, as thicknesses in the ten nanometers range are difficult to access.

Thickness determination from microscopy

The film thickness has been determined from cross-section SEM images. About 10 measurements in different regions of the sample (1 µm length) have been performed with an accuracy of ± 10 %.

Values are reported in Table III-6. For the 180 nm raw sample the thickness is lower than expected which may be attributed to the thickness inhomogeneity. Additional measurements would be necessary to conclude. For the oxidized samples, an increase of the thickness by a factor of about 1.5 in comparison with the initial targeted Cu thickness is observed. This is related to the volume increase arising from the copper to copper oxide transformation. The Cu to Cu2O volume variation is theoretically of 1. [START_REF] Sanders | Monitoring defect-induced perturbations of the ideal crystal structure of ZnO and Cu2O by Raman spectroscopy[END_REF] Additionally to SEM the film thickness has been determined using AFM. The mean thickness of the layers is estimated by the average height of the deposit on the substrate / film steps.

AFM profiles of the raw samples are shown in Figure III-10. Except for the lowest thickness (S10), the steps are well-defined which suggests an accurate determination of the thickness. The AFM thickness values are summarized in Table III-7. These values are close to the targeted ones for raw samples, with standard deviations of the order of the Rms (~ 5 nm).

The AFM profiles for the oxidized samples are reported in Figure III-11. After oxidation, the thickness significantly increases as expected from the Cu to Cu2O volume increase. The thickness increases by a factor of 2.6, 3.2 and 2.8 for S10, S30 and S50 respectively (Table III-7). These values are higher than the theoretical volume expansion (𝛼 𝑡ℎ = 1.68). This is assigned to the porous structure of the copper oxide layer. As a conclusion AFM is a technique allowing the measurement of thin film thickness with a good accuracy.

Thickness determination from ellipsometry

Multiple angle-dependent (MAI) ellipsometry and spectroscopic ellipsometry (SE) have been used to determine the mean film thickness. A bi-layer Cu/Cu2O model was chosen with refractive index of 𝑛 = 0.94530 and 𝜅 = 2.5997 and 𝑛 = 3.1137 and 𝜅 = 0.2323 respectively for Cu [START_REF] Mcpeak | Plasmonic films can easily be better: Rules and recipes[END_REF] and Cu2O [START_REF] Sopra | The Sopra S.A. company[END_REF] for MAI and from Sopra [START_REF] Sopra | The Sopra S.A. company[END_REF] for SE.

Multiple-angle incident (MAI) ellipsometry

The thickness values determined from MAI ellipsometry are reported in Table III-8. The result accuracy is very high, but it is important to note that absolute thickness values are extracted from a model. In our case, the refractive indices are chosen from the literature (Cu: [START_REF] Mcpeak | Plasmonic films can easily be better: Rules and recipes[END_REF] and Cu2O: [START_REF] Sopra | The Sopra S.A. company[END_REF]). Note also that surface roughness is not accounted in our model. The refractive index of fused silica used as a substrate is measured, and the value obtained perfectly matches that of literature [START_REF] Ghosh | Dispersion-equation coefficients for the refractive index and birefringence of calcite and quartz crystals[END_REF]. For the samples with additional copper deposition the model layer stack: substrate / Cu / Cu2O is considered.

The total thicknesses determined from MAI ellipsometry are close to the AFM values for S15, S20 and S30 Table III -8. The mismatch between AFM and MAI ellipsometry for S10 copper thicknesses is attributed to the assumption on the bulk refractive indices, which poorly describe the optical states of thin sample films. For S50-t0, S180-t0, S50-t900 and S180-t900, the copper films and cuprous films respectively are too thick for a good thickness estimation of cuprous oxide (t0 and t900) and of copper (t0) by ellipsometry. From the ellipsometric measurements, the Cu2O thickness is close to 2-5 nm. According to the fits, a non-negligible Cu thickness is always present on the 'fully-oxidized' samples, which is unexpected. This could be also due to the literature refractive indices used in our models. In fact, for fully oxidized samples a microstructure showing porous layers could affect the refractive index of the layer. Another source of refractive indices change is the increased presence of CuO, manifested by its increased XPS signature. To conclude on this technique, additional error bars should be calculated as the accurate refractive indices of the medium, in particular for the S10 series, and the t900 oxidation step.

Sample

Thickness As a conclusion MAD ellipsometry is a suitable technique to determine the thickness of raw copper films with a thickness ranging from 15 to 30 nm and allows the determination of the native copper oxide thickness.

Spectroscopic Ellipsometry (SE)

Spectroscopic Ellipsometry (SE) is used in addition to MAI Ellipsometry, to take advantage of the absence of absorbance of Cu2O at wavelength higher than 600 nm, in the modelling.

The thicknesses determined from SE are reported in Table III-9. The thickness of copper oxide, 𝑒 𝐶𝑢 2 𝑂 , is around 3-5 nm for all the samples, and in general the total thicknesses are comparable to the AFM (within the error bars).

Again the copper thickness for S50-t0 and S180-t0 as the cuprous oxide thickness for S50-t900 and S180-t900 cannot be correctly determined, since the films absorbance are too high. For S10 and S30, the ratio 𝛼 𝑡900 (~1.7) calculated as [START_REF] Irwin | Raman scattering from single crystals of cupric oxide[END_REF] is very close to the one expected for a dense layer (1.68), which support the hypothesis of a dense layer of uniaxial growth. To summarize, the thicknesses values determined from SE are comparable to AFM ones. Compared to MAI, SE is wavelength dependent which for Cu/Cu2O sample may be more sensitive in particular for fully oxidized samples for 𝜆 > 600 nm, where only copper absorbs. The technique returns expected thicknesses of Cu2O for the raw surface (3 -5 nm), and no Cu presence for the fully oxidized samples. In addition the results support the complete transformation of copper into copper oxide, with a ratio 𝛼 𝑡900 close to that of a uniaxial volume expansion of dense copper to cupric oxide layers.

𝛼 𝑡900 = 𝑒 𝐶𝑢 2 𝑂,𝑡900 -𝑒 𝐶𝑢 2 𝑂,𝑡0 𝑒 𝐶𝑢,𝑡0 -𝑒 𝐶𝑢,𝑡900 (66) 

UV-vis spectroscopy (UVS)

SE measurements can be considered as UV-visible absorption measurements in a reflection and polarized configuration. On the other hand, transmission mode is generally not used to study metallic layers because of their strong absorption, but thin and ultra-thin copper layers deposited on fused silica substrates are eligible for such a study. Experimental measurements are compared and fitted by calculations based on Fresnel equations, in collaboration with Dominique Barchiesi at Université Technologique de Troyes. The main objectives are to estimate the thickness of the copper and oxide layers but also to discuss the evolution of the optical properties as a function of the thickness.

Raw and fully oxidized surfaces

We start by a description and a comparison of the theoretical and experimental spectra of pure copper and pure cuprous oxide.

Theoretical absorbance spectra for pure copper samples of thickness 10, 30 and 50 nm and for the fully oxidized counterparts assuming a uniaxial dense growth of cuprous oxide (17, 50 and 84 nm respectively) and using the relative permittivities from Mc Peak [START_REF] Mcpeak | Plasmonic films can easily be better: Rules and recipes[END_REF] and Sopra [START_REF] Sopra | The Sopra S.A. company[END_REF] respectively, are represented on Figure III-12 (solid lines). One observes a general increase of the absorbance for increasing thicknesses of copper and cuprous oxide. However, the profile of the spectra changes for thin layers due to multi-reflection on the thin layers and concomitant interferences. The absorbance spectra of copper are marked by a minimum around 𝜆 ~580 nm, assigned to the onset of interband transitions [START_REF] Ehrenreich | Optical properties of Ag and Cu[END_REF] which is more pronounced for thicker layers, and is responsible for the characteristic bright pink-salmon color of metallic copper. On the other hand, the absorbance spectra of cuprous oxide is strong for 𝜆 < 500 nm and drops rapidly above this threshold: cuprous oxide is essentially transparent for wavelengths larger than 600 nm, leading to a pale red color.

The experimental UV-visible absorbance of initial and fully-oxidized samples, as measured in transmission mode, are compared in Figure III-12 (dashed lines) The profiles of the calculated and experimental spectra of copper are very close, even though the experimental absorbances are systematically larger suggesting that the actual thicknesses are larger than the targeted ones, in agreement with the AFM results (11, 30 and 55 nm). Logically, the experimental absorbances are larger for oxide copper samples as well, with in addition slight differences in the profile suggesting that the permittivities used for the calculations are not perfectly matching those of the samples.

The model of pure copper fully transformed into cuprous oxide is supported and seems to be appropriate for the description of the samples. [START_REF] Mcpeak | Plasmonic films can easily be better: Rules and recipes[END_REF][START_REF] Sopra | The Sopra S.A. company[END_REF]. Experiments are for raw and fully-oxidized samples of the series S10, S30 and S50

Partially oxidized samples

Figure III-13 shows the evolution of the absorbance spectra during thermal oxidation for the S10, S30 and S50 series. For each series, the absorbance of the raw samples is close to that of pure copper. Then, the growth of copper oxide is featured by rising and dropping absorbances at small and large wavelengths, respectively. For long oxidation treatments, the characteristic transmission peak of copper around 580 nm damps and the spectra are dominated by the signature of copper oxide. 

Fitting procedure description.

Fresnel equations are used to model the absorbance data assuming a homogeneous cuprous oxide/copper bilayers with parallel faces, without roughness on visible light scale, deposited on a fused silica substrate, as sketched in Figure III-14 according to [START_REF] Barchiesi | Functionalization layer influence on the sensitivity of surface plasmon resonance (SPR) biosensor[END_REF][START_REF] Barchiesi | A 3-D Multilayer Model of Scattering by Nanostructures. Application to the Optimisation of Thin Coated Nano-Sources[END_REF]. The goal is to determine the effective thicknesses of copper and cuprous oxide (𝑒 𝐶𝑢 , 𝑒 𝐶𝑢 2 𝑂 ), and discuss their effective dielectric permittivities ( 𝜖 𝐶𝑢 (𝜆), 𝜖 𝐶𝑢 2 𝑂 (𝜆) ). Note that the experimental absorbance of the bare silica substrate was measured and successfully fitted with dielectric permittivities of reference [START_REF] Ghosh | Dispersion-equation coefficients for the refractive index and birefringence of calcite and quartz crystals[END_REF] In the first method, the dielectric permittivities of copper, cuprous oxide and fused silica are fixed to values of the literature (from references [START_REF] Mcpeak | Plasmonic films can easily be better: Rules and recipes[END_REF][START_REF] Sopra | The Sopra S.A. company[END_REF][START_REF] Ghosh | Dispersion-equation coefficients for the refractive index and birefringence of calcite and quartz crystals[END_REF], respectively), and the thicknesses of Cu and Cu2O are fitted for each wavelength. The fit results are presented in Figure III-15 for the raw and fully oxidized samples of the S50 series. No unique solution is found but the ranges of fitted thickness is fairly narrow over the spectral range 400-800 nm, lying between 52 and 65 nm for copper and below 4 nm for cuprous oxide. By contrast, the results are surprisingly very different within the spectral range 350-400 nm, suggesting that the permittivities are not matching those of the samples. This fitting method is first used to determine the approximate thicknesses of copper and cuprous oxide using the dielectric permittivities ( 𝜖 𝐶𝑢 (𝜆), 𝜖 𝐶𝑢 2 𝑂 (𝜆), 𝜖 𝑓𝑢𝑠𝑒𝑑 𝑠𝑖𝑙𝑖𝑐𝑎 (𝜆) ) still from the literature.

The best results for 𝑒 𝐶𝑢 and 𝑒 𝐶𝑢 2 𝑂 , are used as input values for the third method, where the effective permittivities 𝜖 𝐶𝑢 (𝜆), 𝜖 𝐶𝑢 2 𝑂 (𝜆) together with the effective copper and cuprous thicknesses (𝑒 𝐶𝑢 , 𝑒 𝐶𝑢 2 𝑂 ) are used. The effective permittivities are complex, so both the real and imaginary part are fitted, so that there are 6 fitting parameters ( 𝑒 𝐶𝑢 , 𝑒 𝐶𝑢 2 𝑂 , ℜ(𝜖 𝐶𝑢 (𝜆)), ℑ(𝜖 𝐶𝑢 (𝜆)), ℜ(𝜖 𝐶𝑢 2 𝑂 (𝜆)), ℑ(𝜖 𝐶𝑢 2 𝑂 (𝜆)) ) with the following constraints: o limited variations of the thicknesses (± 20% away from the input values) o limited variations of the permittivities (a) ± 10% and b) ± 20% away from the input values from references [START_REF] Mcpeak | Plasmonic films can easily be better: Rules and recipes[END_REF] and [START_REF] Sopra | The Sopra S.A. company[END_REF])

Here, to limit the calculation time, the fit was achieved over a selection of 6, 15 and 25 equivalently spaced wavelengths. The strong constraints on the fit parameters, plus the good agreement between the fit results for these three selections, in addition to the local monotony of the permittivities, allow to state that the solutions are unique.

A comparison of fits achieved with this first method is proposed in Figure III-16 for S50-t0, S50-t102 and S50-t900, as example of raw partially and fully oxidized fits. The fits are unable to match them at any place. Therefore the second and the last method are considered, with typical results for the same samples S50-t0 -t102 and -t900 at the right of Figure III-16. The fit with the dielectric permittivities from the literature gives a result quite close to the experimental data but is unable to perfectly match them. On the other hand, fitting the permittivities leads to an excellent agreement with the experimental data.

Figure III-16: Comparison of the experimental absorbance spectra for a raw S50-0 (upper) a partially oxidized S50-102 (center) and a fully oxidized S50-900 (lower) for fitting method 1 (left) and method 2 and 3 (right).

The fits for the second method (black line) and the last method for a section of 6, 15 and 25 wavelengths selected.

Method 3a was used to fit the whole three series of spectra S10, S30 and S50 (Figure . Very good results are achieved for raw and partly-oxidized samples, for the t102 and t190 for S10, S30 and S50. (S10-t0, S30-t0, S50-t0, S10-t102, S30-t102, S50-t102, S10-t190, S30-t190, S50-t190) On the other hand, the fits do not perfectly match the experimental data for further oxidation steps t240 and t600. This suggests that the refractive index of copper changes for small thicknesses, as already reported for thin gold films [START_REF] Wang | Refractive index and dielectric constant evolution of ultra-thin gold from clusters to films[END_REF][START_REF] Laref | Size-dependent permittivity and intrinsic optical anisotropy of nanometric gold thin films: a density functional theory study[END_REF]. For t900 the fit is also not perfect. These discrepancies are assigned to the increasing roughness (AFM data of An alternative fit, with larger allowed variation of the refractive indices (Method 3b) gives perfect fits for the all samples, except for the fully-oxidized one (t900). Compared to the Method 3a, the relative error remains in the same range (0-0.01%). Even if the fit are better for Method 3b, we chose to rely on the fitted thicknesses determined in 3a, since the refractive indices are closer to the one from the literature. [START_REF] Mcpeak | Plasmonic films can easily be better: Rules and recipes[END_REF]. By contrast, the fitted values for cuprous oxide Cu2O systematically from those of Sopra [START_REF] Sopra | The Sopra S.A. company[END_REF], with a typical upshift of +0.2 over the whole spectral range for the real part 𝑛(𝐶𝑢 2 𝑂) and an increasing upshift up to 0.2 at 800 nm for the imaginary part 𝜅(𝐶𝑢 2 𝑂) 100

Refractive indices

Figure III-21: Comparison of the real part (left) and imaginary part (right) of the fitted refractive indices (color lines for all oxidation step for S30 and S50 series) and those from Sopra ( [12], black line), for Cu (top), and Cu2O (bottom)

Summary of UVS fit

Table III- The fitting results are coherent with the AFM/SEM measurements for all samples but the fully-oxidized samples S50-t900, for which the fitted oxide thickness is equal to ~90 nm, ie much smaller than the 120 nm measured by SEM. This is assigned to a weaker accuracy for absorbances larger than 2.

For the S10 series, the copper thickness decreases as the cuprous layer grows. We can remark the last value incoherence of total thickness, increasing up to 16 nm for S10-t240, and then decreasing down to 10 nm and 12 nm for S10-t600 and S10-t900 respectively. 

Discussion

Different techniques are used to estimate the thickness of copper and its oxide layer. AFM and SEM give a direct estimation of the thickness but only on local selected areas (~1 µm), which may not necessarily be representative of the whole sample. On the other hand, spectroscopic techniques (ellipsometry and UVS) are probing larger areas (~1 mm), but the model used to fit the data relies on some hypothesis, i.e. homogeneous thin layers with parallel faces (no roughness), and requires the knowledge of the dielectric permittivities to determine accurately the thicknesses of Cu and Cu2O. Below, we compare the thicknesses measured on the same samples by different techniques and discuss which technique(s) is (are) more relevant as a function of the nature of the samples and their thicknesses. Finally we discuss the kinetics of oxidation as a function of the thickness of the raw samples, and propose an extrapolation for ''infinite'' (bulk) samples.

Raw samples

The raw samples series S10, S30 and S50 were probed by AFM, MAI, SE, and UVS. The resulting total thickness (𝑒 𝐶𝑢 +𝑒 𝐶𝑢 2 𝑂 ) are compared in the left part of Figure III-22. The error bars corresponds to the roughness for AFM and to the fitting accuracy for ellipsometry and UVS.

The results from different techniques are quite dispersed. Thicknesses measured with MAI and SE are systematically smaller and larger, respectively than those measured by UVS, but considering the error bars, SE and UVS are consistent. Here we remind that UVS model is using optimized refractive indices, whereas the MAI uses literature values from Mc Peak (Cu) and Sopra (Cu2O) and SE uses only Sopra's refractive indices [START_REF] Mcpeak | Plasmonic films can easily be better: Rules and recipes[END_REF][START_REF] Sopra | The Sopra S.A. company[END_REF], so that the dispersion of results may be explained by these different sets of refractive indices. We remind that UVvis spectra cannot be correctly fitted using Sopra's indices for cuprous oxide. We consider that the UVS results, using optimized refractive indices, are the most accurate spectroscopic results, and that providing the difference of refractive indices, the agreement with MAI and SE is fair. On the other hand, the thickness measured by AFM are systematically smaller than those measured by UVS, but the results are consistent within the error bars. 

Partly and fully oxidized surfaces

Due to the swiftness and convenience of the measurements, the thickness of partly oxidized was characterized by UVS only (the samples are also thoroughly investigated in Raman, as discussed in Chapter IV).

Moreover, good fits of the data are achieved for oxidation steps t102 to t600. Therefore, thicknesses measured by UVS will be considered for corresponding samples of series S10, S30 and S50.

However, no good fits of the UV-vis spectra could be achieved for fully-oxidized samples, likely because of the heterogeneous structure of the layers (see SEM cross-section of sample S180-t900) and/or the unneglectable optical contribution of the superficial layer of CuO (see XPS spectra of fully oxidized samples). Therefore, SEM and AFM measurements are privileged to determine the total thickness. Moreover, fully oxidized samples are considered as made of copper oxide only, since no underlying layer of copper could be detected neither from the UV-vis fits, nor from the SEM observations. Thicknesses measured by SEM and AFM are in fair agreement with each other (Figure , and are the retained data for t900.

All the results are summarized in Table III 

Estimation of the thickness of a cuprous oxide layer on a ''bulk'' copper substrate

In order to estimate the thickness of the copper oxide layer grown on a ''bulk'' copper substrate, a comparison of the kinetic oxidation is achieved on series S10, S30 and S50, and extrapolated to series S180, and to other series of bulk samples in chapter IV. The raw sample of series S180 is considered as a bulk copper substrate, since even at the last oxidation step (sample S180-t900), the copper thickness remains larger than 100 nm (see cross-section SEM picture in Figure III-4).

We first compare the evolution of copper and cuprous oxide thicknesses up to the oxidation step t600 for S10, S30 and S50 series (Figure III-23 fully oxidized samples are not considered since their microstructure and/or composition is different from the other samples of the series). The corresponding ratio of uniaxial transformation of Cu to Cu2O ( 𝛼 𝑡600 ) are calculated from these data, and presented in Table III-12. Within the error bar, the coefficient is quite close to the theoretical value of 𝛼 𝑡ℎ = 1.68 for the S50.

By contrast, the coefficient is much smaller for the series S10, likely due to inaccuracies on the thickness or optical properties of such ultrathin layers, and much larger for the series S30, essentially because of the results for sample S30-t600, which may also present a heterogeneous / porous structure (no microstructural data available for this sample). For these two latter series, the ratio of uniaxial transformation is much closer to the theoretical value is one considers only the four first samples of the series (see the guidelines in Figure .

Finally, as expected, the copper oxide thickness for fully oxidized 𝛼 𝑡900 samples is much larger than 𝛼 𝑡ℎ for all series, which is attributed to the porous / inhomogeneous microstructure of these samples.

We now compare the kinetic of growth for the partly-oxidized samples of the three series (Figure . In the first steps of oxidation (until the 4 th , ie t240), the growth of the oxide layer is close for all series, but still slightly faster for series S50. At the 5 th step, the kinetics is slowing down for series S10 as most of the copper layer is oxidized, and the kinetics of oxidation of series S30 remains slightly slower than that of series S50. In the following, we will assume that the kinetics of growth, and therefore the thickness of the cuprous oxide layer, is the same for the series S50 and S180 (''bulk'' samples) until the 5 th oxidation step (t600).

As far as the 6 th oxidation step is concerned, the bilayer structure and corresponding total thickness of oxide of sample S180-t900 is completely described by the SEM cross-section. The value of Cu2O thickness evolution is summarized in Figure III-24 and Table III Oxidation step

𝑒 𝐶𝑢 2 𝑂 S180-t0 1 ± 1 S180-t102 4 ± 1 S180-t190 6 ± 1 S180-t240
13 ± 2 S180-t600 88 ± 5 S180-t900* 133 ± 20* Table III-13: Values of Cu2O for the sample S180, estimated from the average on S10, S30 and S50 series for t0 to t240. S180-t600 is the value of S50-t600. S180-t900 is the value estimated by SEM cross section

In conclusion UVS was shown to be a powerful technique to measure the thicknesses of Cu and Cu2O layers in the range 1-50 nm. The probed surface is much larger (1-20 mm²) than those probed by AFM or SEM, and both Cu and Cu2O thicknesses can be determined, by contrast with AFM which measures the total thickness of the samples. SEM is also eligible for measuring the thicknesses of the two layers but only when they are larger than ~30 nm and after a destructive and not straightforward preparation of the cross section.

On the other hand, UVS allows a determination of thicknesses in a larger range than ellipsometry. Indeed in UVS the transmitted light is measured directly while ellipsometry measures the intensity of (polarized) light after reflection on the bottom of the layer. Therefore on ellipsometry twice the thickness of the UVS layer will roughly give a twice absorbance. No reliable result are obtained with absorbance above 3 (0.1% of transmitted light), which corresponds to 90 nm in the visible range for UVS and thus leads to eligible copper thicknesses below 45 nm for ellipsometry.

In addition to the thickness determination, the proposed (third method) fitting process in UVS allows to get some knowledge on the optical properties as well. Note that this could have been done with ellipsometry as well, which is actually an interesting perspective of this work to interpret the UVS and ellipsometry results using the same sets of refractive indices. Table III 

Chapter IV: Raman signature enhancement

In this chapter we will discuss the Raman enhancement on copper substrates, and discuss in particular Interference enhanced Raman spectroscopy (IERS) and Surface Enhanced Raman Spectroscopy (SERS) phenomena. We will study the Raman signal evolution as a function of the cuprous thickness. Then we will discuss the Raman signal of graphene deposited on flat or nanostructured samples.

Raman signatures of copper oxide

All spectra are normalized by the silicon peak at 521 cm -1 , acquired in the same conditions (120 s, ~200 µW) to take into account the spectrometer's response. The signatures are compared at 488, 532, 633 and 785 nm.

Pure powders

We first study the Raman signatures of CuO and Cu2O pure powders, at different wavelengths. The Raman spectra of CuO are presented in Figure IV-1 with the main peaks at 300, 350 and 630 cm -1 , marked by the vertical dashed lines, corresponding to first-order Raman-active mode of Ag, Bg and Ag symmetries Their relative intensities with respect to that of the TO peak of silicon are larger at 488 and 532 nm and particularly a more prominent peak at 350 and 630 cm -1 . Contrarily to CuO, the Cu2O powder present a strong luminescence (PL) background at 488, 532, 633 nm and in a lesser extent at 785 nm. The PL spectrum can be appreciated in Figure IV-2, The main peak around 630 nm corresponds to the yellow 1s (Y1s) band (see chapter I, and the onset of a secondary peak at high wavelength is as-signed to single charged oxygen vacancies (𝑉 𝑂 + ) [START_REF] Li | Engineering of optically defect free Cu 2 O enabling exciton luminescence at room temperature[END_REF][START_REF] Meyer | Binary copper oxide semiconductors: From materials towards devices[END_REF]. and Figure IV-3, for the same excitations wavelengths. The PL is represented in Figure IV-2 as a function of the wavelength, with its maximum yellow 1s (Y1s) band position between 570 and 700 nm (see chapter 1). Photon excitation at 2.54 and 2.33 eV (488 and 532 nm) are largely above the PL gap (~2 eV). Resulting in the observation of the very intense Y1S PL signature, in particular at 532 nm. On the other hand for a laser excitation at 1.96 eV (633 nm) no PL should be observed, since the energy is lower than, the gap. However on those samples, the PL band is measured around 1.94 eV, which explains the weak observation of PL at 633 nm as well. Finally the photon energy at 1.56 eV (785 nm) is much smaller than the energy of the Y1s excitation series, and the weak PL is assigned to single charged oxygen vacancies Beside the strong PL which dominates the Raman spectra, characteristic Cu2O Raman peaks are observed at 150, 220, 420, 500 and 630 cm -1 (Figure IV-3). For clarity, the normalized spectra are represented superimposed on the PL background (top) and after a manual subtraction of the PL using a 6 th order polynomial background (bottom).

The peak at 220 cm -1 , a second order mode of Eu symmetry, dominates the Raman spectra for all exciting wavelengths. The peaks at 150 and ~640 cm -1 , are both of T1u symmetry, and activated by defects (see chapter I for details). The motions corresponding of the copper and oxygen atoms are represented in chapter I (Figure I-29). The modes at 150 and 220 cm -1 correspond to rotations of the Cu tetrahedron around its center. The T1u at ~640 cm -1

Y1s

𝑉 𝑂 + *1/30 corresponds to an out-of-phase motion of the Cu-and O-sublattices. For a laser excitation at 785 nm, an additional ill-defined peak is observed at 180 cm -1 .

Note that local heating of powder leads to an oxidation of Cu2O into CuO, which explains the observation of a weak CuO peak at 300 cm -1 for a laser excitation at = 488 nm. The most relevant wavelength to measure the cuprous oxide Raman signatures is 488 nm since the PL is significantly upshifted with respect to the Raman peaks. For all exciting wavelengths, the Raman intensities for Cu2O are about 20 times larger than those for CuO.

Calibrated thin films 1.2.1. Series S50

The evolution of the Raman spectra as a function of oxidation for the S50 series are presented in Figure IV-4, Figure IV-5 and Figure IV-6. For a laser excitation at 488 nm, both Raman and PL signatures can be observed. The PL intensity is much larger than the Raman, which is surprisingly rarely discussed in the literature. The PL is already quite strong for the raw sample (S50-t0), its intensity increases continuously with oxidation until the 4 th oxidation step (S50-t240) without any significant change of its spectral profile. Then, the PL intensity stops increasing and broadens after the 5 th oxidation step (S50-t600), and finally drops for the fully oxidized sample. The evolution of the Raman signal with oxidation is quite similar to that of the PL. It increases continuously with oxidation until the 4 th oxidation step, then saturates at the 5 th oxidation step and finally drops for the fully oxidized sample. Note that the ratio I220/I150 is about 1, significantly lower than for the powders (about 4), due to different grain sizes and defects density.

There are three possible origins for the drop of the PL / Raman signal observed for the fully oxidized sample: i) the growth of a superficial layer of CuO (as revealed by XPS) provides possible nonradiative relaxation channels involving charge transfer from the excited states of cuprous oxide to those of cupric oxide. However, this mechanism is expected to be efficient only for the interfacial layer of Cu2O and not for the whole thickness. Moreover, XPS results indicate that an ultrathin CuO layer is present on the raw sample as well, which makes this hypothesis unlikely ii) for fully-oxidized sample changes of the cuprous oxide layer microstructure, revealed by SEM observations and changes of the fitted dielectric permittivities, may lead to a larger elastic scattering and/or a quenching by new electronic states. Such changes were observed only for fully oxidized samples, and therefore cannot explain the decrease of intensity after the 5 th oxidation step iii) the presence of an undercoating of copper with a strong reflectance leads to interference enhanced Raman scattering (IERS) of the Raman/PL intensities, as already reported by several groups [START_REF] Yin | Evolution of the Raman spectrum of graphene grown on copper upon oxidation of the substrate[END_REF][START_REF] Ramírez-Jímenez | Interference enhanced Raman effect in graphene bubbles[END_REF]. Maxima of IERS are expected to be observed when multiple reflections on the copper oxide interfaces are in phase, which depends on both the permittivities and the exciting/scattering wavelength. Then a drop of IERS is expected for larger copper oxide thicknesses corresponding to outof-phase mutliple reflections. On the other hand, IERS depend on the reflectance of the copper undercoating so that a decrease of IERS is also expected as soon as the decrease of the thickness of the underlying copper layer leads to a drop of its reflectance, and a severe drop of IERS is expected for fully oxidized samples because of the complete transformation of the copper undercoating To confirm the trends observed at 488 nm the Raman/PL spectra of the S50 series are studied using other excitation wavelengths. Results at 532 nm are presented in Figure IV-5. The PL intensity follows a similar evolution than that observed at 488 nm, with an initial increasing intensity in the first steps of oxidation followed by a drop for the fully oxidized sample. As already mentioned, the Raman signatures at 532 nm are difficult to measure due to the superimposed large PL. The most intense Raman peak is the one at 220 cm -1 and can only be observed after the 4 th oxidation step (S50-t240).

The evolution of the Raman spectra for the S50 series with excitation at 633 and 785 nm are presented in Figure IV-6. Once again, the Raman intensities of Cu2O are increasing up to the the 5 th oxidation step t600 (5 th at 633 nm, and t240, the 4 th oxidation step at 785 nm for which no data are available for the 5 th step), and then drop for the fully oxidized sample. By contrast with the results at 488 and 532 nm, the Raman signal completely vanishes for the fully oxidized sample excited at 633 and 785 nm, and the remaining Raman signatures observed for this sample (a broad band centered at 400 cm -1 ) are those of the fused silica substrate. To conclude for the S50 series, oxidation leads to a continuous increase of the PL and Raman signals up to the 4 th oxidation step (S50-t240) at 488 nm and to the 5 th for the other exciting wavelengths. For the fully oxidized sample (S50-t900), the Raman signatures of Cu2O drop and even vanish at 633 and 785 nm, and the PL vanishes as well (at 488 and 532 nm). This drop is assigned to the complete oxidation of the underlying copper layer, associated to a drop of its reflectance and the corresponding IERS. The increase of the surface roughness and heterogeneity of the copper oxide layer for fully oxidized samples may also contribute to the drop of the IERS.

Influence of the initial thickness of the undercoating of copper

Series S10, S30 and S180 show general similar trends than the S50 series, with a few differences which are underlined below.

Figure IV-7 compares the evolution during oxidation of the Raman/PL spectra excited at 488 nm for the four series of samples. For all series, the PL intensity reaches a maximum after the 4 th step (t240), except for the S10 series where the maximum occurs after the 3rd step (t190). Then, the PL intensity decreases and broadens, and finally vanishes for the fully oxidized sample of series S10, S30 and S50, i.e. for all samples where the copper is fully transformed into Cu2O (there is a remaining layer of copper of ~160 nm for the S180-t900 sample). The PL broadening on the red side is attributed to a larger concentration of defects in the Cu2O layer (𝑉 𝑂 2+ at 740 nm). The spectra of the S10 series display signatures of the underneath silica substrate at all oxidation time and wavelengths, because of the very small thickness of the initial copper layer, and its concomitant significant transmittance in the visible range. Accordingly, at 633 and 785 nm the spectra of samples S10-t600 and S10-t900 show only the silica signatures, which are more intense that for the raw samples since the absorption of cuprous oxide is very weak at these wavelengths.

For the S30 series, the only noticeable difference is for the sample S30-t240, which displays very intense spectra for excitation lines at 633 and 785 nm.

Finally, the S180 series is interesting since a quite thick under-coating copper layer remains after the last oxidation step (S180-t900). However, the Raman signatures of cuprous oxide drop as well for this sample, which may be assigned to significant increase of roughness and heterogeneity as revealed by the SEM observation of this sample. In general, the largest enhancements are measured for the 4 th (at 488 and 785 nm) or 5 th (at 532 and 633 nm) oxidation step of the S50 and S180 series, which display quite close results. Indeed, the thickness of the copper under-coatings is quite thick for these series, except for the fully oxidized sample of series S50, so that their reflectance is almost constant and close to that of bulk copper, leading to the largest expected IERS enhancements. Accordingly, the thickness-dependence of the IERS enhancement are very close for all series until the 4 th oxidation step, ie until the thickness of the undercoating copper downs to 8.3 and 47, for S10 to S50 respectively. Then, the IERS enhancements are weaker for the last steps with respect to those of S50 and S180 series, because of the smaller thickness of the copper undercoating. Finally, the IERS enhancement drops for each series after the last oxidation step. This is assigned to the complete transformation of the undercoating layer for series S10, S30 and S50, and to the heterogeneous structure of the cuprous layer for series S180. In summary, the Raman / PL intensities increase continuously during the first steps of oxidation, independently of the decreasing thickness of the copper undercoating until the main part of this layer is transformed. Maxima of Raman intensity are measured for all samples after the 4 th or 5 th oxidation step, which corresponds to different copper oxide thicknesses for the different series. These maxima are assigned to maxima of IERS enhancement. The drops of Raman intensities following the maxima may be due to out-ofphase interference conditions, or to the drop of reflectance of the copper undercoating, or to significant changes in the roughness or microstructure of the layers.

In the next subsections, we will consider the multi-reflection model to calculate enhancements expected from IERS [START_REF] Ramírez-Jímenez | Interference enhanced Raman effect in graphene bubbles[END_REF][START_REF] Yoon | Interference effect on Raman spectrum of graphene on SiO2/Si[END_REF][START_REF] Yin | Evolution of the Raman spectrum of graphene grown on copper upon oxidation of the substrate[END_REF] and compare quantitatively with these data.

Discussion on the IERS enhancement 1.2.3.1. Calculated SMEF profiles through the samples

In order to explain the results above, calculations of single molecule enhancement factor (SMEF) and integrated SMEF (ISMEF) are performed according to the general equation ( 1) [START_REF] Le Ru | Principles of Surface-Enhanced Raman Spectroscopy: and related plasmonic effects[END_REF] pp 217, as a function of the wavelength, Cu2O and the copper thicknesses. 

𝑆𝑀𝐸𝐹

The variation of the SMEF at 150 cm -1 along the axis perpendicular to the surface is compared for different samples (raw, t190, t240 and fully oxidized) of series S10, S30 and S50 in For all samples the SMEF is constant in the silica, but its value depends on the thicknesses of the copper and copper oxide layers. For raw and partly oxidized samples, the SMEF increases in the copper layer, continues to increase albeit with a smaller slope in the copper oxide layer and in air, until it reaches a maximum at a distance of the interface which depends on the copper oxide thickness and on the wavelength. By contrast, for fully oxidized samples with no residual copper layer, the SMEF decreases in the copper oxide layer, goes through a minimum which depends on the wavelength, and then increases again. The location of the extrema shifts at larger distances for increasing wavelength. [START_REF] Mcpeak | Plasmonic films can easily be better: Rules and recipes[END_REF] and Cu2O: [START_REF] Sopra | The Sopra S.A. company[END_REF] (dashed lines) and the fitted permittivities (full lines).

Calculated ISMEF as a function of copper and copper oxide thicknesses

The integrated SMEF can be directly compared with the experimental data as long as the thickness remains small with respect to the experimental depth of field (which is about 1 micron for a numerical aperture of 0.5). It is plotted in Figure IV-16 as a function of Cu and Cu2O thicknesses. . For copper thicknesses larger than ~50 nm ISMEF maxima (yellow areas) are observed periodically as a function of cuprous oxide thickness. The position of the maxima position is independent of the copper thickness but it increases for increasing wavelength. Using the fitted permittivities, the maxima are reached for cuprous thickness around 15, 17, 28 and 50 nm for laser lines 488, 532, 633 and 785 nm, respectively. If now one considers the permittivities from the literature, this leads to a slight upshift of the Cu2O thickness at maxima. For decreasing copper thicknesses below 50 nm, the maxima progressively shift to smaller copper oxide thicknesses. The largest enhancement are expected at 633 and 785 nm with respectively a SMEF of 125, 140, 420 and 450.

Solid symbols on Figure IV-16 locate the thicknesses of copper and copper oxide for S10, S30 and S50 series. According to the calculation, one expects the highest enhancements at 488 and 532 nm for the 4 th samples of series S50 and S30 which match the first order of interferences. The fully oxidized sample of series S50 matches also quite well with the maximum expected for the 2 nd interference order, but without undercoating copper, not interference is expected. On the other hand, larger ISMEF are theoretically expected at 633 and 785 nm but the thicknesses of the samples does not match those of the first maxima. The interference effect for S10 is not evident, the only evidence of its presence of an increased Raman signal of Cu2O, as its thickness grows. The fact that the underneath copper layer is rather thin and thus is not a good reflector explains why the Raman signal is not greatly enhanced for this series. The ISMEF maxima calculated using the permittivities from the literature (Cu: [START_REF] Mcpeak | Plasmonic films can easily be better: Rules and recipes[END_REF] and Cu2O: [START_REF] Sopra | The Sopra S.A. company[END_REF]) (dashed lines) and the fitted permittivities (full lines). Red, green and blue symbols locate the thicknesses for series S10, S30 and S50, respectively Globally, the calculations supports the experimental observations. In particular the initial increase of the Raman signature for growing Cu2O layers for all wavelengths follows the trend of the calculation. The weaker enhancement for S10 is explained by the smaller Cu and Cu2O thicknesses. According to the calculations, the higher enhancements should be measured at 633 or 785 nm for 35 or 50 nm of Cu2O, respectively, but none of the samples are in these ranges. By contrast, no strong enhancement is expected for sample S30-t240 at 785 nm, so that the intense experimental Raman signature cannot be interpreted by IERS.

Expected IERS on copper substrates

We now focus on the IERS properties of copper ''bulk'' substrates (corresponding to copper undercoating thicker than 100 nm). First, we will discuss the experimental results for the series S180, and then we will compare with calculations for the different wavelengths.

Series S180

The last sample of the S180 series (S180-t900) is not fully oxidized, a quite thick underlying copper layer is present for all the samples of the series. Figure IV-17 corresponds to a section of Figure IV-16 for a copper thickness of 100 nm, a range where the copper thickness has no influence on the calculated IERS. As expected, the position of the maxima increase for increasing wavelengths. The first maxima of interferences are always the most intense and the corresponding ISMEF increases for increasing wavelengths, and is maximum at 785 nm. The cuprous oxide thicknesses for the samples of the S180 series are marked by dashed vertical lines in figure IV-17. At 488 nm, the maximum of IERS is expected for the 4 th sample (14 nm of copper oxide), with a slight decrease for the 5 th , and a drop for the most oxidized. At 532 nm, the ISMEF are expected to be close for the 4 th and 5 th samples. These expectations match well with the experimental observations. By contrast, maxima of IERS are expected for the last sample at 633 and 785 nm, but they are not observed in the experiments. This is assigned to the large roughness and heterogeneities of this sample, leading to a strong damping of the interferences. We now discuss the IERS enhancement when Raman measurements of copper oxide are achieved on copper rather than on a silica substrate. For this, we normalize the ISMEF of copper oxide calculated for an undercoating copper thickness of 100 nm by that calculated on fused silica.

Results are presented in Figure IV-18 for both permittivities from the literature (dashed lines) and from fitted values (solid lines). The increase of the real part of the permittivity for the fitted values (10%, see Figure III-21) leads to a downshift of the maxima (of about 15 %) and to a significant decrease of ISMEF (by a factor of about 2.5). On the other hand, the ISMEF at maxima still decreases at higher orders, and increases with increasing wavelengths. The largest normalized enhancements are reported in Table IV-1, they remain quite small (<10) for exciting lines at 488 and 532 nm, but increase up to about 35 at 633 and 785 nm. The maxima position are shifted toward larger Cu2O thicknesses as the excitation wavelength increases. Table IV-1 Maximum interference enhancement factor using fitted permittivities for the SiO2/100 nm Cu/Cu2O system, normalized by the calculated value on the SiO2/Cu2O system.

Figure Normalized ISMEF for copper oxide Raman peak at 150 cm -1 on copper substrates, with respect to silica substrates, as a function of cuprous thickness, for four different exciting lines, for both fitted permittivities (solid lines) and permittivities from the literature Cu: [START_REF] Mcpeak | Plasmonic films can easily be better: Rules and recipes[END_REF] and Cu2O: [START_REF] Sopra | The Sopra S.A. company[END_REF] (dashed lines).

The experimental evolution of the Raman intensities for thin films (S30, S50 and S180 series) are matching quite well the calculated enhancements: on (Figure , the calculated IERS were divided by an adhoc factor to match the experimental data. Additional reference samples, with cuprous oxide thicknesses in the range 14 to 90 nm, would be helpful to validate definitely the calculations, and especially the values of the refraction index. However, we will use the results presented in 

Correlated Raman / PL signatures of various series of samples 1.3.2.1. General case

During this thesis various copper-based samples have been studied: commercial oxide powder, copper single crystals and copper foils, used as received. But also copper thin layers deposited on silicon wafer by electroless deposition. Single layer graphene was transferred on these different copper materials. Additionally we studied SLG grown by CVD on copper foils.

Lots of single spectra and maps were measured on all those samples. Before discussing the relation between the Raman intensities of copper oxide and graphene, we discuss the correlations between the Raman/PL signatures of copper oxide for spectra where both cuprous oxide and SLG are observed, ie: intensity of the Raman peak of Cu2O at 150 cm -1 at least three times larger than the noise) intensity of the G band of SLG at least three times larger than the noise

The Raman peaks at 150, 220 and 640 cm -1 were well-fitted by lorentzian peaks. By contrast, the PL band of Cu2O cannot be fitted by any simple analytical function. Therefore we used a data smoothing followed by a numerical integration to determine its position and intensity (technical details are given in the appendix 2). For all samples, the Raman peaks at about 150 and 220 cm -1 are actually measured in the ranges 148-154 and 214-220 cm -1 , respectively, and their intensity ratio is constant for all samples I220 /I150 ~0.6 except the powder sample for which I220 /I150 ~2 (Figure IV-20 a and b). On the other hand, the bunch at 640 cm -1 has several contributions, and we found different intensity ratio for the samples where the maximum peak is centered at 645 cm -1 (I645 /I150 ~0.7, but I645 /I150 ~0. On the other hand, the PL area and intensity are well-correlated, with a ratio APL/IPL ~3000 for all samples but the powders (APL/IPL ~800). As mentioned above, the PL band is found to redshift for long oxidation times/high oxidation temperatures. However, no clear correlation can be observed between the PL position and its intensity, even though the analysis of the whole data confirms the tendency of a red shift for increasing intensities ( Finally, no universal correlation could be found between the intensity of the Raman peak at 150 cm -1 and the PL intensity (Figure IV-21) but one observes that IPL/I150 is constant for a given series of samples such as electroless samples (to be discussed below). 

In situ monitoring during oxidation

In-situ Raman/PL monitoring of the thermal oxidation/reduction in controlled atmosphere was achieved for different samples. We present the results for a copper electroless thin film (thickness ~300 nm). The copper electroless deposition leads to a grain size ~100 nm and a Rms around 15 nm, as measured on a 10x10 µm² area, close to the one of the calibration samples surfaces.

Figure IV-23 shows the evolution of the PL/Raman signatures from a same spot on the sample during three successive oxidation/reduction cycles: i) a first oxidation of about 10 min at 150°C under 400 sccm of O2, ii) a reduction at 400°C under 360 sccm of H2 for 10 min, followed by a second oxidation under O2 up to 250°C for less than 10 min, iii) another reduction (same conditions than the first one) followed by a third, more gentle, oxidation cycle up to 130°C.

The qualitative evolution of the spectra is comparable to those presented above, but three new features can be underlined. Firstly, no PL intensity can be measured after a reduction cycle. Which confirms that the PL observed on all copper samples is due to the thin Cu2O layer. Note that this is not clearly stated in the literature, and the PL background is often subtracted and not referred as an intrinsic signature of cuprous oxide. Secondly, after an oxidation-reduction cycle, the PL intensity never reaches again its intensity in the first cycle, ie ~10-15 times larger than that of the Raman signal at 150 cm -1 ). This supports that the PL intensity is very sensitive to the microstructure and the level of impurities/doping which may change during the oxidation/reduction cycles. On the other hand, the PL evolution during the second oxidation cycle is particularly interesting: the red-shift of the PL maximum is followed by a drop of the PL intensity, correlated to the apparition of the Raman signature of CuO at 300 cm -1 . This is an experimental evidence that the growth of a superficial layer of CuO offers non radiative dexcitation channels which quench the PL of Cu2O. Note that after the second reduction cycle, this effect is not observed anymore during the third ''gentle'' oxidation cycle. On the other hand, the intensity of the Raman peaks at 150 and 220 cm -1 appear to be not sensitive to the details of the microstructure/purity, so that they can be used to monitor the thickness of the superficial layer of cuprous oxide on copper.

The evolution of the Raman intensity of the Cu2O peak at 150 cm -1 during the three oxidation cycles of the electroless sample is presented in Figure IV-25 by horizontal dotted lines. For each oxidation cycle, the Raman intensity of Cu2O is increasing, from 0.009 to 0.023 (1 st oxidation), 0.019 to 0.082 (2 nd oxidation) and 0 to 0.016 (3 rd oxidation).

The smallest intensities are logically measured during the 3 rd oxidation cycle, performed under oxygen at low temperature (T < 130°C) and short oxidation time (t < 20min) after a complete reduction of the sample. Such small intensities can only be assigned to thicknesses in in the range 0-5 nm.

As far as the 1 st oxidation cycle is concerned, the Raman intensity for the initial sample is too low to be assigned to any other thickness than 4 nm. Then for such low oxidation time and temperature (< 10 min at 150°C) thicknesses are likely corresponding to the left side of the first IERS peak as well (about 5 and 6 nm of Cu2O).

Finally, the Raman intensities increase much more during the second oxidation cycle Since the intensities are increasing continuously, the thicknesses for the first oxidation steps of the cycle are likely corresponding to the left side of the first IERS peak as well (ie to the range 5-9 nm). For the most oxidized sample of this cycle two thicknesses are possible: 13.5 and To conclude on this part, the intrinsic spectral signature of copper was measured in a controlled reducing environment, which allows to state that the PL measured on copper samples in air arises from its superficial cuprous oxide layer. This PL signal is even more tangible than the Raman one, but is very sensitive to the microstructure / impurities, and therefore strongly varies as a function of the deposition process and/or the thermal history of the samples. The most relevant excitation line for monitoring ultrathin copper layers is 488 nm, since both Raman and PL can be measured easily, even though a much larger IERS enhancement factor is achieved in the red / near infrared for larger thicknesses. Taking advantage of sensitivity of the PL signal and of the IERS enhancement, and providing a thorough calibration is achieved with appropriate samples, Raman/PL spectroscopy appears as a powerful technique to detect and quantify the thickness of superficial Cu2O on copper.

Expected IERS enhancement for molecules deposited on

the copper / copper oxide surface

IERS study on a copper single crystal

Optimal IERS enhancements are expected for perfectly parallel and flat thin layers. Therefore the ideal sample to investigate IERS is a copper single crystal. In order to study IERS enhancement, we chose single layer graphene (SLG) as an ideal probe, due to its large surface coverage and passivation properties, as well as high sensitivity to its environment. Figure IV-27 shows a typical optical microscopy picture of a single crystal of copper covered by a SLG (transferred using the PMMA method). Lines of different colors and typical width of 1 µm can be observed: white, orange, red, and black lines corresponding to crescent oxidation. The darker colors are linked to a larger oxide thickness, as we could measure with the transparent calibration sample substrate. The periodicity of the pattern recalls the microstructure of the copper foils on which SLG are CVD grown, due to the lamination by drum. We assign the differences in oxidation on the different lines to amount of water trapped under the SLG during the transfer. It is worth noting that the typical position of the G band for this sample, and for most of the SLG transferred on copper-based materials, is about 1595 cm -1 , i.e. significantly blue shifted with respect to the value of suspended SLG (about 1580 cm -1 [START_REF] Ferrari | Raman spectrum of graphene and graphene layers[END_REF]). This is in agreement with previous studies on Cu [START_REF] Chan | Plasmonic properties of copper nanoparticles fabricated by nanosphere lithography[END_REF] single crystal [START_REF] Frank | Interaction between graphene and copper substrate: The role of lattice orientation[END_REF], where the shift was assigned to electronic and mechanical interactions with the copper / copper oxide substrate. The ranges of positions for the G and 2D bands for our sample is compared to Lee et al. Using the best match between calculations and data measured for thin films at 633 nm (Figure IV-19) the oxide thickness is likely about 7 nm on the white line On the other hand, the Raman intensity on the red line corresponds to about 10 nm on the left side of the first IERS peak. Note that the color difference makes it tempting to assign a much thicker thickness to the red line ie to the interference minima at ~75 nm, but therefore one would expect to find some areas around with intermediate thicknesses and therefore much larger intensities, which was actually not observed.

On the other hand, the enhancement of the G band corresponds to the SMEF enhancement at the surface of copper oxide, and must be calculated at a significantly different scattered energy. The relative Raman intensities for copper oxide and graphene could confirm the thickness assignments. 

Influence of the nanostructuration on IERS of SLG

Various nano-and micro-structuration techniques, and in particular process used in Atotech GmbH, have been used in the framework of this thesis.

Below, we present a selection of results on two kinds of samples, covered by transferred SLG: the first one was prepared by electroless copper deposition on a silicon wafer, and the second one by etching of a bare copper foil.

Electroless copper samples

Figure IV-30 shows a typical optical microscopy picture of the sample, at the edge of a SLG layer (the top part of the picture, covered with SLG, shows color lines close to those observed on the single crystal, while the bottom part, free of SLG, does not), as well as four Raman spectra corresponding to four different colored lines. For white and orange lines, intensities are weak for Cu2O while the signal of SLG is quite strong. By contrast, for red and black areas, the Raman and PL signatures of Cu2O is much larger while that of SLG is significantly weaker. To better understand these differences, the sample was oxidized at 150°C for 3, 8, and 17 min in pure O2 (400 sccm). The corresponding evolutions of the spectra for the orange and red areas are compared in Figure IV-31. For the red series, the graphene and Cu2O Raman signatures remains almost constant during the oxidation process, while for the orange series, the graphene decreases rapidly, as the copper oxide increase. These observations are not in good agreement with the proposed interference model from the literature, where the maxima of Cu2O and G should occur for the same Cu2O thickness [START_REF] Ramírez-Jímenez | Interference enhanced Raman effect in graphene bubbles[END_REF]. As for the copper single crystal it is difficult to estimate the thicknesses, and further oxidation / reduction cycles should be applied to get more quantitative data. The intensity changes between the samples can be all interpreted by IERS. In order to quantify theses evolutions, calculation of the graphene signal should be calculated for the vibration at 1595 cm -1 , and compared to additional data acquired during gentle oxidation /reduction cycles. 

Copper etching sample

A Raman map of the G peak of SLG transferred on an etched copper foil is presented in Figure IV-32(left), along with two Raman spectra (right), one being a typical spectrum, and the other one corresponding to the highest intensity measured, on a so-called ''hot spot''. The Raman spectra on the hotspot shows both Cu2O and G intense signature. The enhancement on Cu2O is large, with Raman peaks below the detection limit for a regular spectrum and of intensity comparable to that of graphene G band on the hot spot.

As for the electroless sample, the G peak position is around 1595 cm -1 and its FWHM ~ 14 cm -1 . The enhancement factor for the G band on the ''hot spot'' is ~ 30 with respect to the typical spectra. Such enhancement factor about 30 have been observed on bubble trapped between graphene and the copper substrate [START_REF] Ramírez-Jímenez | Interference enhanced Raman effect in graphene bubbles[END_REF]. However, the graphene G band position is at a typical position of Cu / Gr, far from that of suspended graphene ~1580 cm -1 . This enhancement is larger than that measured at 488 nm for the electroless sample, but according to the calculations of Figure IV-18, this could still be assigned to IERS, since IERS enhancements are expected to be larger for excitations in the red. This assumption should however be confirmed by the IERS calculation of the G mode at 1600 cm -1 for an excitation at 638 nm, using the fitted refractive index. In conclusion, rough/nanostructured samples prepared using Atotech processes show quite small SMEF enhancements, not lager than 5 and 30 for exciting lines at 488 and 633 nm, respectively. These enhancements can be fully explained by IERS considering homogeneous superficial layers of copper oxide, whose thickness can be estimated from the Raman intensities of the cuprous oxide mode at 150 cm -1 .

Such small enhancements make these nanostructured copper-based samples unfit for the detection of small amounts of non-resonant molecules on their surface, even though detecting SLG is quite easy because of its resonant signal and complete coverage of the surface. In this chapter, we use a commercial product, made of gold nanostructured pillars and named SERStrate, to compare the performances of gold and copper as supporting metal for SERS. We define the optimal measurement conditions, and estimate the enhancement factors for the gold SERStrate. Then, we deposit a thin layer of copper on the SERStrate and compare the SERS enhancements. BPE, is used as a -model dye. Finally, we discuss the possibility to monitor in situ adsorption followed by a chemical reaction of organic additives of interest for Atotech.

Optimization of the SERS measurements on raw Au-SERStrate

1.1.

Raman spectra of bare substrate

Typical Raman spectra of the bare Au-SERStrate are presented in Figure V-1a. Intense peaks are observed in the range 120 to 1700 cm -1 with very different spectral features on different areas, and a lack of reproducibility when several spectra are measured successively on the same area. This is assigned to dynamic adsorption / reorientation / desorption of various molecular species on the gold surface. The signal of these parasite molecules is not observed anymore after dipping the SERStrate in a dye solution, which we assign to a better affinity of dye molecules with respect to these organic impurities. On the other hand, a weak peak is systematically measured around 2120-2130 cm -1 not attributed.

On the other hand, no more parasite signals are observed after the deposition of a thin layer (~50 nm) of copper on the SERStrate (Figure V-1b). The spectra present rather intense peaks at 150, 400, 530 and 620 cm -1 , characteristic of Cu2O. For comparison, deposition in the same conditions on a fused silica substrate gives the same spectrum profile but with an intensity about 40 times weaker, the larger signal on Cu-plated SERStrate being assigned to SERS enhancement. 

Wavelength dependence of the SERS enhancement

Before studying the wavelength dependence, we give the extinction spectra of the raw SERStrate, considering the pillar structure before and after 'leaning' (agglomeration of pillars, due to the capillarity force during drying after immersion). The microstructure of the bare Au-SERStrate, as revealed by SEM, is shown in Note that the diffuse reflectance spectra of the raw SERStrate changes after dipping (Figure V-3). The redshift of the maximum from ~680 to ~745 nm is likely related to a redshift of the LSPR and therefore an expected larger SERS enhancement for larger excitation wavelengths [START_REF] Ru | Principles of Surface-Enhanced Raman Spectroscopy: and related plasmonic effects[END_REF].

Accordingly, we find that the largest enhancement factor for BPE on Au-SERStrate is 785 nm (Figure V-4), with respect to excitations at 633 nm (typically one order of magnitude below) and at 532 nm (typically three orders of magnitude below). Here, the Au-SERStrate was dipped in an ethanol solution of BPE at 10 -6 M, and then rinsed with the solvent (ethanol) and dried in air.

The main characteristic peaks of BPE are observed at ~1200, 1600 and 1638 cm -1 . Note that the Raman signal of BPE is very homogeneous on the Au-SERStrate, the general intensity only varying by a maximum factor of 2 between different areas (the spectra in Figure V-4). However, the intensity ratio of the different peaks vary between the different areas, which likely reveals different orientation with respect to the laser polarization. The shown spectra correspond to the averaged spectrum of 36 different areas). To compare the enhancement factors at different wavelengths, we used the intensity of the peak at 1200 cm - 1 , assigned to C-C stretching (𝜈(𝐶 -𝐶)) and C-N bending (𝛿(𝐶 -𝑁)), which is about 2.10 3 and 30 times more intense at 785 nm than at 532 and 633 nm, respectively. 

Effect of the pillar leaning

In order to check the effect of pillar leaning two samples are studied, one raw Au-SERStrate, and one Au-SERStrate which is pre-leaned in water and dried in air before dipping in the BPE solution. Figure V-5 compares the spectrum for BPE (c = 10 -6 M) deposited on these two samples. The pre-leaned SERStrate shows the same characteristic peaks of BPE but they are significantly less intense (by a factor of about 7). The apparition of an additional band located at 1380 cm -1 is assigned to C-H bending mode ( 𝛿(𝐶 -𝐻) ). The large intensity compared to other vibrations modes of BPE is assigned to a preferred bonding of the vinyl group [START_REF] Chen | Identification of vertical and horizontal configurations for BPE adsorption on silver surfaces[END_REF]. The larger enhancement factor for raw samples is explained by molecules trapped in hotspots between the pillars:  The molecules adsorb on the pillars when the SERStrate is dipped in the solution  As the sample dries, the pillars agglomerate because of capillarity effects, and the molecules are eventually trapped in between. The local fields are expected to be maximum in between the pillars due to coupling effect of combined metallic tips [START_REF] Kim | Study of molecular trapping inside gold nanofinger arrays on surface-enhanced Raman substrates[END_REF]. By contrast, no molecule can be trapped on the hot spots between the pillars for preleaned SERStrate.

In summary, the largest signal over noise ratio is obtained for 785 nm as expected from the extinction spectra. The pre-leaning of the SERStrate leads to an intensity drop by a factor of 7 compared to the raw SERStrate sample. In order to detect a molecule at a low concentration, the selected wavelength should be 785 nm, and the SERStrate should not be pre-leaned (note that this is incompatible with in-situ monitoring of molecular adsorption. 

Estimation of the enhancement factor in optimal conditions

The enhancement factor of the SERStrate sample is estimated below. When a gold surface with a very small roughness (Rms < 7 nm) is dipped in the BPE solution, only the Raman signatures of ethanol can be measured, but no Raman signature of BPE can be detected (Figure V-6).

Therefore, the enhancement factor is estimated by comparing the Raman intensities for the concentrated solution of BPE (10 -1 M) and the SERStrate dipped in a diluted solution of BPE (10 -6 M). The calculated enhancement factor for the Raman peak intensities at 1200 cm -1 is

Microstructure evolution on a copper covered SERStrate

The microstructure evolution on the gold and copper surfaces are compared in Figure V-7. For raw surfaces (step 0) the additional evaporated copper leads to larger diameter of the pillars. After dipping in water and drying in air (step 2), the pillars of the Au-SERStrate are leaned while those of the Cu-plated sample remain similar. In step 4 the shape is different for the golden surface leading to smoother surface, while the step 6 leads to similar smooth structure, with a decrease of the diameter. 

2.2.

In situ Raman monitoring of the surface of the SERStrate Figure V-9 represents the Raman spectrum for the first 4 steps. Copper oxide signatures are observed in steps 0, 1, 2 and 4. Steps 0, 1 and 2 show the characteristic Cu2O oxide peaks (150, 400, 530 and 620 cm -1 ) and no extra peak. Those characteristics intensities increase from step 0 to step 2. An additional signature of the oxide in step 2 is the intense luminescence background. In step 4, when rinsing and drying the sample again in air, the peak at 150 cm -1 cannot be not observe but weak characteristic features at 530 and 620 cm -1 suggest that a very thin layer of Cu2O is formed.

The oxide signatures augmentation from step 0 to step 2 is assigned to the growth of Cu2O in the water based BPE solution. The weaker Raman intensity of cuprous oxide in step 1 (aqueous BPE solution) is assigned to the difference in the dielectric properties of the environment, changing the LSPR.

As expected, immediately after introduction in acidic solution the copper oxide signatures disappear, and are never observed in acidic conditions (step 3, and step 5).

On the other hand the main BPE signatures (1202, 1610 and 1638 cm -1 ) are easily detected directly after immersion in BPE water solution even if the peaks have a low signal over noise ratio (step 1). In air (step 2), the oxide luminescence background is strong and hinders the observation of the BPE signal. Then, in acidic conditions the BPE signature raise strongly, with signatures in the same intensity range after rinsing and drying (step 3 and 4).

During step 3 in acidic conditions, an additional band apparition between 200 and 300 cm -1 is attributed to M-N or M-S stretch (M= Cu or Au) [START_REF] Thamann | Normal coordinate analysis of the copper center of azurin and the assignment of its resonance raman spectrum[END_REF]. During this step the peak at 1610 cm -1 assigned to C-C stretch or C-N bending is much less intense than the C=C stretch at 1638 cm -1 . These peaks are the proof of the adsorption of molecules adsorption on the metallic surfaces. In order to further compare the signal on copper to that on gold, we carried out an in situ monitoring of the Raman spectra in acidic solution as a function of time (step 5). As recalled above, the kinetics of etching is very fast for copper oxide. On the other hand, the time for etching 50 nm of copper in these conditions was estimated to ~2h. The intensity of the peak at 1200 cm -1 is plotted as a function of time in Figure V-10.

Due to a focus loss, the 'raw data' are corrected, removing the fitted intensity of the focus loss.

On the corrected data, the intensity of the BPE characteristic peak at 1200 cm -1 first remains almost constant during the first 1000 s. Then the intensity increases continuously with time up to 3400 s, where it reaches a second plateau.

The first plateau is assigned to a sufficiently thick layer of copper covering the gold surface. Then, between~15-60 min, the LSPR and associated local fields are sensitive to decrease of the copper thickness leading to a more intense Raman signature. After ~ 60 minutes, the copper layer is completely etched and the Raman intensity does not evolve anymore on the gold surface.

The focus loss was corrected by assuming that data evolved with a quadratic shape in and out the best focused position. The collected Raman intensity was then corrected using this quadratic dependence. On the 'corrected data', BPE characteristic peak at 1200 cm -1 intensity first remains almost constant during the time 0-1000 s. Then, the intensity raises with time in the acidic BPE solution up to 3400 s, where it reaches a second plateau, with constant intensity of 1200 cm -1 Raman peak.

This can be explained by the etching of copper surface giving place to golden surface: during the first ~15 min a homogeneous copper layer covers the pillar structure, and starts to be etched away between~15-60 min, revealing the underlying gold, leading to a more intense Raman signature, that remains constant. After a time ~ 60 minutes, the Raman signature of BPE does stop evolving in acidic solution. This is interpreted as a stable surface, which occurs when the copper is entirely consumed, and only the gold remains. At the end of step 5, only gold is present, no trace of copper remains. The last Raman spectrum, measured after rinsing and drying (step 6), does not present any copper oxide signatures which confirms that the copper layer is completely etched in step 5.

Another way to confirm that only gold is present at the final surface is to compare its Raman spectrum to that of a raw SERStrate (Au-SERStrate (step 4)) following the same steps. The spectra of Au SERStrate and Cu-plated SERStrate after step 6 are compared in Figure V-11. The profiles and intensities of the Raman signatures of BPE are very close, which supports the hypothesis that the copper layer of the Cu-plated SERStrate was completely etched in the acidic solution. We also remark the peak position centered at 1634 cm -1 for both samples, red shifted on copper (1634 cm -1 ). Finally, spectra of BPE on the Cu-plated SERStrate are compared after steps 4 and 6 on Figure V-12. The two spectra present the characteristic BPE signature. A first difference is the position of the peak at ~1635 cm -1 assigned to the stretching between 2 pyridyl rings. On cuprous oxide its position is 1638 cm -1 blue shifted on gold at 1634 cm -1 . This difference is assigned to a mix bond of BPE in horizontal and vertical configuration, according to Chen et al. [START_REF] Chen | Identification of vertical and horizontal configurations for BPE adsorption on silver surfaces[END_REF]. The second difference is that the SERS signal on gold is about 10 times larger than on copper. This is tempting to conclude that the enhancement factor for gold is larger than that for copper. However, the two cross-sections are not directly comparable for several reasons:  the copper surface is recovered by a superficial oxide layer, as probed by the low frequency signal (Figure V-9) and even if this layer if likely ultrathin, the distance from the BPE molecule to the metallic surface is larger than on gold, thus decreasing the local field intensity at the surface  the plasmon resonance of gold and copper are not the same even though they are expected to be close, plus the copper layer likely shifts and broaden the resonance [START_REF] Ghodselahi | Localized surface plasmon resonance of Cu@ Cu2O core-shell nanoparticles: absorption, scattering and luminescence[END_REF][START_REF] Chan | Plasmonic properties of copper nanoparticles fabricated by nanosphere lithography[END_REF]. The spectra are excited at 785 nm close to the maximum of the experimental extinction spectrum of Au SERStrate, but this may be shifted for Cu-plated SERStrate. Experimental measurements of the extinction spectrum of Cu SERStrate will be required to conclude.

In summary, the most intense signature of BPE (c = 10 -6 M) are detected with 785 nm excitation on Au-SERStrate. The signature of BPE was detected in aqueous solution on a copper / cuprous oxide sample. In acidic conditions no copper oxide presence is detected, and the BPE signature on copper increases by a factor of 50 with respect to copper oxide.

The acid etching allows a complete copper consumption after ~ 60 min (~50 nm of Cu). The spectra measured on gold are only about 7 times larger than those on copper. 

Influence of BPE concentration

In order to probe the detection limit on copper, similar experiments are carried out using a diluted BPE concentration of (10 -8 M). The results are presented in Figure V-13. As for the study at larger concentration, Cu2O characteristic signatures are observed at steps 0, 1 and 4. No luminescent background is observed, which allows the observation of BPE signatures as well at steps 1 to 4. Step 3 in acidic solution and step 6 in air are free of Raman copper oxide contributions, and present only the Raman signatures of BPE. At this lower concentration, the detection on BPE was still possible on both copper and copper/copper oxide. On gold, the BPE Raman signal of BPE are very intense (step 6).

As for the study at larger concentration, we study the signal evolution in the acidic solution. Results are shown in Figure V-14. Compared to the study in a larger concentrated solution the intensities are higher, however, the kinetics profiles are similar, featured by a first plateau, followed by a continuously increasing signal and finally a second plateau. To summarize, very small concentrations of BPE (10 -6 M -10 -8 M) can be detected on copper (in acidic solution), and on thin copper oxide (in air and water). However the signal on gold is larger (factor 7), which is explained partially by the sample resonance optimized for gold, but could also be assigned to the microstructure, with the copper coverage (~50 nm) hindering the pillar leaning. The pillar leaning is permitted by the etching of a part of copper.

To check this particular point, the overall time in acidic solution (step 3 and 5) should be carefully control and the microstructure should be checked for different times.

Detection of another organic molecule: MBT

To check the feasibility of an in situ monitoring of organic additives of interest for Atotech, we probed the signature of MBT on the Au-SERStrate at 785 nm. The concentration of MBT at 10 -8 M was fixed to be comparable at the concentration in industrial baths. Only the measurement in air and in water solution are performed, giving the characteristic MBT signatures at 998, 1020 and 1200 cm -1 , assigned to ring breathing, 𝜈(𝐶 = 𝑆) and 𝜈(𝐶 -𝑁) respectively, according to Rai et al [START_REF] Rai | FTIR, Raman spectra and ab initio calculations of 2-mercaptobenzothiazole[END_REF]. The much smaller Raman intensity of MBT compared to BPE on gold should be explained by different adsorption properties of this molecule at the surface of the SERStrate, or simply by smaller Raman scattering cross-section. We tried to compare the Raman cross-sections by measuring the Raman signal of the MBT solution in water or in ethanol, or at the surface of a regular gold substrate, but no signal could be measured even at the maximal concentrations (1 g/L ~10 -2 M in ethanol and 10 -3 M in water). Therefore we conclude that the Raman cross section of MBT is much smaller than that of BPE. At 10 -8 M, the Raman signatures of MBT on Cu-plated SERStrate are not measurable. For BPE, the signal on copper is expected to be about 7 times smaller than on gold. Since the signal over noise ratio on Au-SERStrate is close to the detection threshold, one can expect to detect MBT on Cu-plated SERStrate for concentrations about ten times larger, ie 10 -7 M.

In summary, low concentrations (down to 10 -8 M) of a model dye molecule (BPE) can be detected on a gold commercial SERStrates, as well as on copper covered ones, in acidic conditions. Other molecules, e.g. organic additives of possible interest for Atotech, can be detected as well at concentrations of (10 -8 M) on a gold substrate.

Conclusion and perspectives

During this PhD thesis, various copper-based materials were prepared by various processes. The thickness of thin and ultrathin films of copper/copper oxide was measured by coupling microscopic and spectroscopic techniques. A special focus was made on the fit of UV-visible absorption spectra, as a powerful tool to determine the thickness and refractive index. The refractive index of copper was found to be in good agreement with the literature, while that for cuprous oxide is slightly larger (about 10 %).

Raman spectroscopy was also used as a powerful technique for the study of copper oxide. The technique allows an unambiguous identification of Cu2O and CuO, the two main forms of copper oxides. Thanks to IERS enhancement, ultrathin layers of Cu2O on copper can be detected down to 1 nm. The PL of Cu2O is even more sensitive. In situ measurements in reducing atmosphere, showed the complete absence of PL for non-oxidized copper. However, the quantification of copper oxide from PL measurements is not straightforward since many parameters such as the microstructure, the presence of defects or that of CuO, can influence the PL profile and intensity.

The largest IERS enhancements are expected for laser excitations in the red and near infrared, with theoretical enhancement factors of 75 and 120 for a Cu2O thickness on copper of 30 and 50 nm at 633 and 785 nm, respectively. The variations of Raman intensities for both cuprous oxide and SLG transferred on nanostructured samples using Atotech processes are of this order of magnitude and can be fully described by IERS, without any further SERS enhancement. IERS alone is not enhancing the Raman signal enough for detecting molecules on electroless/etched samples. Such substrates are therefore not eligible for in situ Raman monitoring of the adsorption and decomposition of additives during copper plating.

On the other hand, BPE can be easily detected at concentration down to ~10 -6 M on gold commercial SERStrate, and on Cu-plated SERStrates as well. BPE can even be detected on superficial thin copper oxide layers. Preliminary experiments with organic molecules of interest for Atotech (MBT) show that the detection threshold is as low as ~10 -6 M.

As short term perspectives of this work, it would be interesting to use the refractive index determined from the modelling of the UV-visible absorption spectra as inputs for the fits of the ellipsometry data to check that the thickness determined by these two techniques are matching well. On the other hand, it would be interesting to take into account the presence of a superficial layer CuO to try to optimize the modelling of the UVS, especially when oxidation is achieved above 150°C for times over 2h.

As far as IERS studies are concerned, some experimental data in the range of 20-40 nm of Cu2O are missing to confirm the maximum enhancements for the different wavelengths. Note that these results could be helpful to better characterize the oxidation of copper or other metallic substrates during CVD growth.

Peak

Fitted range (cm -1 ) Peak position range in case of multiples peak contribution (cm -1 ) Cu2O The PL background could not be easily fitted, and therefore to get it maximal intensity and the position at maxima, we used a smoothing procedure. A classical method for data smoothing is the Savitsky-Golay method [START_REF] Lenglet | Low temperature oxidation of copper: The formation of CuO[END_REF]. This method has two parameters to be optimized: the window size, and the polynomial order by which the approximation will be done.

Here we present the influence of the windows size for a first order polynomial and second order polynomial in Figure 17 and Figure 18 respectively, for two typical Raman spectra with a low and a large PL signature. According to Figure 17, for the first polynomial, the local variations are larger on the 'low PL' spectrum, due to small intensity, local maxima are found. The window size has little effect until it reaches 6000-8000 points (Raman spectra are ~12 kpoints), where the position of the PL reaches the upper limit at 5800 cm -1 . For the second order polynomial, the maxima are in an acceptable position range for all window size. Looking in detail to the suitability of the smoothed function and the PL peak, it appear that the best ranges are between 500 and 1000 points for the first polynomial order, and 500 and 2000 points for the second order polynomial.

We retain the position and intensity of the PL from the average of acceptable range of the between 500 and 2000 points for the second order polynomial.

  1. Copper ions are on sites with 𝐶 𝑖 symmetry, while oxygen ions are in 𝐶 2 symmetry (Figure I-1).
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 1 Figure I-1: Primitive cell for Cu2O (left) and CuO (right) [3] Red spheres represent the 𝑂 2-ions while the grey spheres symbolize the copper ions.

Figure I- 2

 2 Figure I-2: 1 st Brillouin zone of the reciprocal lattices for Cu2O (left) and CuO (right). 𝛤 refers to the center zone and the letters to other points of high symmetry (adapted from [3])

2 .

 2 The energy of defect formation is given by Scanlon et al. for Cu-rich /-poor and O-poor /rich conditions (Figure I-3) [5]. Dominant defects under normal conditions (Patm and RT) are 𝑉 𝐶𝑢 or split vacancy 𝑉 𝐶𝑢 𝑠𝑝𝑙𝑖𝑡 which have the lowest formation energies (see their representation in in Figure I-4) [6]. The copper vacancy (left of the Figure I-4) is symbolized by a missing Cu light grey ball. The split vacancy (right of the Figure
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 3 Figure I-3: Formation energies for intrinsic p-type defects in Cu2O in Cu-rich O-poor conditions (left) and Cu-poor O-rich conditions[START_REF] Scanlon | Acceptor levels in p-type Cu2O: rationalizing theory and experiment[END_REF] 

Figure I- 5 :

 5 Figure I-5: Dispersion curves and electronic density of states for Cu2O (left) and CuO (right) from hybrid functional DFT calculations[START_REF] Heinemann | Band structure and phase stability of the copper oxides Cu2O, CuO, and Cu4O3[END_REF]. Direct and indirect band gaps are represented by the red arrows[START_REF] Heinemann | Band structure and phase stability of the copper oxides Cu2O, CuO, and Cu4O3[END_REF] 

Figure I- 6 :

 6 Figure I-6: Refractive indices of Cu2O and CuO from Sopra[START_REF] Sopra | The Sopra S.A. company[END_REF] 

Figure I- 8 :

 8 Figure I-8: Band structure of Cu2O at the gamma point (left) Additional levels within the band gap due to vacancy or interstitial defects in Cu2O [5] (right)

Figure I- 9 :

 9 Figure I-9: Luminescence spectra of Cu2O at room temperature [14] on various substrates (top) and a zoom on the yellow 1s (Y1) signatures of Cu2O on sapphire (bottom)

Figure I- 10 :

 10 Figure I-10: Luminescence spectra of Cu2O as a function of the temperature[START_REF] Meyer | Binary copper oxide semiconductors: From materials towards devices[END_REF] 

Figure I- 11 :

 11 Figure I-11: PL spectrum of CuO (left)[START_REF] Son | Structural, optical, and electronic properties of colloidal CuO nanoparticles formed by using a colloid-thermal synthesis process[END_REF] and (right)[START_REF] Erdoğan | Optical and structural properties of CuO nanofilm: its diode application[END_REF] 

Figure I- 12 :

 12 Figure I-12: Cu-O common pressure temperature phase diagram. X: standard conditions (from [18])

Figure I- 13 :

 13 Figure I-13: Ellingham diagram for copper[START_REF] Dubois-Salomon | Chimie de l'état solide[END_REF] 

Figure I- 14 :

 14 Figure I-14: Cu2O growth on Cu single crystal faces (100), (111), (110) and (311) with time under air heated at 178°C from[START_REF] Young | Spirals Developed on Single Crystals of Copper by Heating to High Temperatures in High Vacuums[END_REF] 

Figure I- 16 :

 16 Figure I-16: Sketch of the nucleation of cuprous oxide: a) oxygen chemisorption b) nucleation c&d) Growth and coalescence

Figure I- 18 :

 18 Figure I-18: Predominant oxide depending on the temperature for short oxidation time. Full symbol: Patm, hollow symbol: P<Patm Although results somehow vary in these different studies, there is a general agreement on the dominant phase formed for short oxidation times:  Below 200°C, Cu2O is preferentially formed  Above 300°C CuO formation is always observed.  Longer oxidation times lead to a duplex oxide formation, Cu2O / CuO
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 19732 Figure I-19: Sketch of an electromagnetic wave propagating among k
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 20 Figure I-20: Sketch of possible light interaction with a plane surface

  Figure I-21).

Figure I- 21 :

 21 Figure I-21: Sketch of the incident and reflective angle at the interface between two media of complex refractive index 𝑛 1 ̃ and 𝑛 2 ̃.
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 22 Figure I-22: Transmittance of a thick layer of a dielectric in air
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 23 Figure I-23: Quantum description of the Rayleigh, Raman Stokes and anti-Stokes scattering process 𝜔 𝑞 the eigenfrequency of the phonon
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 24 Figure I-24: Sketch of resonant Raman stokes scattering represented on the energy level of a molecule using the Jablonski diagram

  Figure I-25 compares the experimental spectra of CuO and Cu2O [64].

Figure I- 25 :

 25 Figure I-25: Experimental Raman spectra of Cu2O (top) and CuO (bottom) measured at 514 nm, with a power low enough to avoid heating of sample, with the attributed Raman actives modes (adapted from Debbichi et al [64])

  ), and the corresponding atom motions are represented in Figure I-27.

Figure I- 26 :

 26 Figure I-26: Phonon dispersion curves of cupric oxide along the main symmetry directions in the 1 st Brillouin zone (from [67])

Figure I- 28 :

 28 Figure I-28: Phonon density of states (DOS) and dispersion curves along the main symmetry directions in the 1 st Brillouin zone for cuprous oxide from[START_REF] Sanders | Monitoring defect-induced perturbations of the ideal crystal structure of ZnO and Cu2O by Raman spectroscopy[END_REF]. For clarity, the cumulative phonon DOS (black line) is shifted horizontally with respect to those involving copper (red line) or oxygen atoms (blue line).

Figure I- 29 :

 29 Figure I-29: Schematic representation of zone-center phonon modes in Cu2O, (copper atoms are in red, oxygen atoms in blue)[START_REF] Sanders | Monitoring defect-induced perturbations of the ideal crystal structure of ZnO and Cu2O by Raman spectroscopy[END_REF] 

Figure I- 30 :

 30 Figure I-30: Raman /SERS spectra (top) and assignments of the main peaks (bottom) for a powder BPE (a) and BPE molecule on raw (b) and pre-closed (c) pillars (from [86])

  -bonded hexagonal lattice. The direct and reciprocal lattices are presented in Figure I-32:

Figure I- 32 :

 32 Figure I-32: Left: representation of the direct lattice of graphene, 𝛿 𝑖 are the nearest-neighbor vectors and 𝑎 𝑖 are the lattice unit vectors. Right: representation of the reciprocal lattice,𝑏 𝑖 are the unit vectors, K, M and K' the point of high symmetry [88] One of the most interesting properties of graphene is the Dirac cones around K and K' points. The intensity and position of the G and 2D Raman bands are directly related to the resonant scattering pathways on these cones (Figure I-33)

Figure I- 33 :

 33 Figure I-33: Raman scattering pathways for the G mode (left) and the 2D mode (right). The top of the pink areas corresponds to the Fermi level.Raman spectrum excited at 532 nm for pristine graphene and defective graphene (bottom)[START_REF] Ferrari | Raman spectroscopy as a versatile tool for studying the properties of graphene[END_REF] 

  = 2 𝑛𝑑 ⋅ cos 𝜃 𝑟 where 𝑛 is the refractive index and 𝜃 𝑟 the refraction angle (Figure I-35). Finally, the reflected field is expressed 𝐸 𝑅 = 𝐸 4 + 𝐸 5 , with ∆𝜙 = 𝜙 5 -𝜙 4 = 2𝜋 𝜆 0 𝛿 54 = 2𝑘 𝑧 𝑑 for a normal incidence where 𝑘 𝑧

Figure I- 36 :

 36 Figure I-36: Modulation by interferences of the incident field on the top of a thin layer

Figure I- 37 :

 37 Figure I-37: Raman scattering intensities of C-C peak from a-CH film deposed on a silicon substrate versus a-CH film thickness.

  Figure I-38: Multiple refraction on a duplex system

  Figure I-40). They also discussed the relation between the dielectric permittivities of the layers and the IERS enhancement: the smallest the real part of the refractive index, the largest the enhancement factor, and the larger the corresponding thickness of the dielectric layer (Figure I-41). On the other hand, the IERS enhancement increases when the imaginary part of the refractive index of the metal increases.

Figure I- 40 :

 40 Figure I-40: Measured (symbols) IERS enhancement factor for the G peak of CVD single layer graphene grown on copper as a function of aging (red and blue symbols for 8 and 12 months, respectively) as a function of Cu2O and air thicknesses, compared to calculations (solid lines) forgraphene/Cu2O/Cu (black line) and graphene/air/Cu (green line and corresponding sketch on the right), from[START_REF] Ramírez-Jímenez | Interference enhanced Raman effect in graphene bubbles[END_REF] 

Figure I- 42 .

 42 Such Propagating Surface Plasmon-Polariton (PSPP) are evanescent waves of wavevector 𝑘 𝑥 > 𝜔/ 𝑐 (Figure I-43) which therefore can never be in phase and couple with photons of wavevector 𝑘 = 𝜔/ 𝑐. Coupling can only occur in special conditions, including the case of nanostructured surfaces. When surface plasmons get spatially confined at the nanometric scale, they become radiative and can then couple with light. The coupling of a photon with a localized surface plasmon gives rise to mixed photon-plasmon modes called Localized Surface Plasmon Polaritons (LSPP). When the frequency of light gets close to that of localized surface plasmons, the resonance of LSPP gives rise to strong local electric fields which are involved in SERS.

Figure I- 42 :

 42 Figure I-42: Sketch of the plasmon dispersion relation at a metal interface with air.

Figure I- 44 :

 44 Figure I-44: Representation of the polarized electron cloud excited by an EM wave

  Figure I-46.

Figure I- 46 :

 46 FigureI-46: Scattering cross section of a gold nanorod with diameter 10 nm and an arm length of 35 nm. The dielectric constant 𝜖 of the embedding medium varies from 1.0 to 2.0[START_REF] Trügler | Optical Properties of Metallic Nanoparticles: Basic Principles and Simulation[END_REF] 

Figure I- 47 :

 47 Figure I-47: Local field enhancement for 𝐿𝐹𝐼𝐸𝐹, 𝐴 1⊥ (𝜆 1 ) defined in[START_REF] Kofstad | High temperature oxidation of metals[END_REF] and 𝐿 𝑖 the geometric factor characterizing the curvature of the ellipsoid along 𝑖 -𝑎𝑥𝑖𝑠. 𝐿𝐹𝐼𝐸𝐹, 𝐴 1 ⊥ (𝜆 1 ) is given for a prolate spheroid, sketch with an aspect ratio of 3. Straight lines are for Ag NP in water, dotted line for Au in water and the dashed lines are for Au in air, in the extended visible range[103, pp. 326- 351] 

  Figure I-48 shows the evolution of the calculated enhancement factors (50) [103, pp. 274-275] for gold dimers formed of two spherical NP (𝜙= 25 nm) in water, as a function of the inter particle distance. Decreasing this distance leads to an amplification of the local field, and to a concomitant red shift of the resonance. From Figure I-49, the quality factor is good (higher than 2) for wavelength above 600 nm. This explains the damping of the enhanced field, depicted Figure I-48 for the larger gaps, which are blue-shifted below 600 nm.
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Figure I- 48 :

 48 Figure I-48: Local field enhancement of a gold dimer in water from[103, p. 357] 

Figure I- 49 :

 49 Figure I-49: Optical properties of a selection of metals in the UV-vis-NIR range. Real (top) and imaginary (bottom) parts of the relative permittivity (left). Quality factor as defined in equation (51)[START_REF] Ru | Principles of Surface-Enhanced Raman Spectroscopy: and related plasmonic effects[END_REF](right)

Figure I- 50 :

 50 Figure I-50: Skeletal formula of some dyes widely used in SERS studies Rhodamine 6G (R6G), crystal violet (CV) and 1,2-bis(4-pyridyl)ethylene (BPE)

  Duyne's group measured in situ the extinction of a lattice of copper nanopyramids during reduction by glacial acetic acid (Figure I-52). The extinction peak broadens and redshifts with oxidation, which corresponds to a redshift and damping of the LSPP resonance. On the other hand, Ghodselahi and Vesaghi calculated the influence of the thickness of a copper oxide shell on the LSPP resonance, and found a damping of the resonance with increasing thickness, and a redshift with decreasing relative permittivity (Figure I-53) in qualitative agreement with the experimental result from [111].

Figure I- 51 :

 51 Figure I-51: Compared expected spectral ranges for SERS activity of Ag, Au, and Cu nanomaterials[START_REF] Sharma | SERS: materials, applications, and the future[END_REF] 

Figure I- 54 . 53 Figure

 5453 Figure I-54: SEM, AFM or TEM pictures of efficient copper based SERS platform: copper colloids deposited on a copper foil surface[START_REF] Dendisová-Vyškovská | Comparison of SERS effectiveness of copper substrates prepared by different methods: what are the values of enhancement factors?[END_REF] (upper left), laser ablation (upper right)[START_REF] Muniz-Miranda | Surface-enhanced Raman scattering from copper nanoparticles obtained by laser ablation[END_REF], dealloyed surface from[START_REF] Chen | Nanoporous copper with tunable nanoporosity for SERS applications[END_REF] (lower left) and electrolict deposition[START_REF] Cejkova | Characterization of copper SERS-active substrates prepared by electrochemical deposition[END_REF] 

Figure II- 1 :

 1 Figure II-1: Raman T64000 with a Linkam cell, equipped with H2, O2 and Ar.

Figure II- 2 :

 2 Figure II-2: Cuprous and cupric oxide powders

Figure II- 3 :

 3 Figure II-3: Preparation of the Cu calibration thin films Copper calibration samples with a thickness varying from 10 to 180 nm were prepared, i.e. 10, 15, 20, 30, 50 and 180 nm. The cross-sectional SEM (Scanning electron Microscopy) image of the 180 nm thick film is shown in Figure II-4.
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Figure II- 4 :

 4 Figure II-4: SEM cross-section image of the Cu thin layer (180 nm)

  1).

Figure II- 5 :

 5 Figure II-5: Oxidation steps for increasing temperature, with indication of the time at each temperature plateau.

2 :

 2 Oxidation step to reach full oxidation SEM cross-section images of the 50 and 180 nm oxidized layers are shown in Figure II-6.Note that the thermal cycle was not long enough to fully oxidize the thickest Cu layer of 180 nm as it will be discussed in chapter III.

Figure II- 6 :

 6 Figure II-6: SEM cross-section images of the oxidized copper thin layer 50 nm (left) and 180 nm (right) for -t900

60 Figure

 60 Figure II-7: SEM images of the surface of the 300 nm thick electroless Cu layer
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Figure II- 9 :

 9 Figure II-9: SEM typical surfaces for etched copper foil Cu.

  Figure II-10: SEM observation of the Au SERStrate a) as received and b) after deposition of a Cu layer (50 nm thick)

Figure

  Figure II-11 gives an example of transferred graphene on a (111) orientated copper single crystal using this method.

Figure II- 11 :

 11 Figure II-11: Picture of the (111) copper single surface after graphene transfer using PMMA

Graphene 1 , 2 -

 12 Figure II-12: Skeletal formula of 1,2-Bis(4-pyridyl)ethylene (BPE) (left) and 2-Mercaptobenzothiazole (MBT) (right) Solution of BPE were prepared at various concentration (10 -1 , 10 -6 and 10 -8 M) in Ethanol, or MilliQ water, or in acidic solution (c(𝐻 2 𝑆𝑂 4 ) = 0.1 M).Due to its poor solubility in water, MBT was prepared in ethanoic solution at 10 -6 M. Raman spectra on SERStrates (Au and Cu coated ones) acquired in two conditions: the first one with the SERStrate immersed in those solutions and the second one with the dried SERStrate after thorough rinsing in the solvent (MilliQ water or ethanol) to remove unattached molecules, and drying at room temperature.

Figure II- 13 :

 13 Figure II-13: PSD profile as a function of the spatial frequency for S50-t900.

Figure II- 14 : 66 Figure

 1466 Figure II-14: Mean free path of electrons for different elements, as a function of the excitation source 𝐾𝛼 in eV[START_REF] Hwang | Proximity scanning transmission electron microscopy/spectroscopy[END_REF] Also the XPS spectrum contains Auger peaks arising from relaxation processes (Figure. These peaks are useful to identify element chemical states when XPS peaks include the contribution of elements with very close binding energy values.

Figure II- 16 :

 16 Figure II-16: Cu 2p transitions for etched copper surface (a) and reference powders of Cu2O (b) and CuO (c)

  It is possible to confirm the assignments done on Cu 2p3/2 with the Auger spectrum. The Auger transitions for Cu(0), Cu(I) and Cu(II) are well defied in the (912.2 -920.4) eV kinetic energies ranges[START_REF] Naumkin | NIST Standard Reference Database 20[END_REF]. The Auger spectra of the reference samples are shown in Figure II-17. The Cu(I) and Cu(II) peaks are broad. The experimental values of the Auger binding energy are reported in Table II

68 Figure

 68 Figure II-17: Cu LMM transitions for etched copper surface (a) and reference powders of Cu2O (b) and CuO (c)

Figure II- 18 :

 18 Figure II-18: Representation of the ellipsometer principle. 𝜙 is the incident angle and P the initial polarization angle. Epi and Esi are the incident parallel and perpendicular components of the electric field in the reflection plane and Epr and Esr are the reflected components[START_REF] Wächter | Thin Films of Copper Oxide and Copper Grown by Atomic Layer Deposition for Applications in Metallization Systems of Microelectronic Devices[END_REF] 

  Figure II-22 compares the Raman spectra of silicon acquired at those wavelengths.The typical Raman spectra of HOPG, from SPI (grade SPI-1) acquired at 488 nm, for 30 s and a power ~500 µW is given in Figure II-23 with its band G at 1582 cm -1 and 2D lorentzian contributions at respectively 2700 and 2740 cm -1 .

Figure II- 22 :

 22 Figure II-22: Raman spectra on Si / 100 nm SiO2 acquired at 488, 532, 633 and 785 nm (left) the fitted peak at 521 cm -1 gives the intensities (right).

Figure II- 23 :

 23 Figure II-23: Raman spectra of HOPG acquired at 488 nm for 30 s and a power ~500 µW

Temperature

  

Figure III- 1 :

 1 Figure III-1: SEM observation of as-deposited 180 nm thick Cu film cross-section (a) and surface (b)

Figure III- 2 :

 2 Figure III-2: AFM image of raw 180 nm thick Cu filmRegarding the 10 nm thick as-deposited layer, a Rms roughness of 0.8 nm is measured, which is even slightly lower than the 180 nm thick film (1.2 nm) (Figure III-3). A finer grain size of 24 nm is also determined from the auto-correlation length which is in good agreement with the germination / growth mechanisms. a) b)

FigureFigure III- 4 :Figure III- 5 :

 45 Figure III-4: SEM images of the cross-section (a) and surface (b) of the oxidized Cu layers (t900)

  The evolution of the power spectral density (PSD) as a function of the spatial frequency is reported in Figure III-6 and Figure III-7 for the raw and fully-oxidized film respectively. The values of the lateral auto-correlation length 𝜉 determined from the slope change are reported in Table

Figure III- 6 :

 6 Figure III-6: Evolution of the PSD as a function of the spatial frequency for the raw copper films (S10-t0 and S180-t0)

Figure III- 8 : 4 :

 84 Figure III-8: Cu LMM Auger transition for S10, S15, S30, S50, S180 for raw (left) and fully oxidized (right) samples.

Figure III- 9

 9 Figure III-9 shows the Cu 2p3/2 spectra of the raw S10, S15 and S180 samples and fully oxidized S10, S30, S50 and S180 samples. The deconvolution of these spectra evidences the presence of the following peaks: one peak related to both metallic Cu and Cu2O (932.7 -933.0 eV), one peak due to CuO (934.5 -934.8 eV) and a shake-up satellite peak related to. CuO (940.8 -944.3 eV). The peak positions determined from the deconvolution are reported in TableIII-5. The intensity of the CuO peak relatively to the Cu/Cu2O one is higher after oxidation.

Figure III- 9 :

 9 Figure III-9: Cu 2p3/2 XPS transition for S10, S15, S30, S50 and S180 raw films (left) and fullyoxidized surfaces (right).

Figure III- 10 :

 10 Figure III-10: AFM profiles for raw samples (S10 to S180, t0)

Figure III- 12 :

 12 Figure III-12: Comparison of calculated (dashed lines) with experimental (solid lines) absorbances for copper (left) and cuprous oxide (right) thin films. Calculation of pure copper 10, 30 and 50 nm and their fully-oxidized Cu2O counterpart of 17, 50 and 84 nm assuming a coefficient of 𝛼 𝑡ℎ𝑒 = 1.68, and refractive indices from[START_REF] Mcpeak | Plasmonic films can easily be better: Rules and recipes[END_REF][START_REF] Sopra | The Sopra S.A. company[END_REF]. Experiments are for raw and fully-oxidized samples of the series S10, S30 and S50
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Figure III- 13 :

 13 Figure III-13: Absorbance evolution with oxidation time, for S10 (a), S30 (b) and S50 (c) series.

Figure III- 14 :

 14 Figure III-14: Sketch of light transmission by a bilayer sample, with normal incident light coming from the Cu2O side.

Figure III- 15 :

 15 Figure III-15: Fitted thickness of Cu (left) and Cu2O (right) for S10-t0 (top) and S50-t0 (bottom) for each wavelength in the range 350-1400 nm (blue symbols). The red line corresponds to the fitted thickness. In the second method, the whole set of data is fitted simultaneously with unique values of the 𝑒 𝐶𝑢 and 𝑒 𝐶𝑢 2 𝑂 , and the following constraints: o 𝑒 𝐶𝑢 ∈ [0 ; 𝑒 𝐶𝑢 (𝐴𝐹𝑀) + 10] o 𝑒 𝐶𝑢 2 𝑂 ∈ [0 ; 5 * 𝑒 𝐶𝑢 (𝐴𝐹𝑀)]

  Figure III-5 and Table III-2), porous and heterogeneous microstructure (see SEM pictures of sample S180-900 on Figure III-4), and presence of a significant cupric oxide layer for fully-oxidized samples (see XPS data of Figure III-9Figure III-8).

Figure III- 17 :

 17 Figure III-17: Best fits (color lines, from red to yellow for increasing oxidation) of the absorbance spectra (black lines) for the three series of samples S10 (top) S30 (middle) and S50 (bottom) series with (right) the corresponding relative errors.

  Figure III-18, Figure III-19 and Figure III-20 show these fits for a selection of 5, 15 and 25 fitted wavelengths and for the second method along.
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Figure III- 18 : 97 Figure III- 19 :

 189719 Figure III-18: Best fits (color lines) of the absorbance spectra (black lines) for the three series of samples S10-t0 to S10-t900 (top to bottom)

Figure III- 21

 21 Figure III-21 compares the fitted refractive indices with those from the literature. The fitted values for metallic copper are very close to the bibliographic values from Mc Peak[START_REF] Mcpeak | Plasmonic films can easily be better: Rules and recipes[END_REF]. By contrast, the fitted values for cuprous oxide Cu2O systematically from those of Sopra[START_REF] Sopra | The Sopra S.A. company[END_REF], with a typical upshift of +0.2 over the whole spectral range for the real part 𝑛(𝐶𝑢 2 𝑂) and an increasing upshift up to 0.2 at 800 nm for the imaginary part 𝜅(𝐶𝑢 2 𝑂)

  10 summarizes the best fit results for the effective copper and cuprous layers, corresponding to the effective refractive indices of Figure III-21.

Figure III- 22 :

 22 Figure III-22: Comparison of raw (left) and fully oxidized (right) samples of S10, S30 and S50 measured by AFM, angle dependent and spectroscopic ellipsometry, UVS and SEM.

Figure III- 24 :

 24 Figure Comparison of the thickness of Cu2O for the oxidation steps (1: t0, 2: t102, 3: t190, 4: t240, 5:t600, 6: t900)

Figure IV- 1 :

 1 Figure IV-1: CuO powder spectra with main peaks at 300, 350, and 630 cm -1 (dashed vertical lines) excited at 488, 532, 633 and 785 nm. All spectra but the bottom one are vertically shifted for clarity.

Figure IV- 2 :

 2 Figure IV-2: Cu2O luminescence measured with 488, 532, 633 and 785 nm excitations.

Figure IV- 3 :

 3 Figure IV-3: Cu2O spectra excited at 488, 532, 633 and 785 nm before (top) and after (bottom) subtraction of the PL background. The main Raman peaks at 150, 220, 420, 500 and 630 cm -1 are marked by vertical dashed lines. All spectra but the bottom one are vertically shifted for clarity.

Figure IV- 4 :

 4 Figure IV-4: Evolution of PL/Raman (top) and Raman (bottom) spectra of S50 series during oxidation (488 nm excitation). All spectra but the bottom one are vertically shifted for clarity.

Figure IV- 5 :

 5 Figure IV-5: Evolution of PL/ Raman (left) and Raman (right) signatures for S50 series excited at 532 nm.

Figure IV- 6 :

 6 Figure IV-6: Evolution of the Raman signatures for S50 series during oxidation, excited at 633 (left) and 785 nm (right). At 633 nm, all spectra but the bottom one are shifted for clarity. Note that due to a temporal laser deficiency, no spectrum could be measured at 785 nm for sample S50-t600

Figure IV- 7 :

 7 Figure IV-7: Evolution of the Raman/PL spectra excited at 488 nm for S10 (upper left), S30 (upper right), S50 (lower left) and S180 (lower right) series

Figure IV- 8

 8 Figure IV-8 to Figure IV-10 show the spectral evolution with oxidation for the S10, S30 and S180 series at the other wavelengths.The spectra of the S10 series display signatures of the underneath silica substrate at all oxidation time and wavelengths, because of the very small thickness of the initial copper layer, and its concomitant significant transmittance in the visible range. Accordingly, at 633 and 785 nm the spectra of samples S10-t600 and S10-t900 show only the silica signatures, which are more intense that for the raw samples since the absorption of cuprous oxide is very weak at these wavelengths.For the S30 series, the only noticeable difference is for the sample S30-t240, which displays very intense spectra for excitation lines at 633 and 785 nm.Finally, the S180 series is interesting since a quite thick under-coating copper layer remains after the last oxidation step (S180-t900). However, the Raman signatures of cuprous oxide drop as well for this sample, which may be assigned to significant increase of roughness and heterogeneity as revealed by the SEM observation of this sample.

Figure IV- 8 :

 8 Figure IV-8: Evolution of Raman spectra during oxidation for S10 series for excitations at 488 nm (upper left), 532 nm (upper right), 633 nm (lower left) and 785 nm (lower right). All spectra but the bottom one are vertically shifted for clarity.

Figure IV- 9 :

 9 Figure IV-9: Evolution of Raman spectra during oxidation for S30 series for excitations at 488 nm (upper left), 532 nm (upper right), 633 nm (lower left) and 785 nm (lower right). All spectra but the bottom one are vertically shifted for clarity.

Figure IV- 10 :

 10 Figure IV-10: Evolution of Raman spectra during oxidation for S180 samples for excitations at 488 nm (upper left), 532 nm (upper right), 633 nm (lower left) and 785 nm (lower right). All spectra but the bottom one are vertically shifted for clarity.

Figure IV- 11

 11 Figure IV-11 compares the evolution of the fitted PL intensities excited at 488 and 532 nm as a function of the thickness of the cuprous oxide layer. Figure IV-12 displays a similar representation for the fitted Raman intensities at 150 cm -1 or 220 cm -1 (for 532 nm excitation only).In general, the largest enhancements are measured for the 4 th (at 488 and 785 nm) or 5 th (at 532 and 633 nm) oxidation step of the S50 and S180 series, which display quite close results. Indeed, the thickness of the copper under-coatings is quite thick for these series, except for the fully oxidized sample of series S50, so that their reflectance is almost constant and close to that of bulk copper, leading to the largest expected IERS enhancements. Accordingly, the thickness-dependence of the IERS enhancement are very close for all series until the 4 th oxidation step, ie until the thickness of the undercoating copper downs to 8.3 and 47, for S10 to S50 respectively. Then, the IERS enhancements are weaker for the last steps with respect to those of S50 and S180 series, because of the smaller thickness of the copper undercoating. Finally, the IERS enhancement drops for each series after the last oxidation step. This is assigned to the complete transformation of the undercoating layer for series S10, S30 and S50, and to the heterogeneous structure of the cuprous layer for series S180.
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Figure IV- 11 :

 11 Figure IV-11: PL intensity as a function of Cu2O thickness for excitation at 488 nm (a) and 532 nm (b)

  Figure IV-13, Figure IV-14 and Figure IV-15, respectively.

Figure IV- 13 :Figure IV- 14 :Figure IV- 15 :

 131415 Figure: Calculated SMEF at 150 cm -1 for samples S10-t0 (a), S10-t190 (b), S10-t240 (c) and S10-t900 (d) for 4 different laser lines using permittivities from the literature (Cu:[START_REF] Mcpeak | Plasmonic films can easily be better: Rules and recipes[END_REF] and Cu2O:[START_REF] Sopra | The Sopra S.A. company[END_REF] (dashed lines) and the fitted permittivities (full lines).

Figure IV- 16 :

 16 Figure IV-16: Calculated ISMEF at 150 cm -1 of the Cu2O layer as a function of Cu2O and Cu thicknesses at 488 nm (upper left), 532 nm (upper right), 633 nm (lower left) and 785 nm (lower right).The ISMEF maxima calculated using the permittivities from the literature (Cu:[START_REF] Mcpeak | Plasmonic films can easily be better: Rules and recipes[END_REF] and Cu2O:[START_REF] Sopra | The Sopra S.A. company[END_REF]) (dashed lines) and the fitted permittivities (full lines). Red, green and blue symbols locate the thicknesses for series S10, S30 and S50, respectively

Figure IV- 17 :

 17 Figure IV-17: Calculated ISMEF at 150 cm -1 as a function of cuprous oxide thickness for an underlying copper thickness of 100 nm, for four different exciting lines. The vertical dotted lines mark the Cu2O thicknesses for the S180 series

123 Figure IV- 19 :

 12319 Figure IV-19: Evolution of the intensity of the copper oxide Raman peak at 150 cm -1 for all samples of series S30, S50 and S180 but the most oxidized ones (symbols), for 𝜆=488 and 633 nm (left and right, respectively), compared to IERS enhancements calculated for fitted and literature permittivities (solid and dashed lines). The IERS enhancements were divided by an adhoc factor to match the experimental data.

  Figure IV-20: Correlation between the intensities of Raman modes of cuprous oxide at 150 and 220 cm -1 (a and b), 150 and 645 cm -1 (c) 150 and 635 cm -1 (d)

Figure 125 Figure IV- 21 :

 12521 Figure IV-21: Correlation between the PL intensity at maximum and PL area (top) or PL position (bottom)

powder 126 Figure

 126 Figure IV-22: Correlation of the PL intensity with that of Raman peak of Cu2O at 150 cm -1 .

Figure IV- 23 :

 23 Figure IV-23: Normalized Raman spectra evolution on the same spot during oxidation/reduction cycles from top to bottom, oxidation cycle 1, 2 and 3. For clarity all spectra but the bottom one are vertically shifted for oxidation 2. Correlations between PL and Raman positions and intensities are reported in Figure IV-24. As expected, PL intensity and PL area are proportional to each other, ie APL / IPL ~3000, independently of the thermal history of the sample (Figure IV-24a). Furthermore, the position of the PL maximum increases linearly with its intensity for low temperature/short times of oxidation (Figure IV-24b) and, for each oxidation cycle, the PL intensity is proportional to that of the peak at 150 cm -1 (Figure IV-24c). This suggests that the position and intensity of the PL can be used for monitoring the oxidation of cuprous oxide as long as the microstructure/purity of the samples are comparable.

Figure IV- 24 :

 24 Figure Correlation between the PL intensity with its area (a) and position (b) and the peak at 150 cm -1 (c). Black, blue and red symbols correspond to data for the 1 st , 2 nd and 3 rd oxidation cycles, respectively

Figure IV- 25 :

 25 Figure IV-25: Determination of the Cu2O thickness during three successive oxidation/reduction cycles of an electroless sample by comparison of the intensity of its Raman peak at 150 cm -1 (exciting line at 488 nm), with IERS best matches for thin films (Figure IV-19) for the 1 st (a) 2 nd and 3 rd (b) insitu oxidation series for electroless sample. The horizontal dotted lines correspond to the measured Raman intensities, and the vertical dotted lines show the most likely copper oxide thickness for each sample.

  Raman maps showing the spatial variation of the intensities of the Cu2O mode at 150 cm -1 and of the G band of SLG are compared to the optical microscopy picture in Figure IV-27. The color lines are clearly correlated with the intensity of both the Cu2O and G modes.

  [START_REF] Lee | Optical separation of mechanical strain from charge doping in graphene[END_REF] representation. According to this representation SLG transferred on a (111) copper single crystal is p-doped and under compressive stress.

Figure IV- 26 :

 26 Figure IV-26: Evolution of the G and 2D band positions for SLG under stress and doping (symbols and dotted lines, from [93]). By comparison, the upshifts of G and 2D measured on copper samples (yellow square) can be interpreted as due to compressive stress and p doping

Figure IV- 27 :

 27 Figure IV-27: Optical image (left) and Raman maps, measured with an excitation line at 633 nm and a step of 1 micrometer, showing the intensities of the Cu2O peak at 150 cm -1 (middle) and that of the G peak of SLG (right).

Figure IV- 28 :

 28 Figure IV-28: Typical Raman spectra excited at 633 nm on white and red lines (areas marked by 5 and 4 branches stars in Figure IV-27)

Figure IV- 30 :

 30 Figure IV-30: Left: optical microscopy picture of an electroless sample, with characteristic colored lines below the SLG (top), and an homogeneous color outside the SLG area (bottom). Right: Raman spectra, excited at 488 nm, on Black (B), Red (R), Orange (O) and White (W) lines.

Figure IV- 31 :

 31 Figure IV-31: Evolution of the Raman spectra during oxidation at 150°C (during 0, 3, 8 and 17' from bottom to top) on an orange line (a) and on a red line (b) and representation of the fitted I150 and IG (c)

Figure IV- 32 :

 32 Figure IV-32: Raman map showing the spatial evolution of the G band intensity, excited at 638 nm with a step of 0.5 µm, on a copper etched sample

Figure V- 1 :

 1 Figure V-1: Raman spectra, excited at 785 nm, measured on different areas on a bare Au-SERStrate (left), and after deposition of 50 nm of Cu on the SERStrate (right, with comparison with the spectrum of a similar copper layer deposited fused silica).

  Figure V-2: SEM pictures of the bare Au-SERStrate before (left) and after dipping in a liquid and drying in air (right), with magnifications 25 k (top) and 100 k (bottom).

Figure V- 3 :

 3 Figure V-3: Extinction spectra in the visible range for a raw SERStrate with un-leaned pillar and after immersion and rinsing with lead to a pillar leaning.

Figure V- 4 :

 4 Figure V-4: Comparison of Raman spectra measured on a Au-SERStrate after dipping in a BPE solution (c=10 -6 M), rinsing and drying, for three excitation lines at 532, 633 and 785 nm. The intensities are normalized by HOPG (acquired in the same conditions: 1 s, power ~200 µW). For clarity all spectra but the bottom one are vertically shifted.

Figure V- 5 :

 5 Figure V-5: Comparison of pre-leaned and un-leaned SERStrate for the detection of BPE (c= 10 -6 M), at 785 nm. The un-leaned spectrum is vertically shifted for clarity.

Figure V- 7 :

 7 Figure V-7: SEM pictures of the pillar nanostructures for raw Au-SERStrate (left) and for a Cu plated SERStrate (right), after immersion in water, and the acidic solution (step 2, 4 and 6).

  For clarity, sketches of the pillar nanostructures at different steps are compared in FigureV-8. We assume a cuprous oxide layer in air and water solution, while superficial copper and gold are expected in acidic solution, for short and long time exposures to acid, respectively.

Figure V- 8 :

 8 Figure V-8: Sketch of the pillar nanostructures at different steps (cf §2) for Cu-plated SERStrate The blue and green background represent aqueous and acidic solutions, respectively. The absence of background represents a measurement in air. The blue coating of the pillars represent the attached BPE molecules. The pink, brown and gold pillar colors are for copper, cuprous oxide and gold, respectively.

Figure V- 9 :

 9 Figure V-9: Comparison of the Raman spectra of BPE on Au-(left) and Cu-plated (right) SERStrates at different steps (see Figure V-8). The dashed lines mark the most intense BPE signatures (1200, 1610, 1638 cm -1 ).

Figure V- 10 :

 10 Figure V-10: Kinetic monitoring of the BPE peak intensity at 1200 cm -1 in the acidic solution (10 6 M) during step 5, before (top) and after (bottom) correction of the focus loss.

Figure V- 11 :

 11 Figure V-11: Comparison of the BPE spectra on Au-SERStrate (step 4) and Cu-plated -SERStrate (step 6). The dashed lines represents the peak positions at 1200, 1610 and 1634 cm -1 .The spectrum on the Au-SERStrate is vertically shifted for clarity.

Figure V- 12 :

 12 Figure V-12: Comparison of Raman spectra acquired in air at step 4 (after rinsing and drying on cuprous oxide) and step 6 (after rinsing and drying on gold). The dashed lines represents peak positions at 1200, 1610 and 1638 cm -1 . The intensity of spectrum at step 6 is vertically shifted for clarity.

BPE

  

Figure V- 13 :

 13 Figure V-13: Comparison of the Raman spectra of BPE (10 -8 M) on Cu-plated SERStrates at different steps (see Figure V-8). The dashed lines mark the most intense BPE signatures (1200, 1610, 1634 cm -1 . The inset is a zoom of the BPE signatures on steps 0, 1, 3 and 4.
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Figure V- 14 :

 14 Figure V-14: Kinetic monitoring of the BPE peak intensity at 1200 cm -1 in the acidic solution (10 -8 M) during step 5.
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Figure V- 15 :

 15 Figure V-15: Comparison of the Raman spectra of MBT solution (10 -8 M) on Au-SERStrate. Step 1: just after immersion, step 2 and 4: in air (after rinsing and drying from previous step). The dashed lines mark the most intense MBT signatures (998, 1020, 1200 cm -1 ).

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table I -

 I 

1: Structural characteristics of Cu2O and CuO

Table I -

 I 

2: Notation of Kröger -Vink to describe the different defects.

Table I - 4

 I4 

		:
	Kinetic law	Equation
	Linear	𝑥 = 𝐾 1 𝑡 + 𝐾 2
	Logarithmic Invers logarithmic Cubic Parabolic	𝑥 = 𝐾 3 log(𝐾 4 𝑡 + 𝐾 5 ) 1 = 𝐾 6 𝑙𝑜𝑔(𝐾 7 𝑡 + 𝐾 8 ) 𝑥 𝑥 3 = 𝐾 9 𝑡 + 𝐾 10 𝑥 2 = 𝐾 11 𝑡 + 𝐾 12

Table I -

 I 

4: Oxidation kinetic laws

  . 𝜒 𝑆 ′′ ≅ 𝐾 2𝑓,10 𝐾 2𝑓,10 is the Raman matrix element used to explain the 𝐸 𝐿 = ℏ𝜔 𝐿 , the ground state of the phonon and the ground electronic state 𝑎 , respectively.

	resonance			
	𝐾 2𝑓,10 =	
	∑ 𝑎,𝑏	< 𝜔 𝑆 , 𝑓, 𝑖|𝐻 𝑒𝑅 |0, 𝑓, 𝑏 >< 0, 𝑓, 𝑏|𝐻 𝑒𝑝 |0,0, 𝑎 >< 0,0, 𝑖|𝐻 𝑒𝑅 |𝜔 𝐿 , 0, 𝑖 > [ℏ𝜔 𝐿 -(𝐸 𝑎 𝑒 -𝐸 𝑖 𝑒 ) + 𝑖𝛾] ⏟ [ℏ𝜔 𝐿 -ℏω ph -(𝐸 𝑏 𝑒 -𝐸 𝑖 ⏟ 𝑒 ) + 𝑖𝛾]	(27)
		𝑟𝑒𝑠𝑜𝑛𝑎𝑛𝑐𝑒 𝑜𝑛 𝑡ℎ𝑒 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛	𝑟𝑒𝑠𝑜𝑛𝑎𝑛𝑐𝑒 𝑜𝑛 𝑡ℎ𝑒 𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑒𝑑 𝑝ℎ𝑜𝑡𝑜𝑛
	Where | 𝜔 ⏟	, 𝑓 ⏟	, 𝑎 ⏟	> denote the state with an incoming photon of
	𝑃ℎ𝑜𝑡𝑜𝑛	𝑃ℎ𝑜𝑛𝑜𝑛	𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑛
	energy			

  -5 and the modes are sketched in Figure I-29.

	Symmetry	Calculated frequencies (cm -1 ) [64, 65]	Experimental values (cm -1 ) [64, 65]
	-𝑇 2𝑢 / Γ 25 -𝐸 𝑢 / Γ 12 -(1) 𝑇 1𝑢 / Γ 15 -𝐴 2𝑢 / Γ 2 𝑇 2𝑔 / Γ 25 +	60 -98.6 72 -110 144 -143 (TO) -159 (LO) 338 -307 503 -549	86 -88 109 -110 146 -153 350 515
	𝑇 1𝑢 / Γ 15 -(2)	616 -608 (TO) -639 (LO)	638 -665
	Table I-5: Symmetry calculated and experimental frequencies of the vibrational modes of Cu2O at
	the center zone.		

Table I -

 I 

6: Position and width of the G and 2D band for suspended and supported graphene measured at 514.5 nm

Table II -

 II 

1: Annealing conditions of Cu thin films.

Table II -

 II [START_REF] Heinemann | Band structure and phase stability of the copper oxides Cu2O, CuO, and Cu4O3[END_REF] and are observed to be in good agreement with literature. Table II-3: Binding energies of Cu 2p3/2 and satellite peaks for etched copper foil and Cu2O and CuO reference powders.

		Cu 2p3/2 peak (eV)	Satellites (eV)
	Reference samples	Exp.	Lit. [135]	Exp.	Lit. [135]
	CuO powder	933.9	941 -945	941 -944	941 -945
	Cu2O powder	932.8	932.2		
	Etched copper	932.3	932.6		

Table III -

 III 

1: Studied samples names, with oxidation step, temperature and time

  (𝛼 𝑡ℎ see Appendix 1).

	Sample	Raw (t0)	Thickness (nm) Fully oxidized (t900)
	S10		34 ± 7
	S30		104 ± 29
	S50		136 ± 15
	S180	137 ± 14	285 ± 35*
		* with 𝑒 𝐶𝑢 : 164 ± 30 and 𝑒 𝐶𝑢 2 𝑂 : 133 ± 20

Table III - 6 :

 III6 Thickness determination from SEM cross section measurement

Table III -

 III 8: Cu and Cu2O thicknesses as determined from MAI ellipsometry. *bad fit: R²<0.9

Table III -

 III 

9: Cu and Cu2O thickness determination from SE, *bad fit: R²<0.9

Table III -

 III 10: Copper and cuprous thickness from UV-vis fitting for S10, S30 and S50. *poor fit for method 3a

Table III -

 III 11: Thicknesses of Cu and Cu2O for S10, S30 and S50 retained for future discussions, from UV-S. *values from AFM and SEM-cross section

			-11:	
	Sample	Thickness (nm) from techniques comparison 𝑒 𝐶𝑢 𝑒 𝐶𝑢 2 𝑂 𝑒 𝑡𝑜𝑡
	S10-t0	12.8 ± 0.6	0 ± 0.1	12.8 ± 0.7
	S10-t102	12.3 ± 0.6	1.5 ± 0.1	13.8 ± 0.7
	S10-t190	12.8 ± 0.6	3.3 ± 0.2	16.1 ± 0.8
	S10-t240	8.3 ± 0.4	8.5 ± 0.4	16.8 ± 0.8
	S10-t600	0 ± 0.1	10.5 ± 0.5	10.5 ± 0.6
	S10-t900*	0*	30 ± 7*	30 ± 7*
	S30-t0	35.0 ± 1.8	0.5 ±0.1	35.5 ± 1.9
	S30-t102	33.5 ± 1.7	2.8 ± 0.1	36.3 ± 1.8
	S30-t190	31.0± 1.6	2.5 ± 0.1	33.5 ± 1.7
	S30-t240	28.0 ± 1.4	9.8 ± 0.5	37.8 ± 1.9
	S30-t600	8.8 ± 0.4	62.8 ± 3.1	71.6 ± 3.5
	S30-t900*	0*	104 ± 20*	104 ± 20*
	S50-t0	63.0 ± 3.2	0.5 ± 0.1	63.5 ± 3.3
	S50-t102	56.8 ± 2.8	6.3 ± 0.3	63.1 ± 3.1
	S50-t190	55.3 ± 2.8	7.5 ± 0.4	62.8 ± 3.2
	S50-t240	47.0 ± 2.4	14.3 ± 0.7	61.3 ± 3.1
	S50-t600	17.5 ± 0.9	87.5 ± 4.3	105.0 ± 5.2
	S50-t900*	0*	136 ± 40*	136 ± 40*

  -13: 

	Figure III-23: Compared evolution of the thicknesses of copper and copper oxide layers for S10,
	S30 and S50		
	Series	𝛼 𝑡600	𝛼 𝑡900
	S10	0.70 ± 0.12	2.36 ± 0.35
	S30	2.47 ± 0.39	2.69 ± 0.45
	S50	1.75 ± 0.87	2.17 ± 0.21
		105	

Table III -

 III 12: The values of the coefficient of transformation 𝛼 𝑡600 and 𝛼 𝑡900 are given for the oxidation step t600

Table III -

 III -14 summarizes the advantages of the different techniques used in this study. 14: Compared probed surface area, and ranges of determinable thicknesses for copper and copper oxide layers, for the different techniques used in this study, for 𝜆 ∈ (350 -800) 𝑛𝑚

		Probed surface	Thickness range	Identification 𝑒 𝐶𝑢 / 𝑒 𝐶𝑢 2 𝑂
	AFM	Local (~1 µm²)	1 nm -1 µm	no
	SEM	Local (~1 µm²)	30 nm -1 µm	If e > 30 nm
	MAI SE	Global (~1 mm²)	Cu: 1 -45 nm Cu2O: 1 -90 nm	Yes, if the refractive index are known
	UVS	Global (1-20 mm²)	1 -90 nm	Yes, if the refractive index are known or fitted

Table 2 :

 2 Raman fitted positon ranges for Cu2O, CuO and graphene

To compare the

2D position at 633 and 488 nm to the results at 514.5 nm, ∆Γ 2𝐷,633 = 49 cm -1 ; ∆Γ 2𝐷,488 = -14.3 cm -1

1
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𝐼 𝑠𝑜𝑙 𝐵𝑃𝐸 10 -1 𝑀 ~10 7 . The difference of ratio between the Raman peaks at 1600 and 1638 cm -1 fir the different samples is assigned to the preferred orientation of BPE on the SERStrate, leading to a favored vertical orientation with a bond by the amino group. This explains the larger intensity of the 1600 cm -1 , assigned to the symmetric pyridyl ring breathing, coupled with C-C stretching and C-H in plan bending, compared to the concentrated BPE solution. 

Comparison of Au-and Cu-plated SERStrates

In order to compare the SERS performances of Au and Cu for comparable nanostructured substrates, and to study the effect of oxidation of copper, measurements on an original Au SERStrate are compared to measurements on a Cu-plated (~50 nm of thermally evaporated Cu) SERStrate, in the optimal conditions described above.

The measurements are performed at different steps:

 raw SERStrate vs Cu-plated SERStrate (~50 nm) in air (step 0)  during dipping the samples in an aqueous solution of BPE (10 -6 M) (step 1)  after thorough rinsing and drying in air (step 2)  during short dipping in an acidic solution of BPE (10 -6 M) containing sulfuric acid (0.1 M) to remove the copper oxide superficial layer (step 3)  after another rinsing and drying in air (step 4)  after 2 hours of final dipping in the acidic solution to remove the whole copper layer, and therefore retrieve the original Au-SERStrate (step 5)  after a final rinsing and drying in air (step 6)

Appendix

Appendix 1: Ratio of transformation

The transformation of a mole of metallic copper to cuprous and cupric oxide is leading to a certain volume increase determined as follow:

First we remind the equation of transformation of copper to copper oxide. To form a mole of Cu2O, 2 moles of Cu are required [START_REF] Yu | Study of dispersive raman modes in Cu2O by resonant raman scattering[END_REF], so 𝑛 𝐶𝑢 2 𝑂 = 𝑛 𝐶𝑢 2 , while for CuO [START_REF] Yu | Multiple resonance effects on raman scattering at the yellow-exciton series of Cu2O[END_REF]:

The volume of Cu-ox (Cu2O or CuO) is given as:

Our sample are cuboid, considering an uniaxial growth, with fixed section, the transformations law can be written as: 

Appendix 2: Fitting procedure

In order to get quantitative information on the different spectra a fitting procedure was developed to extract the important parameter from a Raman spectra.

A typical Raman spectrum with its fit result is given in Figure 16. Cu2O and graphene Raman signature in red and blue colors, the PL background in yellow. Raman spectra are fitted by lorentzian function with a linear background. The fit is not done with any constraints on the positions, or FWHM, the only imposed parameter is a positive peak intensity, and the fitted range (Table 2). The peak at 640 cm -1 has multiples contribution, with the main contributions at 420, 530 and 640 cm -1 , fitted by 3 lorentzian and a common linear background. Often a presence of contamination carbon is detected along with the G peak of graphene. Therefore this G band is fitted in a large range, by a lorentzian function and a second voigt contribution related to C-contamination, In order to compare the different samples, we used only the spectra with detectable Cu2O Raman signature (peak at 150 cm -1 above the noise) and another filter for the samples with graphene G band. The peak presence is ascertain when the intensity is larger than 3 times the noise, determined on a flat area of the silicon (1100-2000 cm -1 ), as shown in Figure 19. In general, the noise value is ~0.7 counts/s, so a peak presence is retained for statistics, when its intensity is above 2 counts/s. To compare two different parameters, they are represented in a xy map, as in Figure 20, with additional density of the points represented first by the colored area in the map and by the distribution of points on the sides.

The two parameter used to evaluate whether the parameters x and y are linked together by a linear representation are the pearson's r and the p. The Pearson coefficient ("Pearson's r") varies between -1 and 1. A value close to 0 means no linear correlation, while a value close to ±1 shows a linear correlation. The sign + means that when x increase y increase proportionally, while a negative sign (-) means that when x increases the y decreases [START_REF] Cocke | The low-temperature thermal oxidation of copper, Cu3O2, and its influence on past and future studies[END_REF].

The p value is view as a significance of the empirical analysis. The p value is the probability that a random dataset distribution will give the same dataset distribution, the 158 actual measurement. The lower the p the better the confidence that the linear correlation is real and not due to a random distribution. For instance a p value of 0.01 correspond to a probability of 1% that a random distribution will exhibit the same behavior (a linear correlation) as the dataset measurement. In practice, the use of p value to conclude on a correlation is reliable for p values as low as 0.05, which show a high significance. In other words this means that the data is significant at the 0.05 level'.

For instance here the position are not linearly correlated, since the pearson's r is around 0.5 and 0.23 for Raman peak at 150 cm -1 and the peak at 220 cm -1 and with the 2D band positions respectively. The significance is however high, with the p value lower than 0.05. 

Appendix 3: Quantification of the copper species by XPS

In addition to the identification of the element chemical state, a semi-quantitative analysis of Cu, Cu2O and CuO can be performed from the deconvolution of the Cu 2p3/2, O1s and C1s XPS peaks. As the Cu 2p3/2 peaks for Cu and Cu2O are not separated, the O1s peak is analyzed. Additionally the C1s peak deconvolution is used to conclude about the oxygen concentration due to contamination layer. Cano et al [START_REF] Wächter | Thin Films of Copper Oxide and Copper Grown by Atomic Layer Deposition for Applications in Metallization Systems of Microelectronic Devices[END_REF] suggested a deconvolution for the and O1s peaks of a copper tubes after corrosion in humid environment (100%) at temperature lower than 40°C for 50 to 330 days (Figure 21). The C1s peak is assumed to be due to the contribution of the C-C, C-O-C, C=O and HO-C=O bindings. The corresponding O1s spectrum confirms the C=O and HO-C=O bindings and shows additional contributions of Cu-OH and H2O ones. Skinner et al [START_REF] Mcpeak | Plasmonic films can easily be better: Rules and recipes[END_REF] studied the surface of copper platted zinc sulfide particles. Using deconvolution of the O1s and the C1s spectra they identified mixed Cu2O and CuO contributions. The different peak positions are summarized in Table 4. In the present study this methodology will be used to determine the Cu2O and CuO contents of the thickness calibration samples.

The deconvolution of the C1s and O1s, on the raw and fully oxidized samples are shown on Figure 22 and Figure 23 respectively. C1s spectra are dominated by the C-C peak, with additional peaks at higher binging energy, related to carbon binding to oxygen. O1s spectra is indeed dominated by the broad peak of oxygen bounded to carbon. The additional contribution of oxygen bound to copper (O-Cu and Cu-O-Cu) is decovoluted from this major peak, its importance raise with oxidation. On the raw samples the peak is hidden by the major C-O contribution and corresponds to ~15 % of the major peak. The fully oxidized samples have a larger content of oxygen bound to copper (~22 %). Table 5summarizes the atomic percentage (%at) associated to each decovoluted peak area.

For C-O, C-C-O and C=O bindings, there is one oxygen for one carbon, therefore the atomic percentage of the deconvolution on C1s and O1s should match. There is however a difference from 15 to 49 % depending on the sample. This difference is assigned to a poor deconvolution of O1s peaks, with the broad C-O or C=O contribution overlapping with the Cu-O contribution. We trust the deconvolution on the C1s, and assign the additional oxygen to the bound with copper.

The comparison of the atomic percentage of copper and oxygen is given in Table 6. For CuO compound, the percentage of copper Cu(II) is correlated to the fitted Cu-O peak on the O1s spectra. The Cu(I) atomic percentage can partially explain the mismatch between carbon and oxygen. One oxygen is bound to two copper (Cu(I)).

Due to the excess of unassigned oxygen, we suppose the absence of metallic copper on the surface probed by XPS.

As stated in Chapter 3, the percentage of CuO is large (~50 % for raw samples and increases up to ~70 % for fully oxidized samples) on the probed thickness. The probed thickness assuming 3 atomic copper layers should be ~10 nm, which can convert to ~5 nm of CuO for the raw samples and ~7 nm for the fully oxidized samples.