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This work brings nano-electronics and nano-photonics technologies together to create an electronplasmon device whose linear and nonlinear optical properties are electrically controlled. Here, we present the first demonstration of nonlinear photoluminescence modulation by electrical means in an uncluttered configuration. To this purpose, plasmonic nanoantennas are interfaced with electrical connections inducing localized regions of electron accumulation and depletion and therefore affecting the optical response. Additionally, a complete analysis of the nonlinear photoluminescence in plasmonic nanowires is carried out. The delocalization and transport of nonlinearities provided by such structures allow the remote activation of the signals. Different aspects including the underlying mechanisms behind the electrical modulation and the processes dictating the nonlinear photoluminescence generation are systematically explored.

Titre: Contrôle électrique Des Propriétés Non Linéaires De Nanostructures Plasmoniques Mots-clés: Plasmonique, Nano-optique, Nanofils, Photoluminescence non linéaire, Antennes optiques, Nanophotonique Résumé: Ce travail rassemble les technologies de nanoélectronique et de nano-photonique pour créer un dispositif électro-plasmonique dont les propriétés optiques linéaires et non linéaires sont contrôlées électriquement. Ici, nous présentons la première démonstration de la modulation de photoluminescence non linéaire par des moyens électriques dans une configuration épurée. à cette fin, les nanoantennes plasmoniques sont interfacées avec des connexions électriques induisant des régions localisées d'accumulation et de déplétion d'électrons et affectant ainsi la réponse optique. De plus, une analyse complète de la photoluminescence non linéaire dans les nanofils plasmoniques est réalisée. La délocalisation et le transport des non-linéarités apportées par de telles structures permettent l'activation à distance des signaux. Différents aspects, dont les mécanismes sous-jacents à la modulation électrique et les processus dictant la génération de photoluminescence non linéaire, sont systématiquement explorés.
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General Introduction

The ubiquity of nonlinearities in real systems is a well accepted fact supported with a long history. Indeed, the theory of nonlinear dynamics in the context of mechanical systems dates back to the penultimate century. However, nonlinear photonics did not take off but after the laser invention opened the required access to strong optical fields in 1960. Since then, the evolution of this area of research has been driven by an ever-increasing interest in different areas going from fundamental studies of the light-matter interaction to the design of components and devices with applications in biomedicine and human safety, telecommunications and biotechnology. Most important, the research interest is now focused on novel strategies to guide and propagate nonlinear optical signals as well as the active enhancement and tunability of such nonlinear responses in miniaturized dimensions [START_REF] Yuri | Nonlinear optics: The next decade[END_REF]. In this connection, the present thesis tackles both aspects by electrically and spatially controlling nonlinear photoluminescence (N-PL) in optical nanoantennas.

Antennas are almost ubiquitous in our daily life. In this more and more wireless-dependent world they have become one of the most important constituents of many connected devices. From the radio invention to the widespread use of mobile phones the sending and receiving of electromagnetic waves at different frequencies using antennas has been a significant part of humanity. Antennas transduce efficiently electromagnetic near-fields (NF) to far-fields (FF) in the case of a transmitting antenna and FFs to NFs in the case of a receiving antenna [START_REF] Novotny | Antennas for light[END_REF]. As the antennas' physical dimensions depend on their operation frequency, the typical size scale of radio frequency (RF) antennas goes from hundred meters to a few millimeters. Consequently, operating at higher frequencies results in physically smaller antennas and more confined fields, with the added value of higher bandwidths and higher data rates. Importantly, the latest advances in photonics and nanotechnology allow to explore the effect of pushing the operating frequency towards the visible and infrared range. As a matter of fact, optical antennas are ruled by plasmonic effects resulting from collective oscillations of free electrons at the interface between dielectrics and metals known as surface plasmons. Along with strong spatial confinement, plasmonic excitations in optical antennas can increase the yield of nonlinear processes which are essential for the achievement of complex operations in the manipulation of light.

In fact, the birth of nonlinear plasmonics was marked by the associated huge enhancement needed for highly efficient nonlinear optics. The first experiments relating nonlinearities with plasmonics were done at the beginning of the 1980s by a few research groups including the work of Wokaun et al in second harmonic generation [3] followed later by Ricard, Hache and co-workers and their study in metal nanoparticles and the surface-mediated effects [START_REF] Ricard | Surface-mediated enhancement of optical phase conjugation in metal colloids[END_REF][START_REF] Hache | Optical nonlinearities of small metal particles: surface-mediated resonance and quantum size effects[END_REF]. Concurrently, enhanced second harmonic generation and nonlinear photoluminescence from rough-General introduction ened noble metals films were related to plasmon resonances taking place at the surface [START_REF] Boyd | Local-field enhancement on rough surfaces of metals, semimetals, and semiconductors with the use of optical secondharmonic generation[END_REF][START_REF] Boyd | Photoinduced luminescence from the noble metals and its enhancement on roughened surfaces[END_REF].

This doctoral work deals with N-PL generated in gold and silver nanostructures after near infrared pulsed illumination. Remarkably, in spite of the vast presence of N-PL in the literature in the context of imaging applications, its fundamental underlying mechanisms are still at discussion. Experimental evidence points to a recombination process following multi-photon absorption in addition to thermal radiation of an out-of-equilibrium hot-electron distribution [START_REF] Beversluis | Continuum generation from single gold nanostructures through near-field mediated intraband transitions[END_REF][START_REF] Haug | Hot-electron intraband luminescence from single hot spots in noble-metal nanoparticle films[END_REF][START_REF] Roloff | Light emission from gold nanoparticles under ultrafast near-infrared excitation: Thermal radiation, inelastic light scattering, or multiphoton luminescence?[END_REF]. Here, roughly making the comparison with previous studies on N-PL and plasmonic nanostructures, we go a step higher by including the electrical activation and command of the optical nonlinear response.

Active plasmonics and more particularly electrically-active plasmonics are not new. Coincidentally, their origins also date back to the 1980s with the development of light modulators [START_REF] Jiang | Active plasmonics: principles, structures, and applications[END_REF], where the surface plasmon excitation or the refractive index of the surrounding medium were respectively mechanically or electrically controlled. In the nonlinear regime, however, activelycontrolled surface plasmon-based phenomena are much more recent and have been primarily pushed by the advances in nano-fabrication techniques achieved during this century.

In our study, the enhanced optical and static electric fields at the feed gap of bow-tie optical antennas favor the efficient generation and electrical modulation of N-PL in a compact electroplasmonic device. Furthermore, different nanostructural configurations allow us to undertake the problem of controlling local and non-local N-PL emission in zero-and one-dimensional metal nanostructures. Remarkably, the experiments shown here are easily extendable to the more general two-dimensional situation.

Besides presenting clear evidence of the electrical command of the nonlinear response, this thesis interrogates firstly about the processes ruling the nonlinear photoluminescence and secondly about the compatibility of such processes with the achieved electrical modulation. In this context, Chapter 1 introduces the necessary fundamental concepts of plasmonics along with a complete overview on optical antennas, their design, history and applications. Additionally, we make a deep examination of the different experimental and theoretical evidences supporting the established streams of thought around nonlinear photoluminescence in metals. Chapter 2 introduces the electro-plasmonic device in question and the necessary fabrication protocols to meet the standards. It particularly addresses the question of locally modulating optical signals by applying strong static electric fields across the gap of optically excited bow-tie antennas. A complete analysis of the different parameters affecting the modulation is made, including the strength of the field, optical power, polarization, among others. At the end, several hypothesis possibly explaining the modulation are contrasted and consequently validated or discarded by the scrutiny of the experimental results.

As the canonical optical antenna, a simple metal nanowire is the starting point towards the realization of more complex devices. In that regard, Chapter 3 investigates the spatial distribution of N-PL emission in gold nanowires including polarization, spectral and wavevector analysis. Notably, combining the electrical control and optical enhancement brought by bow-tie antennas and the nonlinear transporting features of gold nanowires, remotely generated N-PL is successfully modulated. Finally, Chapter 4 is an effort to take the control of nonlinearities to higher and more complex plasmonic modes. To this end, synthesized silver nanowires serve now as bearers of the nonlinear optical signals. A general conclusion close the manuscript highlighting the key points of every chapter.

Our device represents the first demonstration of nonlinear photoluminescence electrical modulation and as it will be seen, it could contribute although in a limited way, to the field of optical information processing in optoelectronics and photonic circuitry.

CHAPTER 1

Nonlinear photoluminescence in optical antennas

Introduction

Optical antennas are a relatively new concept in photonics. They allow to control and manipulate electromagnetic fields at optical frequencies at scales smaller than the diffraction limit. Depending on their design and intrinsic properties, optical antennas can operate in the linear or in the nonlinear regimes. The latter, although relatively unexplored, provides interesting and technologically important phenomena such as frequency conversion, all-optical signal processing, modulation and switching [START_REF] Chen | Optical nanoantenna arrays loaded with nonlinear materials[END_REF][START_REF] Large | Photoconductively loaded plasmonic nanoantenna as building block for ultracompact optical switches[END_REF][START_REF] Zhou | Analytical model for optical bistability in nonlinear metal nano-antennae involving kerr materials[END_REF][START_REF] Kauranen | Nonlinear plasmonics[END_REF]. Therefore, nonlinear optical antennas not only serve as transmitters or receivers but additionally allow to further control and enhance the interaction between localized and propagating fields. In particular, the large field enhancement provided by optical antennas has been successfully used to exploit different coherent and incoherent nonlinear processes in metals such as second harmonic generation (SHG) [START_REF] Butet | Optical second harmonic generation in plasmonic nanostructures: From fundamental principles to advanced applications[END_REF], third harmonic generation (THG) [START_REF] Lippitz | Third-harmonic generation from single gold nanoparticles[END_REF], four-wave mixing (FWM) [START_REF] Renger | Surface-enhanced nonlinear fourwave mixing[END_REF] and nonlinear photoluminescence (N-PL) [START_REF] Boyd | Photoinduced luminescence from the noble metals and its enhancement on roughened surfaces[END_REF][START_REF] Beversluis | Continuum generation from single gold nanostructures through near-field mediated intraband transitions[END_REF][START_REF] Roloff | Light emission from gold nanoparticles under ultrafast near-infrared excitation: Thermal radiation, inelastic light scattering, or multiphoton luminescence?[END_REF] which is of special importance in our research.

Linear photoluminescence from copper and gold was first reported in 1969 by Aram Mooradian [START_REF] Mooradian | Photoluminescence of metals[END_REF]. Fifty years later, it is still matter of discussion and there is no clear agreement on the underlying mechanisms. Nonlinear photoluminescence results from the pulsed infrared excitation of plasmonic metal structures. It produces a continuum in the visible and nearinfrared part of the spectrum [START_REF] Chen | Surface-enhanced second-harmonic generation[END_REF]. Many studies have been made to clarify the mechanisms behind this phenomena [START_REF] Boyd | Photoinduced luminescence from the noble metals and its enhancement on roughened surfaces[END_REF][START_REF] Beversluis | Continuum generation from single gold nanostructures through near-field mediated intraband transitions[END_REF][START_REF] Haug | Hot-electron intraband luminescence from single hot spots in noble-metal nanoparticle films[END_REF][START_REF] Roloff | Light emission from gold nanoparticles under ultrafast near-infrared excitation: Thermal radiation, inelastic light scattering, or multiphoton luminescence?[END_REF][START_REF] Knittel | Nonlinear photoluminescence spectrum of single gold nanostructures[END_REF][START_REF] Biagioni | Dynamics of four-photon photoluminescence in gold nanoantennas[END_REF][START_REF] Biagioni | Dependence of the two-photon photoluminescence yield of gold nanostructures on the laser pulse duration[END_REF][START_REF] Jiang | Excitation nature of two-photon photoluminescence of gold nanorods and coupled gold nanoparticles studied by two-pulse emission modulation spectroscopy[END_REF]. On the one hand, N-PL emission can be macroscopically described by considering the third order susceptibility χ (3) because of its resemblance to two-photon absorption [START_REF] Hache | The optical kerr effect in small metal particles and metal colloids: The case of gold[END_REF][START_REF] Palpant | Third-Order Nonlinear Optical Response of Metal Nanoparticles[END_REF][START_REF] Boyd | The third-order nonlinear optical susceptibility of gold[END_REF][START_REF] Conforti | Derivation of third-order nonlinear susceptibility of thin metal films as a delayed optical response[END_REF][START_REF] Del Coso | Relation between nonlinear refractive index and third-order susceptibility in absorbing media[END_REF]. On the other hand, from a microscopic point of view, several physical mechanisms have been proposed. Traditionally, radiative electron-hole recombinations following multi-photon absorption is assumed as the main responsible for N-PL. Recently, photoluminescence has been proposed as the result of hot-electron intraband luminescence [START_REF] Haug | Hot-electron intraband luminescence from single hot spots in noble-metal nanoparticle films[END_REF]. Electrons within the sp-band interact with the laser and reach temperatures of several thousand Kelvin. This hot-electron gas is able to emit as a subdiffraction incandescent light source. Light emission from metals has also been considered as electronic Raman scattering [START_REF] Mertens | How Light Is Emitted by Plasmonic Metals[END_REF]. N-PL is then a complex process possibly mediated by different mechanisms [START_REF] Roloff | Light emission from gold nanoparticles under ultrafast near-infrared excitation: Thermal radiation, inelastic light scattering, or multiphoton luminescence?[END_REF].

The aim of this chapter is to give a general description of optical antennas, their properties and the nonlinearities resulting from their interaction with electromagnetic fields, making emphasis in the case of gold optical antennas and the generated nonlinear photoluminescence.

Optical antennas 1.2 Optical antennas

A short definition for optical antenna would be a nanoscale element that converts efficiently free propagating optical radiation into localized energy in volumes smaller than its own dimensions and vice versa [START_REF] Novotny | Antennas for light[END_REF]. Engineering of optical antennas seeks the control and optimization of the energy transfer between a localized source (transmitter or receiver) and free radiation fields at the nanoscale. Despite the direct analogy with radio frequency (RF) antennas, there are other factors that certainly make optical antennas different from their RF counterpart. Firstly because metals stop being perfect conductors at optical frequencies due to high losses [START_REF] Barnes | Surface plasmon subwavelength optics[END_REF]. Secondly, because dielectric-metallic interfaces can sustain surface plasmon polaritons [START_REF] Novotny | Principles of Nano-Optics[END_REF]. For instance, the conversion efficiency of nonlinear optical processes is negligible in bulk metals [START_REF] Boyd | Nonlinear optics[END_REF][START_REF] Agio | Optical Antennas[END_REF], nevertheless, at the nanoscale it can be resonantly enhanced by several orders of magnitude via the excitation of collective surface charge oscillations in the metal known as localized surface plasmons. This feature along with an intrinsic broadband response and very small footprint make the spectrum of applications very wide. It includes surface enhanced Raman scattering (SERS) [START_REF] Bharadwaj | Nanoscale spectroscopy with optical antennas[END_REF][START_REF] Kumar | Plasmonic nano-architectures for surface enhanced raman scattering: a review[END_REF], sensing [START_REF] Anker | Biosensing with plasmonic nanosensors[END_REF][START_REF] Offermans | Universal scaling of the figure of merit of plasmonic sensors[END_REF], photodetection [START_REF] Tang | Nanometre-scale germanium photodetector enhanced by a near-infrared dipole antenna[END_REF], lasing [START_REF] Oulton | Plasmon lasers at deep subwavelength scale[END_REF][START_REF] Schokker | Lasing at the band edges of plasmonic lattices[END_REF], light emission [START_REF] Pillai | Surface plasmon enhanced silicon solar cells[END_REF][START_REF] Kühn | Enhancement of single-molecule fluorescence using a gold nanoparticle as an optical nanoantenna[END_REF][START_REF] Anger | Enhancement and quenching of single-molecule fluorescence[END_REF][START_REF] Gersen | Influencing the angular emission of a single molecule[END_REF], optical information processing [START_REF] Barnes | Surface plasmon subwavelength optics[END_REF][START_REF] Bozhevolnyi | Waveguiding in surface plasmon polariton band gap structures[END_REF], photovoltaics [START_REF] Ferry | Plasmonic nanostructure design for efficient light coupling into solar cells[END_REF][START_REF] Rockstuhl | Absorption enhancement in solar cells by localized plasmon polaritons[END_REF] among others. In this section, a brief overview of the different designs, applications and most important features of optical antennas is presented.

The origin of optical antennas

Logically, the introduction of the first antennas came some years after the demonstration of the mathematical and physical basis for the electromagnetic waves in 1864 by James Clerk Maxwell, the so called Maxwell's equations. First, Heinrich Hertz in 1887 with the fabrication of the antenna and ten years later in 1897 Guglielmo Marconi with the radio systems invention started the relatively fast development of antenna theory. The first written evidence of the use of the word antenna as an electromagnetic transmitter dates back to 1898 in a paper by Blondel [START_REF] Bharadwaj | Optical antennas[END_REF]. Electronics advances in the beginning of the twentieth century allowed several advances on more sophisticated radio systems. World War II brought with it the development of microwave devices and the radar systems. By the 1980s, radio communications were already massively deployed [START_REF] Stutzman | Antenna Theory and Design[END_REF].

Looking at the history of optical antennas it is clear that the central motivation for their development came from microscopy. In the 1920s decade Edward Hutchinson Synge, inspired by the development of dark-field microscopy, had some visionary ideas about localized fields in the vicinity of small particles [START_REF] Synge | A suggested method for extending microscopic resolution into the ultramicroscopic region[END_REF]. Many years later, in 1985, John Wessel possibly inspired by the invention of scanning tunneling microscopy and the discovery of SERS, stated that a particle may serve as an antenna that receives an incoming electromagnetic field [START_REF] Wessel | Surface-enhanced optical microscopy[END_REF]. In 1988, Pohl and Fischer demonstrated experimentally these antenna effects using a gold-coated polystyrene particle as a local light source [START_REF] Ch | Observation of single-particle plasmons by near-field optical microscopy[END_REF]. By the end of the 1990s, looking for a nearfield optical probe with a higher efficiency than tapered fibers, Robert Grober et al. studied a bow-tie antenna at the end of a waveguide. They demonstrated confinement of a tenth of a wavelength with 30% transmission efficiency [START_REF] Grober | Optical antenna: Towards a unity efficiency near-field optical probe[END_REF]. This work also suggested that such antennas could be fabricated for visible frequencies, which motivated several new experimental efforts. Since then this field has been growing rapidly and various geometries of antennas have been explored theoretically and experimentally.

Chapter 1. Nonlinear photoluminescence in optical antennas

Optical vs. classical antennas

Optical antennas have the same fundamental principles as classical antennas. For example, charge oscillations in a dipole antenna result in fields generated at the surface of the antenna with transfer of signal and power to the surrounding medium. Let's take as example a classical electric antenna where the center dipole is fed with an AC current oscillating with a period T , figure 1.2.1 shows this charge oscillation mechanism [START_REF] Cui | Metamaterials, Theory, Design, and Applications[END_REF]. At t = 0, the external AC source accelerates the charges towards the top and bottom halves of the antenna, charges start to accumulate at the ends and the electric field points from the positive to the negative charges. At t = T /4, charges start to move towards the opposite ends under the action of the oscillating AC and the field takes a semicircular shape. Changes on the AC polarity are obviously followed by a consequent change on charge and electric field polarity. When the cycle is completed, a full wavelength of field is radiated. The same example just explained can be applied to nanostructures and incident optical fields coupled to the electrons on the surface.

t = 0 E E E E E t = T/4 t = T/2
Fig. 1.2.1. Charge oscillations on a dipole as a function of time. In the case of an electric dipole, the driving current is supplied externally in the circuit. For optical antennas, the oscillations are generated by the incident EM field. Inspired by [START_REF] Cui | Metamaterials, Theory, Design, and Applications[END_REF].

In optical antennas, the first clear difference with the classical counterpart is the fact that there is no AC source operating at visible frequencies, meaning that only displacement currents are at play. Nonetheless, the main deviation lies on the assumption of a perfect conducting metal. It is well known that metals cease to have this property in the visible wavelength regime where losses become significantly higher.

Electromagnetic fields penetrate certain distance into the metals (skin depth). Assuming a plane wave incident in the z -direction and wave vector k, | k| = (ω/c)(n + iκ), the electric field within the metal can be expressed as: E( r, t) = E 0 ( r, t)e iω(zn/c-t) e -z/δ

(1.2.1)

with the attenuation of the field determined by the skin depth δ = c/ωκ = λ/2πκ and the complex optical index n + iκ = √ ε 1 + iε 2 , where ε 1 and ε 2 are the real and the imaginary parts of the dielectric function.

At radio frequencies, the skin depth is negligible compared to the antenna dimensions. For instance, gold exhibits δ = 7 -75 µm at the MHz regime [START_REF] Li | Optical properties of plasmonic materials[END_REF] whereas it is on the range of 25 -40 nm for the near infrared and visible part of the spectrum [START_REF] Rodrigo | Influence of material properties on extraordinary optical transmission through hole arrays[END_REF]. Therefore, at optical frequencies the skin depth is appreciable and material properties, such as the real and imaginary part of its dielectric constant are now relevant for the antenna performance. Furthermore, such small values of δ imply that the electrons in the metal become a plasma at the air-medium interface strongly coupled to the incident light (surface plasmon polaritons).

Optical antennas 1.2.3 Surface plasmon polaritons

Surface plasmons polaritons (SPPs) are dispersive electromagnetic waves coupled to the electron plasma of a metal at a dielectric interface [START_REF] Enoch | Plasmonics: from basics to advanced topics[END_REF][START_REF] Maier | Plasmonics: Fundamentals and Applications[END_REF]. They can be understood as a mixed state between an electromagnetic wave and surface charges that results from the interaction between light and the conduction electrons.

The plasmon excitation study is derived from Maxwell's equations [START_REF] Jackson | Classical electrodynamics[END_REF], which are solved for the dielectric and the metal separately. For simplicity, an infinite flat metallic surface is considered as shown in figure 1.2.2. The continuity conditions of the transversal and parallel field components at the interface between the dielectric (1) and the metal (2) impose the absence of transverse-electric (TE) modes in both half-spaces [START_REF] Maier | Plasmonics: Fundamentals and Applications[END_REF]. The transverse-magnetic mode of the field propagating along the x-axis follows an exponential form. The dispersion relation is then

k 2 x = ε 1 ε 2 ε 1 + ε 2 k 2 ⇒ k x = ε 1 ε 2 ε 1 + ε 2 k (1.2.2)
where k = ω/c is the vacuum wavevector of light at angular frequency ω.

The dispersion relation 1.2.2 in addition to the dielectric function allow to extract the most relevant features of SPPs. For instance, localized modes (SPPs) can only exist at metaldielectric interfaces. Furthermore, the penetration depth of the fields into the dielectric is typically around half the wavelength in the medium, while in the metal it is given by the skin depth. In other words, electromagnetic fields at the interface experience a fast decay along the transverse direction leading to sub-wavelength concentration of these fields. This is without a doubt the most relevant property of SPPs, guiding and confining light to scales smaller than the diffraction limit have attracted a lot of attention in the context of nanophotonics.

Surface plasmon polaritons excitation results in propagation in all the in-plane directions. However, the specific shape of metal nanostructures determine and restrain such propagation. For instance, SPPs can be guided using plasmonic waveguides where SPPs propagate in a certain direction while being confined in the others. Different structural configurations include nanoparticle arrays [START_REF] Maier | Optical pulse propagation in metal nanoparticle chain waveguides[END_REF], thin metal films [START_REF] Berini | Plasmon-polariton waves guided by thin lossy metal films of finite width: Bound modes of asymmetric structures[END_REF], metal stripes [START_REF] Hernandez | Delocalized hot electron generation with propagative surface plasmon polaritons[END_REF], metal nanowires [START_REF] Agreda | Spatial distribution of the nonlinear photoluminescence in au nanowires[END_REF][START_REF] Ditlbacher | Silver nanowires as surface plasmon resonators[END_REF] (see chapter III and IV), grooves [START_REF] Bozhevolnyi | Channel plasmonpolariton guiding by subwavelength metal grooves[END_REF], nanoslits [START_REF] López-Tejeira | Efficient unidirectional nanoslit couplers for surface plasmons[END_REF], among many others. Furthermore, some subwavelength nanostructures interacting with electromagnetic fields such as simple nanoparticles can sustain local plasmon modes as presented below.

Localized surface plasmons

In practice, light cannot be directly coupled to SPPs, nevertheless, in a metal nanoparticle, the closed geometrical boundaries can sustain localized oscillations of the surface charge density [START_REF] Enoch | Plasmonics: from basics to advanced topics[END_REF]. Such oscillations are the second fundamental excitation of plasmonics and are known as localized surface plasmons. In contrast with SPPs, LSPs are non-propagating excitations. The high intensity and sensitivity of the plasmon resonance are the core of many applications.

Localized surface plasmon modes can be more easily understood from the polarizability α p of metal nanoparticles which relates the incoming displacement electric field E 0 with the electric dipole moment p = α p E 0 . The polarizability depends on the dielectric function of the metal, the surrounding medium, the particle size and shape and on the frequency. In the following, all these aspects will be more profoundly discussed.

A metal nanoparticle: the simplest optical antenna

Many features make metal nanoparticles the key building blocks in nano-optics. Besides providing a mean to couple external light into plasmons, metal nanoparticles offer a way to tune the energy of the plasmon excitations and to highly localize the fields in their vicinity. In other words, they fit perfectly the definition of an optical antenna. Geometrically simple, spherical metal nanoparticles give an easy understanding of the basic concepts of optical antennas. Antenna parameters such as the received and radiated power, the directivity, the efficiency, the local density of states (LDOS) or the aperture are easy to derive from this straightforward geometry [START_REF] Bharadwaj | Optical antennas[END_REF].

An important feature of plasmonic nanoparticles is the polarizability α p defined as [START_REF] Giannini | Plasmonic nanoantennas: Fundamentals and their use in controlling the radiative properties of nanoemitters[END_REF] 

α p = 4πR 3 ε s -ε d ε s + 2ε d (1.2.3)
where R is the nanoparticle radius, ε s is the dielectric function of the sphere and ε d the dielectric constant of the surrounding medium. Similar to the dispersion relation (eq. 1.2.2) in a flat geometry, α p grows for small values of the metal dielectric function diverging for ε s = -2ε d . This situation represents the appearance of resonances in the nanoparticle at incident wavelengths matching the plasmonic modes supported by the nanoparticle. In general, gold and silver nanoparticles usually show LSP resonances in the visible range of the spectrum. In spite of the limitation of equation 1.2.3 to spherical geometries, the presence of localized surface plasmon resonances (LSPRs) in metal particles of any shape and size can be deduced from full electrodynamic calculations (analytically [START_REF] Mie | Beiträge zur optik trüber medien, speziell kolloidaler metallösungen[END_REF][START_REF] Gans | über die form ultramikroskopischer goldteilchen[END_REF] or numerically [START_REF] Yee | Numerical solution of inital boundary value problems involving maxwell's equations in isotropic media[END_REF][START_REF] Myroshnychenko | Modelling the optical response of gold nanoparticles[END_REF]).

As it will be seen throughout the thesis, when optical antennas are illuminated at the resonant wavelength, the charge interaction at the surface produce intense optical fields which are strongly confined to sub-wavelength spatial dimensions. These intense localized fields can be tailored by varying different parameters such as the shape of the nanostructures or the distance between them, even small shape variations may influence the resonance condition. In fact, nowadays research on optical antennas is widely focused on predicting, manipulating, characterizing, and concentrating optical field intensity in a certain preferred location using plasmonic structures. In spite of the scale invariant property of the Maxwell's equations, it is not the case for the resonance conditions, they are strongly influenced by the materials properties, i.e. the dielectric function ε.

Metal nanoparticles and in general optical antennas show to significantly increase the efficiency of nonlinear optical interactions. Strong spatial confinement and enhancement of the fields generated on the nanostructures make interesting nonlinear optical phenomena arise. Therefore, the engineering and design of the optical antennas are particularly important in the achievement and optimal enhancement of the optical responses. In the next section, some of the most used designs are presented along with their own particularities.

Optical antennas

Optical antennas design

At first glance, the criteria for designing plasmonic nano-optical antennas is the enhancement of optical near fields in concentrated and small volumes (hot-spots). As for microwave antennas, the resonance conditions for optical antennas depend on their geometry and the surrounding medium [START_REF] Cui | Metamaterials, Theory, Design, and Applications[END_REF][START_REF] Crozier | Optical antennas: Resonators for local field enhancement[END_REF][START_REF] Bryant | Mapping the plasmon resonances of metallic nanoantennas[END_REF]. Nevertheless, as already mentioned, inherent losses in metals at optical frequencies bring more complexity to the engineering of these parameters. For single particles, the field enhancements are not very strong (≈ 5 for a 20 nm gold sphere and ≈ 50 for a 60 nm long gold nanorod [START_REF] Liu | Optical properties of rodlike and bipyramidal gold nanoparticles from three-dimensional computations[END_REF]). On the contrary, very strong enhancements take place in the case of dimer junctions thanks to the mixing of the plasmons of the two entities [START_REF] Zijlstra | Single metal nanoparticles: optical detection, spectroscopy and applications[END_REF].

Many optical antenna configurations have been theoretically and experimentally analyzed in order to achieve different functionalities. They have been largely inspired by the well-developed RF antenna theory. Dimer antenna structures (Fig. 1 Yagi-Uda configurations provide high directionality on the signal thanks to the interplay between its constituent elements. Oligomers of plasmonic particles are generally used to induce strong directivity and control of the scattering and extinction spectra [START_REF] Guo | Dendritic optical antennas: scattering properties and fluorescence enhancement[END_REF]. All these emission properties come from the particular excitation of the electromagnetic modes in the nanostructure [START_REF] Agio | Optical Antennas[END_REF]. Optical antennas are also able to perform transduction between electrical currents and optical radiation, serving as an optical interconnect [START_REF] Novotny | From near-field optics to optical antennas[END_REF].

Optical antennas applications

We have already discussed some of the great features of optical antennas which are mainly focused on the control, manipulation, localization and enhancement of optical fields into a subdiffraction limited volume. These characteristics have allowed to consider the use of optical antennas in a broad range of applications.

The high enhancement capabilities of nanoantennas come from the large and highly localized fields produced at their vicinity, making sensing and light harvesting one of the most promising areas for optical antennas. Optical antennas are typically placed on the active region of the device, where, under certain resonance conditions, their large cross-sections, the plasmon near Chapter 1. Nonlinear photoluminescence in optical antennas field and the tailored photon density of states (DOS) allow to enhance the performance of photodetectors or photovoltaic cells [START_REF] Tang | Nanometre-scale germanium photodetector enhanced by a near-infrared dipole antenna[END_REF][START_REF] Knight | Photodetection with active optical antennas[END_REF][START_REF] Ishi | Si nano-photodiode with a surface plasmon antenna[END_REF].

The study of several relevant processes in biology needs very reduced detection volumes. Decoding the complex relationship between individual cell components seems possible in the framework of optical antennas [START_REF] Frey | High-resolution imaging of single fluorescent molecules with the optical near-field of a metal tip[END_REF]. By using nanoantennas, it is possible to monitor small changes on the refractive index of the specimens and detect molecular interactions [START_REF] Garcia-Parajo | Optical antennas focus in on biology[END_REF]. Optical antennas have also been used to enhance the sensitivity of photoluminescence and vibrational spectroscopy [START_REF] Bharadwaj | Nanoscale spectroscopy with optical antennas[END_REF] as well as controlling the fluorescent emission from single quantum dots [START_REF] Novotny | Antennas for light[END_REF]. The inherently weak Raman scattering cross sections are boosted by the action of the enhanced fields surrounding the nanostructures allowing single molecule detection [START_REF] Nie | Probing single molecules and single nanoparticles by surface-enhanced raman scattering[END_REF].

Optical trapping has also been proposed in the context of optical antennas using them as optical tweezers [START_REF] Righini | Nano-optical trapping of rayleigh particles andescherichia colibacteria with resonant optical antennas[END_REF]. Heating effects as a consequence of the resonant excitation of metallic nanoparticles could have therapeutic applications on the treatment of tumors [START_REF] Lal | Nanoshell-enabled photothermal cancer therapy: Impending clinical impact[END_REF].

Furthermore, wireless broadcasting using nanoantennas was theoretically proven to perform better than a plasmonic waveguide in optical communications [START_REF] Alù | Wireless at the nanoscale: Optical interconnects using matched nanoantennas[END_REF] and more recently, an on-chip wireless near-infrared link between an optical and a rectifying antenna was demonstrated [START_REF] Dasgupta | Optical wireless link between a nanoscale antenna and a transducing rectenna[END_REF].

Although the applications listed so far reveal the great potential of optical antennas in a broad range of domains, the vast majority of them are electrically passive. Furthermore, nanoantenna-based active devices have been mainly controlled by modifying the surrounding medium properties and therefore changing the antenna resonances [START_REF] Emboras | Electrically controlled plasmonic switches and modulators[END_REF]. However, the electrical manipulation of intrinsic linear and nonlinear optical processes happening at the nanoantennas is essential for uncluttered optoelectronic utilization including information and signal processing. In this context, this thesis presents experimental results of an electrically controlled nonlinear nanophotonic device based on optical antennas.

In terms of fabrication materials, the use of nonlinear ones like metals or dielectrics in the design of optical antennas emerges as a promising way for the generation and control of optical information. As presented in the next section, metals and in particular gold offer relatively high efficiency due to their intrinsic nonlinearities along with high optical and chemical stability.

Optical properties of metals: the case of gold

Metals are elements with relatively low ionization energies and with many free electrons. These free electrons give to the metals their typical properties such as their high conductivity and they dictate almost completely the interaction of metals with electromagnetic radiation.

The optical response of metals is well described by a complex dielectric function ε(ω) that depends on the frequency of the incident light and, evidently, on the material band structure (electron transitions). There are mainly two mechanisms contributing to ε(ω) [START_REF] Novotny | Principles of Nano-Optics[END_REF][START_REF] Giannini | Plasmonic nanoantennas: Fundamentals and their use in controlling the radiative properties of nanoemitters[END_REF]:

• The quasi-free conduction electrons motion on the metal. The near-parabolic form of the sp-band allows to approximate these electrons as free electrons. The mechanism of the intraband electronic conduction is accurately described by the Drude-Sommerfeld theory; it depicts the electrons as a gas of independent, quasi-free particles that are accelerated by an external electric field and slowed down after a mean free time τ through collisions with metal ions. The Drude-Sommerfeld theory determines the dielectric function ε(ω) of a macroscopic metal considering the behavior of a single conduction electron and multiplying it by the number of electrons in the metal. It yields, according to the Drude-Sommerfeld theory, to 1.3. Optical properties of metals: the case of gold

ε(ω) Drude = 1 - ω 2 p ω(ω + iγ) (1.3.1)
where γ = 1/τ is the collision frequency and represents the damping suffered by the electrons in the material with τ the relaxation constant. The plasma frequency ω p , in terms of the effective mass m e , the electron density N , the electron charge e and the vacuum permittivity ε 0 , is given by ω p = N e 2 /ε 0 m e . The relaxation constant τ can be calculated from the electron mean free path l and the Fermi velocity v F , τ = l/v F . Which for bulk gold at room temperature is roughly [START_REF] Gall | Electron mean free path in elemental metals[END_REF] τ

Au = l Au v F Au = 3.8 × 10 -8 m 1.4 × 10 6 m/s = 27 fs (1.3.2)
The Drude-Sommerfeld model, which only takes into account conduction electrons, is able to predict the optical properties in the infrared. Nevertheless, the bound electrons, completely ignored by the model, start to play a role in the visible regime. For this range of wavelengths, the photons have energy enough to promote electrons from the lowerlying bands to the conduction band. The model can be extended to include the next contribution by means of Lorentz-like terms.

• The interband transitions of the electrons. When the energy of the incoming photon exceeds the band gap energy of the metal, it can promote bound electrons to the conduction band of the metal. This effect leads to

ε(ω) Interband = ∆εΩ 2 p Ω 2 p -ω 2 -iΓω (1.3.3)
where Ω p = Ñ e 2 /mε 0 and Γ are the plasma frequency and the damping terms for the bound electrons. Ñ is now the density of bound electrons. Importantly, ∆ε takes into account the weight of the particular interband transition to the dielectric function. Evidently the more interband transitions are included the more accurate is the model. In figures 1.3.1(a) and 1.3.1(b) the real and imaginary parts of the dielectric functions of gold are plotted for the visible and near-infrared parts of the spectrum [START_REF] Giannini | Plasmonic nanoantennas: Fundamentals and their use in controlling the radiative properties of nanoemitters[END_REF]. Here, ε(ω) is calculated using the data from [START_REF] Johnson | Optical constants of the noble metals[END_REF] (black dots), the Drude and Drude-Lorentz fits to the experimental values are shown as red and blue lines respectively. The measurements of such optical data are strongly dependent on experimental conditions like the morphology and fabrication processes making the choice very difficult.

As told before, the dielectric function is fairly well estimated for λ > 650 nm by both models. For this range of wavelengths, the large negative value of the real part dominates, mainly because of the fast response of the conduction electrons. As quasi-free particles, they can screen the external electromagnetic excitation avoiding the penetration of fields into the metal. At shorter wavelengths, the interband transitions induce a decrease on |Re{ε}| and an increase of |Im{ε}| (electromagnetic energy dissipation within the metal). The Drude model clearly fails in reproducing this behavior that is partially corrected by including a Lorentz term. The more Lorentzian terms are added in the fitting for ε(ω) the more accurate will be the model for shorter and shorter wavelengths. Solid materials have their own energy band structures. In metals the energy bands overlap allowing electrons to flow through the material easily in a quasi-continuum of allowed energies. Furthermore, monovalent metals such as silver, copper or gold have partially filled valence bands with a high electron population density near the Fermi energy which results in a large conductivity [START_REF] Hummel | Electronic properties of materials[END_REF]. Adapted from [START_REF] Beversluis | Continuum generation from single gold nanostructures through near-field mediated intraband transitions[END_REF] and [START_REF] Biagioni | Dependence of the two-photon photoluminescence yield of gold nanostructures on the laser pulse duration[END_REF].

In the specific case of gold, it is a noble metal and belongs to the 11 th group of the periodic table. It has completely filled atomic d -subshells (3d; 4d and 5d), with its core electrons in the inert gas configuration. All gold metallic properties come from the lone valence electron in the half filled atomic s-subshells (4s; 5s and 6s). If we look at the band structure of gold, it displays five d -bands below the Fermi level E F in which are located the ten d -electrons. The lone selectron forms an sp-band that is filled up to E F . This band has near parabolic form, i.e. the electron moves quasi-free. The sp-band structure defines the characteristic properties of these metals, such as their thermal and electrical conductivity. To induce an electronic transition between the d -bands and the conduction band, the photon energy ω has to be larger than the interband energy E G = ω G . In the case of gold, this energy is E G ≈ 1.8 eV and corresponds to the X point of the first Brillouin zone [START_REF] Hache | The optical kerr effect in small metal particles and metal colloids: The case of gold[END_REF]. See fig. 1.3.2(b) showing the interband transitions that occur near the X and L points in the first Brillouin zone.

1.4. Optical nonlinearities in plasmonic antennas

Optical nonlinearities in plasmonic antennas

Optical nonlinear effects in optical antennas could offer a way to generate, process and control optical signals within very small distances, with reduced power consumption and much faster than today's electronic devices [START_REF] Leuthold | Nonlinear silicon photonics[END_REF]. Typically, nonlinear conversion requires a phase matching process to occur and the nonlinear response from individual atoms or molecules is coherently summed up. Usually nonlinear crystals carry out this task successfully, thanks to their specific design (symmetry) and their size much larger than the wavelength, the interaction volume is increased and the nonlinear response enhanced. However, they are completely discarded in practical on-chip implementation due to their bulky nature.

Silicon and diverse nonlinear waveguides also offer a wide variety of nonlinearities originating from the interaction of optical fields with electrons and phonons. However, the large wavelengthlike scale size of photonic devices along with an inherently weak optical response hinder future applications in integrated nanophotonics and optoelectronics which require extremely reduced dimensions and efficient performance [START_REF] Dionne | Siliconbased plasmonics for on-chip photonics[END_REF].

Plasmonic antennas, on the other hand, could overcome these limitations. They are fabricated with noble metals offering extremely high intrinsic optical nonlinearities. For instance, the third-order nonlinear susceptibility of gold is more than two orders of magnitude larger than the susceptibility of most nonlinear optical crystals [START_REF] Novotny | Principles of Nano-Optics[END_REF]. The nonlinear conversion efficiency of metal nanostructures is obviously not mediated by phase matching but resonantly enhanced by localized surface plasmon resonances. Furthermore, sub-wavelength dimensions of plasmonic antennas provide additional degrees of freedom to control the nonlinear responses, which are highly influenced by the shape of the nanostructures. As presented before and additionally to the deep sub-wavelength confinement, plasmonics antennas can also enhance the emission, manipulation and detection of optical signals. In summary, plasmonic antennas are a convenient and flexible candidate to increase nonlinear effects and reduce the footprint and power consumption with very fast response times.

The study and consequently the design principles of nonlinear optical antennas are based on the well-known nonlinear optics theory that remained unexplored until the discovery in 1961 of second harmonic generation in a piezoelectric crystal by Peter Franken et al. [START_REF] Franken | Generation of optical harmonics[END_REF] just after the construction of the first laser by Theodore Harold Maiman [START_REF] Maiman | Stimulated optical radiation in ruby[END_REF]. Plenty of textbooks and publications are focused on nonlinear optics and specially in the nonlinear response of bulk materials and their surfaces.

The continuous improvement of nanoscience and nanotechnology has allowed the systematic study of nonlinear effects in the context of nanophotonics and plasmonics with the scope on novel optoelectronic applications. Nowadays, it is possible to reproducibly fabricate samples with smaller dimensionality and with extreme control using different techniques such as soft lithography, two-photon lithography, self assembly, focused ion beam milling, nanosphere lithography among others [START_REF] Younan | Soft lithography[END_REF][START_REF] Serbin | Femtosecond laser-induced two-photon polymerization of inorganic-organic hybrid materials for applications in photonics[END_REF][START_REF] Henzie | Multiscale patterning of plasmonic metamaterials[END_REF][START_REF] Kobrin | Rolling mask nanolithography: the pathway to large area and low cost nanofabrication[END_REF][START_REF] Murray | Plasmonic materials[END_REF][START_REF] Ferry | Improved red-response in thin film a-si: H solar cells with soft-imprinted plasmonic back reflectors[END_REF][START_REF] Kawata | Finer features for functional microdevices[END_REF][START_REF] Fischer | Three-dimensional optical laser lithography beyond the diffraction limit[END_REF][START_REF] Kuznetsov | Laser fabrication of 2d and 3d metal nanoparticle structures and arrays[END_REF]. Additionally, the measurement of the nonlinear optical responses from discrete and controllable structures is now completely achievable [START_REF] Beversluis | Continuum generation from single gold nanostructures through near-field mediated intraband transitions[END_REF][START_REF] Bouhelier | Near-field second-harmonic generation induced by local field enhancement[END_REF]. Taking advantage of this level of fabrication control and measurement precision, the influence of individual physical parameters in nonlinear processes has been determined [START_REF] Kauranen | Nonlinear plasmonics[END_REF]. The research interests of the community regarding plasmonic nonlinearities are primarily focused on the four main phenomena mentioned at the beginning of the chapter (N-PL, SHG, THG, 4WM). Nonetheless, nonlinear plasmonics is still an emerging field with many unexplored aspects.

In a rough sense, nonlinear optics exploit the nonlinear relationship between the exciting electric field E and the polarization P . This relationship is mostly linear for weak excitation fields and almost all optical antennas operate in this regime. Nevertheless, for strong excitations, the response of P with E is no longer linear, which gives rise to interesting and Chapter 1. Nonlinear photoluminescence in optical antennas technologically important phenomena.

The nonlinear relation between P and E can be conveniently expressed in the dipole limit as a power series expansion

P (ω) = ε 0 χ (1) E + χ (2) E E + χ (3) E E E + . . . (1.4.1)
where the susceptibilities χ (n) are tensors of rank n + 1. Inserting this polarization P into the Maxwell's equations will produce a set of nonlinear differential equations.

When the light-matter interaction is weak, we can approximate the response of a charged nanoparticle to a driven harmonic oscillator. Nevertheless, when excitation fields become stronger (e.g. pulsed lasers), this is no longer valid and the model has to be extended with anharmonic terms. The inclusion of quadratic or higher anharmonic terms in the equation of motion will give rise to solutions that oscillate not only at the fundamental frequency but also at higher order frequencies [START_REF] Agio | Optical Antennas[END_REF].

The charge oscillations at new frequencies induce polarization currents J(t) producing electromagnetic radiation at those frequencies. Taking the example of second harmonic generation under the action of a driving field E(t) = E cos(ωt), the resulting nonlinear polarization is [34]

P (2) (t) = ε 0 χ (2) E 2 + 2ε 0 χ (2) E 2 cos(2ωt) (1.4.2)
in this case, χ (2) is assumed to be time independent or dispersion-free for simplicity. The first term represents the induced static field (optical rectification) and the second term SHG.

Proceeding in a similar way, the third order polarization is [34]

P (3) (t) = ε 0 χ (3) E 3 (t) = 1 4 ε 0 χ (3) E 3 cos(3ωt) + 3 4 ε 0 χ (3) E 3 cos(ωt) (1.4.3)
where the first term is linked to third harmonic generation and the second term relates to the refractive index change known as Kerr nonlinearity.

Luminescence from metals

Under certain irradiation conditions, metals can emit light. A particular light emission mechanism often attributed to photoluminescence was first reported in 1969 by Aram Mooradian [START_REF] Mooradian | Photoluminescence of metals[END_REF]. Although it was 50 years ago, the origin of this process is still under debate and continues to be the focus of recent research. At that time, the emission spectrum was measured when gold and copper samples were excited with light from an argon ion laser and a high pressure mercury vapor arc lamp at 488 nm or 514 nm. The result was a broad emission spectrum of light with the peaks centered close to the interband absorption of the metals (≈ 2.0 eV for copper and ≈ 2.2 eV for gold, see fig. 1.3.2) and consequently considered as the result of radiative recombination of conduction electrons with d -band holes. Linear with respect to the excitation power it has been referred as one-photon luminescence.

Nonlinear photoluminescence arises under infrared radiation and was first observed as a broadband background in experiments on surface enhanced second harmonic generation [START_REF] Chen | Surface-enhanced second-harmonic generation[END_REF]. In 1986, photoluminescence was characterized in smooth and rough surfaces of gold, copper and silver by Boyd et al. [START_REF] Boyd | Photoinduced luminescence from the noble metals and its enhancement on roughened surfaces[END_REF], finding that local field enhancement due to surface plasmon resonance is a prerequisite for strong photoluminescence and ratifying the radiative interband transitions as the responsible underlying mechanism. N-PL was considered as a process induced by multi-photon absorption.

In contrast with the one-photon luminescence case, N-PL has generally showed an excitation power dependence close to quadratic for the up-converted emission (shorter wavelength side of 1.4. Optical nonlinearities in plasmonic antennas the excitation). As a consequence, N-PL has been thought as a two-photon absorption process followed by the recombination of conduction band electrons with d -band holes (Two-photon luminescence or TPL). In some experimental conditions, such nonlinearity can reach higher orders, thus by correspondence, higher photon-absorption processes have been assumed [START_REF] Knittel | Nonlinear photoluminescence spectrum of single gold nanostructures[END_REF][START_REF] Biagioni | Dynamics of four-photon photoluminescence in gold nanoantennas[END_REF]. For the down-converted emission (spectral range above the excitation wavelength), a linear excitation power dependence was found [START_REF] Beversluis | Continuum generation from single gold nanostructures through near-field mediated intraband transitions[END_REF]. It was considered as the result of luminescent electronic transitions within the sp-band i.e. intraband luminescence.

The interest on metals photoluminescence lies on its broadband and extremely local emission allowing access to multiple wavelengths in very small volumes. These properties have found applications in sensing [START_REF] Lu | Plasmonic sensing via photoluminescence of individual gold nanorod[END_REF], spectroscopy [START_REF] Lin | Plasmonic photoluminescence for recovering native chemical information from surface-enhanced raman scattering[END_REF], imaging [START_REF] Wu | High-photoluminescence-yield gold nanocubes: for cell imaging and photothermal therapy[END_REF] and, as presented later, could be useful in optoelectronics too. Such great interest on the metals photoluminescence processes and applications, has led to new hypothesis about the underlying mechanisms and scrutinized the well established (one)multi-photon absorption theory. For instance, it has been proposed to exclude interband transitions as the cause of one-photon luminescence and include alternatively the radiative decay of the surface plasmons, which are generated after fast interconversion from excited electron-hole pairs initially created at the excitation wavelength [START_REF] Fang | Plasmon emission quantum yield of single gold nanorods as a function of aspect ratio[END_REF]. Some other works include the effect of the surface plasmons and the thermalization of excited electrons [START_REF] Hu | Plasmon-modulated photoluminescence of individual gold nanostructures[END_REF]. Recently, one-photon luminescence has been interpreted as a Purcell-effectenhanced radiative recombination of hot carriers [START_REF] Cai | Photoluminescence of gold nanorods: Purcell effect enhanced emission from hot carriers[END_REF]. Regarding N-PL, a model based on sp-band heating steered by photon absorption and photoluminescence from intraband transitions within the energy distribution of a hot electron gas has been proposed [START_REF] Haug | Hot-electron intraband luminescence from single hot spots in noble-metal nanoparticle films[END_REF]. Very recently, hot carriers and photoluminescence have been shown to play a key role in the up-converted emission [START_REF] Cai | Anti-stokes emission from hot carriers in gold nanorods[END_REF]. Another theory, argues that the observed emission should not be interpreted as photoluminescence but as electronic inelastic light scattering (Raman scattering) [START_REF] Mertens | How Light Is Emitted by Plasmonic Metals[END_REF][START_REF] Hugall | Demonstrating photoluminescence from au is electronic inelastic light scattering of a plasmonic metal: The origin of sers backgrounds[END_REF][START_REF] Huang | Resonant secondary light emission from plasmonic au nanostructures at high electron temperatures created by pulsed-laser excitation[END_REF]. Furthermore, a different type of up-converted luminescence has been shown for gold nanostructures possibly involving interband transitions coupled with phonons or localized vibrations of neighboring atoms [START_REF] Neupane | Up-conversion luminescence of gold nanospheres when excited at nonsurface plasmon resonance wavelength by a continuous wave laser[END_REF]. This section seeks to give a comprehensive overview of the main different perspectives of the N-PL starting from a general macroscopic point of view and the third order nonlinear susceptibility χ (3) and presenting then the possible microscopic mechanisms responsible for this phenomenon.

1.4.1.1 A macroscopic perspective. Two-photon absorption and the χ (3) susceptibility.

N-PL and other nonlinear optical responses as THG and four-wave mixing (4WM) can be macroscopically described in terms of the third order nonlinear susceptibility. Whereas 4WM is proportional to Re[χ (3) ], N-PL is proportional to Im[χ (3) ]. In the particular case of N-PL seen as a two-photon absorption process, let us consider the average rate of the dissipated energy in the material, which according to the Poynting theorem is [START_REF] Agio | Optical Antennas[END_REF] 

P abs = - V j( r, t) × E( r, t) dV (1.4.4)
where the angle brackets ( . . . ) refer to the average in time and j = d P /dt is the polarization current density induced by a time-varying polarization density. We can assume E time-harmonic, i.e. E( r, t) = Re[ E( r, ω)e -iωt ], so the average in time in Eq. 1.4.4 yields to P abs non-zero only if j and E oscillate at the same frequency [START_REF] Agio | Optical Antennas[END_REF]. Rewriting Eq. 1.4.4

P abs = - 1 2 V Re[ j( r, ω) -iω P ( r,ω) × E * ( r, ω)]dV = ω 2 V Im[ P ( r, ω) × E * ( r, ω)] (1.4.5)
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The lowest order term P (1) in Eq. 1.4.1 is related to χ (1) and is responsible for linear absorption [START_REF] Agio | Optical Antennas[END_REF].

P (1) abs = ω 2 V Im χ (1) (ω) E( r, ω) E * ( r, ω)dV (1.4.6)
The second order term associated with χ (2) oscillates at zero and 2ω frequencies, consequently it does not contribute to P abs . The next contribution to P abs is the χ (3) term which is responsible for two-photon absorption [START_REF] Agio | Optical Antennas[END_REF] 

P (3) = χ (3) E( r, ω) E( r, ω) E * ( r, ω) (1.4.7)
Introducing this nonlinear contribution into the Eq. 1.4.5

P (3) abs = ω 2 V Im χ (3) E( r, ω) E * ( r, ω) E( r, ω) E * ( r, ω)dV (1.4.8)
In the case of an extended isotropic material irradiated by a plane wave this reduces to [START_REF] Agio | Optical Antennas[END_REF] P

abs ∼ Im χ (3) E( r, ω)

4

(1.4.9)

The first observation on equation 1.4.9 is that absorption is associated only with odd orders of χ. It also shows clearly the quadratic dependence on the incident intensity, which has led, in addition to some experimental evidence to be shown later in the chapter, to the interpretation of N-PL as a two-photon absorption mediated process. Unlike white-light continuum [START_REF] Mühlschlegel | Resonant optical antennas[END_REF], harmonics generation [START_REF] Hanke | Efficient nonlinear light emission of single gold optical antennas driven by few-cycle nearinfrared pulses[END_REF][START_REF] Pfullmann | Nano-antenna-assisted harmonic generation[END_REF], and frequency mixing [START_REF] Danckwerts | Optical frequency mixing at coupled gold nanoparticles[END_REF] which are inherently coherent phenomena with respect to the driving fields [START_REF] Knittel | Dispersion of the nonlinear susceptibility in gold nanoantennas[END_REF], nonlinear photoluminescence shows to be incoherent and to follow the sequential absorption of single photons (Figure 1.4.1(c)). Many of the reported values of χ (3) are highly different throughout the literature mainly because of the inadequate assumption of an instantaneous nonlinear response among other issues [START_REF] Boyd | The third-order nonlinear optical susceptibility of gold[END_REF]. The non-instantaneous behavior has been extensively demonstrated in pump-probe, two-pulse correlation and pulse-duration experiments [START_REF] Biagioni | Dynamics of four-photon photoluminescence in gold nanoantennas[END_REF][START_REF] Biagioni | Dependence of the two-photon photoluminescence yield of gold nanostructures on the laser pulse duration[END_REF][START_REF] Jiang | Excitation nature of two-photon photoluminescence of gold nanorods and coupled gold nanoparticles studied by two-pulse emission modulation spectroscopy[END_REF]. The nonlinearity of metals can be interpreted as the result of the smearing of the electron distribution produced by intense optical absorption [START_REF] Baida | Ultrafast nonlinear optical response of a single gold nanorod near its surface plasmon resonance[END_REF][START_REF] Groeneveld | Femtosecond spectroscopy of electronelectron and electron-phonon energy relaxation in ag and au[END_REF]. As a consequence, the interband and intraband transition probabilities change with the subsequent variation of the dielectric permittivity. The two temperature model has accurately explained the dynamics of such process by describing the temporal evolution of the electron gas and the lattice and their energy balance [START_REF] Groeneveld | Femtosecond spectroscopy of electronelectron and electron-phonon energy relaxation in ag and au[END_REF][START_REF] Carpene | Ultrafast laser irradiation of metals: Beyond the two-temperature model[END_REF]. This model has also indicated a nonlinear response dominated by a delay mechanism. A theoretical formulation of a delayed χ (3) based on an extended version of the two temperature model and semi-classical theory of optical transitions in solids has been proposed [START_REF] Conforti | Derivation of third-order nonlinear susceptibility of thin metal films as a delayed optical response[END_REF]. Nonetheless, the possible contributions to the nonlinearities are still ambiguous and a precise description of the mechanisms is still lacking. In the next, a summary of the different electronic contributions to the third order nonlinearity established so far is presented.

Electronic contributions to χ (3) Assuming nonlinear photoluminescence as a third order process, let us go from a macroscopic to a microscopic description by looking into the mechanisms that govern it. We will make special emphasis in the various electronic contributions to χ (3) (ω, -ω, ω) and how the optical properties of metal can be modified by E. The following estimations were made by Hache and coworkers in an extensive study on optical nonlinearities in small metal particles and metal colloids [START_REF] Hache | The optical kerr effect in small metal particles and metal colloids: The case of gold[END_REF].

The first contribution to the optical nonlinear response comes from the conduction spelectrons. It is strongly size dependent and numerical estimates of this contribution show it to be quite small (10 -10 e.s.u. for 50 Å metal colloids). Thus, this contribution involves only the conduction band and is called the conduction electron intraband contribution.

A second mechanism is provided by interband transitions. We are interested in the vicinity of the surface plasmon resonance peak (λ ≈ 530 nm), where part of the absorption is due to d-electrons which can be promoted to the sp-band. Most of the d-electrons involved in this transition come from the vicinity of the X point in the Brillouin zone. Like any electronic transitions, these transitions between a d-band and the sp-band saturate at high intensity. They may be considered as being superpositions of two-level transitions. Absorption saturation then leads to a χ (3) susceptibility which is mainly imaginary, with Im[χ (3) ] negative. Strictly speaking, this is valid only for photon energies that are close to the interband transition threshold in the mentioned Brillouin zone [START_REF] Guillet | Influence of laser pulse characteristics on the hot electron contribution to the third-order nonlinear optical response of gold nanoparticles[END_REF]. Numerical estimations place this value around -10 -8 e.s.u. We have to remark that the interband contribution is also size independent down to very small Chapter 1. Nonlinear photoluminescence in optical antennas sizes.

A third mechanism is also important (see Fig. 1.4.2): through absorption, the laser pulse transfers energy to the conduction electrons whose low specific heat allows to raise them to elevated temperatures creating hot electrons. Electrons rapidly reach an equilibrium temperature among each other, but this electronic temperature is larger than the lattice temperature. The thermal equilibrium between the lattice and these electrons is reached in a timescale on the order of a few picoseconds. The high temperature of the hot electrons produces a deformation of the Fermi-Dirac occupation probabilities near the Fermi energy (part of the one-electron levels below the Fermi level being emptied whereas part of the levels above the Fermi level become occupied), modifying the absorption coefficient of d-electrons that finally leads to an imaginary and positive χ (3) . The d-electrons involved in this process are located in the vicinity of the L point of the Brillouin zone. Numerical estimations of the hot electron contribution to χ (3) give values of the order of 10 -7 e.s.u. This contribution is also size independent. However, it holds for an energy range close to the surface plasmon resonance and picosecond-order pulse widths. For the seek of generality, calculations have been extended to a wider spectral range, different pulse widths and excitation magnitudes [START_REF] Guillet | Influence of laser pulse characteristics on the hot electron contribution to the third-order nonlinear optical response of gold nanoparticles[END_REF]. To summarize, the theory states that the main two mechanisms leading to a change in the χ (3) susceptibility of gold are the saturation of the interband transition and the creation of hot conduction electrons. Both processes involve interband absorption but from different parts of the Brillouin zone as well as they correspond to different signs for the imaginary part of χ (3) and have different anisotropies too [START_REF] Palpant | Third-Order Nonlinear Optical Response of Metal Nanoparticles[END_REF]. The third order nonlinear optical response varies in a complex way and depends on many parameters that are difficult to control experimentally. Thermal effects are some of them and can significantly vary the optical properties of metals [START_REF] Palpant | Third-Order Nonlinear Optical Response of Metal Nanoparticles[END_REF].

Additional thermal effects

There is a common agreement on the link between the dynamics of the nonlinear optical response and the dynamics of thermal effects. One of the mechanisms contributing to the thermal effects has been already evoked and has to do with Fermi smearing mechanism after optical absorption. Additionally, the electron-phonon and electron-electron scatterings may also exhibit an electronic temperature dependence [START_REF] Del Fatti | Ultrafast optical nonlinear properties of metal nanoparticles[END_REF][START_REF] Voisin | Ultrafast electron dynamics and optical nonlinearities in metal nanoparticles[END_REF]. Furthermore, the interaction of electrons with the surface becomes a significant relaxation channel in nanoparticles [START_REF] Nisoli | Ultrafast electronic dynamics in solid and liquid gallium nanoparticles[END_REF]. The metal lattice heating after the coupling with the electron gas induces a metal density 1.4. Optical nonlinearities in plasmonic antennas modification thus affecting the optical properties too [134]. Finally, the thermal energy diffusion towards the surrounding host heats the whole material.

The macroscopic treatment of the nonlinear photoluminescence of metals provides a broad perspective of the process. Nevertheless, it fails to precisely describe it quantitatively [START_REF] Knittel | Dispersion of the nonlinear susceptibility in gold nanoantennas[END_REF]. The first reason lies on the calculations of the bulk gold susceptibility, which are very complex and with contradictory results in the literature [START_REF] Boyd | The third-order nonlinear optical susceptibility of gold[END_REF]. Secondly, the field enhancement at the nanoscale is highly dependent on the geometrical properties of the nanostructures and very difficult to evaluate accurately under different experimental conditions [START_REF] Ko | Nonlinear optical response from arrays of au bowtie nanoantennas[END_REF][START_REF] Bouhelier | Surface plasmon characteristics of tunable photoluminescence in single gold nanorods[END_REF]. And lastly, in order to precisely analyze the optical response, the magnitude of the plasmonic enhancement must be known with high accuracy since the efficiency of multiphoton processes scales nonlinearly [START_REF] Schuck | Improving the mismatch between light and nanoscale objects with gold bowtie nanoantennas[END_REF][START_REF] Demichel | Dynamics, efficiency, and energy distribution of nonlinear plasmon-assisted generation of hot carriers[END_REF]. In the following, we will turn our focus to the underlying physics generating the nonlinear photoluminescence and the main different perspectives around it.

N-PL seen as a multi-photon absorption process

The first evidence of a multi-photon absorption interpretation dates back from 1982 when Boyd et al. established significant differences between the emission excited by one-and what they called multi-photon absorption [138]. Briefly, they found multi-photon luminescence to be more sensitive to the local fields than one-photon luminescence yielding different spectra. In a second experiment by the same research group [START_REF] Boyd | Photoinduced luminescence from the noble metals and its enhancement on roughened surfaces[END_REF], the number of photons involved in the multi-photon excitation was inferred from the high-energy cutoff of the spectrum, which was located at the two(three)-photon energy suggesting that the luminescence was initiated by two(three)-photon absorption for gold and copper (silver). They confirmed this by measuring the power dependence of the luminescence and finding a quadratic result. We reproduced the experiment on gold nanostructures with bow-tie shape under near-infrared excitation. The experimental setup will be more deeply explained in the next chapter. Essentially, a tightly focused femtosecond laser beam at λ 0 = 810nm ≈ 1.53 eV illuminates the nanostructures and generates N-PL which is collected and sent to a spectrometer. The emission extends, as usual, from the visible to the infrared range with higher intensities at lower photon energies (cut by filters in the setup at λ = 700 nm ≈ 1.77 eV). Peaks centered around λ = 405 nm ≈ 3.06 eV and λ = 810 nm ≈ 1.53 eV correspond to second harmonic generation and scattered photons at the laser energy in the setup respectively. In Chapter 1. Nonlinear photoluminescence in optical antennas figure 1.4.3(b), a log-log plot shows the power dependence of the N-PL intensity I for two different photon energies, the nearly quadratic dependence is again confirmed (I ∝ E 2.3 ). For reliability purposes, the power dependence of the linearly scattered laser photons and the frequency doubled photons are included.

Nonlinear photoluminescence has proven to be a delayed mechanism which involves a sequence of distinct optical interactions. According to the multi-photon absorption approach, first two photons are absorbed sequentially and then one photon is emitted. More specifically, a photon excites an electron producing an intraband transition within the sp-band, another photon excites an electron from the d -band to a hole in the sp-band. The lifetime of the intermediate state after the first photon absorption rules the N-PL dynamics [START_REF] Biagioni | Dependence of the two-photon photoluminescence yield of gold nanostructures on the laser pulse duration[END_REF].

Several other studies have been focused on higher order absorption processes. Three-photon absorption was reported in single gold nanoparticles [START_REF] Farrer | Highly efficient multiphoton-absorption-induced luminescence from gold nanoparticles[END_REF], and four-photon nonlinearities were measured in resonant gold antennas [START_REF] Biagioni | Dynamics of four-photon photoluminescence in gold nanoantennas[END_REF][START_REF] Mühlschlegel | Resonant optical antennas[END_REF]. Restricting N-PL as a third-order nonlinearity, it can be generally described as a three-step process as depicted in Fig. 1.4.4:

(i) Excitation of electrons from the occupied d-bands to the unoccupied states of the sp-band to generate electron-hole pairs. Two photons are absorbed sequentially.

(ii) Subsequent intraband scattering of electrons and holes on the picosecond timescale with partial energy transfer to the phonon lattice, moving the electrons closer to the Fermi level.

(iii) Electron-hole recombination resulting in non-radiative processes or the emission of luminescence.

(

(

(2) Looking at the N-PL process is noticeable that the radiative relaxation energies match those of the interband separation. For bulk material these energies occur around the X and L points of the Brillouin zone. In the case of small particles where the optical properties are dominated by localized surface plasmon resonances, photoluminescence spectra is observed at the same energy as extinction and scattering spectra, suggesting that the photo-emission is related to the particle plasmons [START_REF] Beversluis | Continuum generation from single gold nanostructures through near-field mediated intraband transitions[END_REF][START_REF] Bouhelier | Near-field second-harmonic generation induced by local field enhancement[END_REF] which are well known to enhance a variety of linear and nonlinear optical properties. The same effect has been studied in single nanorods where the strong and narrow surface plasmon resonance in the near-infrared region of the spectrum allows a clearer observation [START_REF] Bouhelier | Surface plasmon characteristics of tunable photoluminescence in single gold nanorods[END_REF].
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Although there is a broad agreement on the multi-photon absorption nature of the nonlinear photoluminescence, some other viewpoints have also partially explained this particular phenomenon. As introduced before, recent works point to a universal nature of the light emission in metals involving either hot-electron black-body radiation [START_REF] Haug | Hot-electron intraband luminescence from single hot spots in noble-metal nanoparticle films[END_REF] or resonant electronic Raman scattering [START_REF] Mertens | How Light Is Emitted by Plasmonic Metals[END_REF]. In the next, we outline these two perspectives.

1.4. Optical nonlinearities in plasmonic antennas 1.4.1.3 N-PL seen as a thermal radiation process As stated before, hot electrons play an important role on the light-matter interaction. Recent scientific data has pointed to a process driven by the hot electron gas emission which acts as a subdiffraction incandescent light source [START_REF] Haug | Hot-electron intraband luminescence from single hot spots in noble-metal nanoparticle films[END_REF]. The nonlinearity of the process is not driven by the absorption as in the multi-photon luminescence approach but in the emission which depends nonlinearly on the electronic temperature.

After exciting silver and gold nanoparticles with a weakly focused laser at λ 0 = 770 nm(≈ 1.6 eV), the authors recorded the generated luminescence spectrum. To determine the power dependence, a linear fit was applied, as usual, to a log-log representation of the measured input laser power and the integrated photoluminescence intensities. The extracted slope represents the power-law exponent. In agreement with previous works, for the integrated up-converted part of the emission the obtained value is around p = 2 and for the integrated down converted one p = 1. Carefully looking at the spectral variations of the emission with the incident power, the authors noted a blue-shift as the power increases suggesting a variation of the power-law exponent p with λ. A more complete and rigorous analysis, consists then on evaluating p for every single wavelength over the whole spectrum, the result is shown in Fig. 1.4.5 where p shows to be directly proportional to the emission wavelength (p(λ) ∝ λ). The linearity of p(λ) is a consequence of the pulse excitation, which is able to deposit enough energy in the electron gas such that emission occurs before the cooling mediated by electron-phonon scattering. This linear dependence can be explained by the increased availability of high-energy electronic states within the sp-band electron gas.

For comparison, the down-converted emission under continuous-wave illumination with different incident powers is presented too (p(λ) = const ≈ 1), in this case electron heating is suppressed by phonon scattering and the electronic and lattice temperatures equalize. This result is considered an unequivocal property of the intraband recombination of hot carriers. Using a simple thermodynamic two temperature model, Haug et al. were able to estimate the electron gas temperature in the range of 2000 K to 4000 K consistently matching previous theoretical calculations [START_REF] Saavedra | Hot-electron dynamics and thermalization in small metallic nanoparticles[END_REF][START_REF] Rashidi-Huyeh | Thermal response of nanocomposite materials under pulsed laser excitation[END_REF][START_REF] Mueller | Relaxation dynamics in laser-excited metals under nonequilibrium conditions[END_REF] and femtosecond pump-probe experiments [START_REF] Perner | Optically induced damping of the surface plasmon resonance in gold colloids[END_REF].
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Additionally, despite the strong modification of the spectral shape by the local density of states which varies from one hot spot to another, fitting it with a Planck-type black-body spectrum gives a consistent comparison.

In the interpretation of Haug et al. [START_REF] Haug | Hot-electron intraband luminescence from single hot spots in noble-metal nanoparticle films[END_REF], the electronic temperature and the power-law exponent p are inversely proportional. Autocorrelation experiments substantiate these results [START_REF] Méjard | Energy-resolved hot-carrier relaxation dynamics in monocrystalline plasmonic nanoantennas[END_REF]. Varying the relative intensity of two temporally separated pulses reveals power-law exponents increasing with the inter-pulse delay. As expected, the electronic temperature is higher for shorter delays and vice-versa. Moreover, spectrally resolved measurements show redder emissions (colder) for the longer delays.

N-PL excited by electrons. A thermal process too.

Generation of hot-electrons is not limited to laser excitation. Broadband light emission can also be generated through electron tunneling in biased tunnel junctions and is generally understood as radiative decay of surface plasmon modes [START_REF] Lambe | Light emission from inelastic electron tunneling[END_REF]. Surprisingly, in a work on electron-fed optical antennas by Buret et al., part of the emitted photons show an energy exceeding that of the injected electrons thus violating the quantum limit [START_REF] Buret | Spontaneous hotelectron light emission from electron-fed optical antennas[END_REF]. Also, such overbias light emission can be explained as spontaneous emission of a hot-electron distribution. Estimations of the electronic temperature T e are shown in figure 1.4.6(a). The model relates T e with the electrical power injected into the nanostructure in the strong heating regime as [START_REF] Tomchuk | Soviet Physics Solid State[END_REF] k B T e ≈ (αI T V bias ) 1/2 (1.4.10)

where k B is the Boltzmann's constant, α is the coupling coefficient and I T is the tunneling current. These electronic temperatures are comparable to previously reported values for nanoparticles excited with ultra-short laser pulses [START_REF] Gamaly | Femtosecond Laser-Matter Interaction : theory, experiments and applications[END_REF].

Figure 1.4.6(b) shows the light intensity as a function of the inferred electronic temperature. The fit comes from the relationship between thermal emission and blackbody radiation where the Planck spectrum of such radiation U (ν, r) is obtained by multiplying the thermal energy θ(ν, T ) by the local density of states ρ(ν, r) [START_REF] Joulain | Definition and measurement of the local density of electromagnetic states close to an interface[END_REF][START_REF] Shchegrov | Near-field spectral effects due to electromagnetic surface excitations[END_REF].

U (ν, r) = ρ(ν, r)θ(ν, T ) = ρ(ν, r) hν e hν/k B Te -1 (1.4.11)
It is important to highlight the highly nonlinear dependence of the light intensity with the electronic temperature. Furthermore the variation for a certain range of temperatures follows a quadratic dependence with the temperature. The similarity with the N-PL emission under pulsed laser excitation is unquestionable and fig. 1.4.10(c) provides further evidence. In this case, the emission spectrum is shown for different bias. The long tail, characteristic of N-PL (see fig. 1.4.3) with higher light intensity for lower energies, is reproduced by this emission process. 

Optical nonlinearities in plasmonic antennas

N-PL as an inelastic scattering process

Nonlinear photoluminescence in plasmonic nanostructures is a resonant secondary emission process according to reference [START_REF] Huang | Resonant secondary light emission from plasmonic au nanostructures at high electron temperatures created by pulsed-laser excitation[END_REF]. In this context, several studies have proposed luminescence and resonant Raman scattering to be fundamentally equivalent [START_REF] Klein | Equivalence of resonance raman scattering in solids with absorption followed by luminescence[END_REF][START_REF] Solin | Resonant scattering or absorption followed by emission[END_REF]. Influenced by this approach, Huang et al. [START_REF] Huang | Resonant secondary light emission from plasmonic au nanostructures at high electron temperatures created by pulsed-laser excitation[END_REF] quantitatively connect the intensity of the emission with the electronic temperature and conclude that the up-converted emission (anti-Stokes in Raman terminology) generated in gold nanostructures by a NIR pulsed laser excitation is not a process mediated by multi-photon absorption and the subsequent plasmon radiative decay. Instead, they find electronic Raman scattering by a thermal distribution of electronic excitations to be a good description of the emission mechanisms. It is worth noting that the model fails to describe the Stokes part of the spectrum.

Regarding continuous wave excitation, Hugall et al. and Xie et al. also observe a temperature dependence emission in gold pyramids [START_REF] Hugall | Demonstrating photoluminescence from au is electronic inelastic light scattering of a plasmonic metal: The origin of sers backgrounds[END_REF] and gold nanodisks [START_REF] Xie | Thermometry of plasmonic nanostructures by anti-stokes electronic raman scattering[END_REF] respectively. Both studies link the resulting emission to inelastic light scattering from the electrons within the noble metal nanostructures supporting the plasmon modes. A more general analysis by Mertens et al. states that light emission from plasmonic nanostructures is neither interband nor intraband photoluminescence but instead comes from the photo-excitation of electrons to a virtual state followed by re-emission [START_REF] Mertens | How Light Is Emitted by Plasmonic Metals[END_REF].

N-PL: a multifaceted process

A more detailed study by Roloff et al. [START_REF] Roloff | Light emission from gold nanoparticles under ultrafast near-infrared excitation: Thermal radiation, inelastic light scattering, or multiphoton luminescence?[END_REF] in 2017 proposed a complex emission phenomena with different mechanisms depending on the laser excitation range of powers. On the one hand, at low irradiance levels, the up-converted emission clearly follows a power-law with a constant integer exponent around two, a signature of a multi-photon absorption process. In the down-converted part of the spectrum a linear power excitation dependence dominates, probably a signature of electronic Raman scattering. On the other hand, at higher irradiance levels, the nonlinearity exponent depends on the emitted wavelength, indicating the emergence of an irradiation-induced heated electron gas.

As can be seen in Fig. 1.4.7, in the regime of high irradiation, p(hν) shows the linear dependence with the emitted photon energy in agreement with the intraband emission model (figure 1.4.5). For low laser powers, p remains constant and around 1 for the down-converted emission and 2 for the up-converted emission. (a) Emission spectra of a small particle aggregate on a glass surface for increasing irradiation (dark red, 4.8 kW/cm 2 ; red, 8.7 kW/cm 2 ; orange, 11.0 kW/cm 2 ). Scattered light is cut off by filters. (b) Power-law exponents p for several laser powers over a limited range of irradiation (dark red, 1.8 -4.9 kW/cm 2 ; red, 2.6 -8.7 kW/cm 2 ; orange, 4.5 -11.0 kW/cm 2 ). Adapted with permission from [START_REF] Roloff | Light emission from gold nanoparticles under ultrafast near-infrared excitation: Thermal radiation, inelastic light scattering, or multiphoton luminescence?[END_REF]. Copyright 2017 American Chemical Society.

In the same work, a comparison was made between the luminescent interband transitions, the inelastic light scattering and the luminescent intraband transitions models for two different substrates (glass and glass/ITO) as well as the corresponding fit according to each model. Only intraband luminescence seems to be fully compatible with measured values.

As already presented, the nonlinear photoluminescence is still matter of discussion and can be interpreted as the result of a linear, multi-photon or noninteger nonlinear interaction depending on the incident laser power excitation and on the studied spectral range. Many aspects of such optical phenomenon are not fully understood and unveiling the mechanisms behind them remains a theoretical and experimental challenge.

Conclusion

Summarizing this chapter, the main concepts of the rapidly growing field of linear and nonlinear plasmonics, as well as their close connection to optical antennas have been reviewed. It is unquestionable the role of nanoantennas as a powerful tool for manipulating light in the nanoscale and their broad range of applications. On the other hand, the strong nonlinearities consequence of the large field enhancement in plasmonic metals nanostructures could open the way to scale down the footprint of nonlinear components allowing the development of integrable photonic devices.

Despite the known broad potentiality of nonlinear plasmonics, only a small fraction of the work is focused on decoding the mechanisms behind nonlinear photoluminescence, with most of the studies centered on its imaging capabilities. N-PL has proven to be a complex process that involves several nonlinear phenomena and which fundamental nature is still under discussion. In our study, we have focused mainly on gold thanks to its remarkable stability, relatively low loss in the visible and NIR parts of the spectrum and of course its strong nonlinear photoluminescence.

In the next chapters, the scope will be on going deeper into the nonlinear photoluminescence underlying mechanisms and the convenient control of such mechanisms by modifying the electrical properties.

CHAPTER 2

Electrical command of the linear and nonlinear responses of plasmonic antennas

Introduction

Nowadays, electronic transistors have shrunk to a few nanometers allowing for very large scale integration. Nevertheless, there are still some challenges to overcome such as heating effects and a limited processing speed [START_REF] Brongersma | The case for plasmonics[END_REF]. Conversely, photonics offers very high speed operations but is restricted in size by the law of diffraction in conventional optics [START_REF] Barnes | Surface plasmon subwavelength optics[END_REF]. Combining photonics and electronics could lead then to smaller and faster processing devices [START_REF] Ozbay | Plasmonics: Merging photonics and electronics at nanoscale dimensions[END_REF]. In this direction, plasmonics structures emerge as a possible solution to bridge the size mismatch between photonics and electronics [START_REF] Bozhevolnyi | Waveguiding in surface plasmon polariton band gap structures[END_REF][START_REF] Ebbesen | Surface-plasmon circuitry[END_REF]. SPPs can concentrate and consequently boost electromagnetic fields to magnitudes comparable to the intra-atomic electric field giving rise to highly localized nonlinear processes [START_REF] Kauranen | Nonlinear plasmonics[END_REF]. Additionally, nanometer-scale plasmonic lasers based on nanowires or quantum dots may lead to integrated coherent light sources [START_REF] Oulton | Plasmon lasers at deep subwavelength scale[END_REF][START_REF] Noginov | Demonstration of a spaser-based nanolaser[END_REF]. Furthermore, their conductive nature offers a range of secondary functions and adds another degree of control by applying electric fields or injecting currents. Optical and electrical operation can be performed simultaneously, thereby simplifying many optoelectronic processes. Therefore, plasmonic nanostructures match on the description of a highly size-reduced device capable of bringing electronics and photonics together on a single platform.

In this chapter, some active plasmonic devices are presented including our own work on an hybrid electro-plasmonic device based on gold optical antennas where the fabrication protocol is included. The devices' operation and the physics mechanisms behind it are also explained. In our particular case, we demonstrate the capability to control the optical properties of plasmonic gap antennas by applying static electric fields. As it will be shown in the next sections of the chapter, an applied electric field can modulate the nonlinear emission and to a minor extent the linear scattering. A complete overview of the possible underlying mechanisms of such effects is made. Finally, conclusions are presented.

Active devices based on plasmonic metals

Metals display a whole range of advantageous physical properties such as high electrical and thermal conductivity, reliable mechanical stability, high temperature stability, and in the case 2.2. Active devices based on plasmonic metals of plasmonic metals, high confinement of light. This allows metals to perform multiple functions at the same time. However, the design of plasmonic and nanophotonic circuitry involves overcoming two issues: high metal losses and the dynamic manipulation of the SPPs and the subsequent optical responses. For the first issue, several strategies are being explored to mitigate the losses. For instance, the use of media with optical gain provides some improvement in this matter [START_REF] Seidel | Stimulated emission of surface plasmons at the interface between a silver film and an optically pumped dye solution[END_REF][START_REF] Grandidier | Gain-assisted propagation in a plasmonic waveguide at telecom wavelength[END_REF]. Advances in fabrication techniques also allow the minimization of defects and surface roughness [START_REF] Wu | Intrinsic optical properties and enhanced plasmonic response of epitaxial silver[END_REF] and thus losses. Furthermore, the plasmonic losses could be compensated by the tinier dimensions of nonlinear plasmonic devices. New plasmonic materials such as complex oxides could also reduce losses providing higher field concentrations and stronger resonances. The second issue is on the focus of this thesis and it is, perhaps, the most critical and interesting step towards the realization of practical applications. Evidently, the achievement of elemental components such as couplers, active multiplexers, modulators or switches requires the on-demand, dynamic and external manipulation of the optical properties. Such manipulation can be directly performed over the plasmonic structures themselves or over their surrounding media [START_REF] Jiang | Active plasmonics: principles, structures, and applications[END_REF]. In the first case, the change can be induced either on the intrinsic metal optical properties [START_REF] Kalathingal | Scanning tunneling microscope light emission: Effect of the strong dc field on junction plasmons[END_REF][START_REF] Wurtz | Designed ultrafast optical nonlinearity in a plasmonic nanorod metamaterial enhanced by nonlocality[END_REF] or by changing the physical interplay between structures (tunable gaps and distances) [START_REF] Sun | ph-controlled reversible assembly and disassembly of gold nanorods[END_REF]. In the second case, the active control is based on the sensitive dependence of plasmons on the surrounding environment [START_REF] Pala | A nonvolatile plasmonic switch employing photochromic molecules[END_REF][START_REF] Gosciniak | Performance of thermo-optic components based on dielectric-loaded surface plasmon polariton waveguides[END_REF][START_REF] Berthelot | Tuning of an optical dimer nanoantenna by electrically controlling its load impedance[END_REF][START_REF] Leroux | Conducting polymer electrochemical switching as an easy means for designing active plasmonic devices[END_REF][START_REF] Martín-Becerra | Enhancement of the magnetic modulation of surface plasmon polaritons in au/co/au films[END_REF]. In this context, multiple efforts are being made to find the most suitable control parameters including optical signals [START_REF] Pala | A nonvolatile plasmonic switch employing photochromic molecules[END_REF][START_REF] Macdonald | Ultrafast active plasmonics[END_REF][START_REF] Krasavin | High-contrast modulation of light with light by control of surface plasmon polariton wave coupling[END_REF], temperature [START_REF] Gosciniak | Performance of thermo-optic components based on dielectric-loaded surface plasmon polariton waveguides[END_REF][START_REF] Gosciniak | Thermo-optic control of dielectric-loaded plasmonic waveguide components[END_REF][START_REF] Lereu | Optical modulation processes in thin films based on thermal effects of surface plasmons[END_REF][172], magnetic [START_REF] Martín-Becerra | Enhancement of the magnetic modulation of surface plasmon polaritons in au/co/au films[END_REF] and electric fields [START_REF] Leroux | Conducting polymer electrochemical switching as an easy means for designing active plasmonic devices[END_REF][START_REF] Soavi | Broadband, electrically tunable third-harmonic generation in graphene[END_REF][START_REF] Dionne | Plasmostor: a metal-oxidesi field effect plasmonic modulator[END_REF][START_REF] Dicken | Electrooptic modulation in thin film barium titanate plasmonic interferometers[END_REF][START_REF] Sukanya | Performance of electro-optical plasmonic ring resonators at telecom wavelengths[END_REF][START_REF] Agrawal | An integrated electrochromic nanoplasmonic optical switch[END_REF][START_REF] Cai | Electrically controlled nonlinear generation of light with plasmonics[END_REF], some of which are presented below. Naturally, every implementation has its pros and cons determined by the specific targeted application and a fair comparison between them is beyond the scope of this thesis. Generally there is a trade off between modulation speed, circuit integrability, stability and modulation depth. For instance, all-optical command provides the benefit to dynamically manipulate coherent linear and nonlinear signals at ultrafast time scales, however, their implementation in a photonic circuit architecture is not viable. Similarly, the command of the temperature imposes difficulties along with the usually slower response. Magnetic-controlled devices, on the other hand, involve the utilization of very high magnetic fields which is certainly not convenient. Fortunately, the dual functionality of plasmonic nanostructures concerning electrical conduction and nanooptical features enables a broad range of electro-optical operation and integration possibilities, mostly given by the predominant use of electric signals in digital devices. In summary, the electrical command of the plasmonic responses could offer an interesting opportunity for active linear and nonlinear optics way beyond the subwavelength scale and could also open up numerous applications in the framework of compact photonic devices for signal and information processing.

Electrically controlled plasmonic devices

So far, few studies explore the control of optical properties on metal nanostructures by electrical means. Usually, a plasmonic metal is interfaced with electro-refractive media such as carrier-injected or depleted semiconductors [START_REF] Dionne | Plasmostor: a metal-oxidesi field effect plasmonic modulator[END_REF][START_REF] Melikyan | Surface plasmon polariton absorption modulator[END_REF], electro-optic polymers [START_REF] Sukanya | Performance of electro-optical plasmonic ring resonators at telecom wavelengths[END_REF] or liquid crystals [START_REF] Berthelot | Tuning of an optical dimer nanoantenna by electrically controlling its load impedance[END_REF][START_REF] Dickson | Electronically controlled surface plasmon dispersion and optical transmission through metallic hole arrays using liquid crystal[END_REF][START_REF] Kim | Control of optical transmission through metals perforated with subwavelength hole arrays[END_REF]. In all the cases, the refractive index of the adjacent dielectric medium is modified and can induce a change in the system. Specifically, in ref. [START_REF] Dionne | Plasmostor: a metal-oxidesi field effect plasmonic modulator[END_REF], the transmission coefficient of a metal-metal oxide semiconductor (MOS)-metal waveguide structure is electrically manipulated. The waveguide supports photonic and plasmonic modes that can interfere. Applying a bias drives the MOS into accumulation modifying the index of the silicon and thus the photonic mode and the transmission. Remarkably, the device is low power consuming and very compact, however, the modulation depth is not very high. Randhawa and co-workers [START_REF] Sukanya | Performance of electro-optical plasmonic ring resonators at telecom wavelengths[END_REF] brought about a plasmonic switch based on a dielectric loaded plasmonic ring resonator. The Chapter 2. Electrical command of the linear and nonlinear responses of plasmonic antennas refractive index of an electro-optic material (doped PMMA) is changed by the action of a modulating voltage via the Pockels effect [START_REF] Emboras | Electrically controlled plasmonic switches and modulators[END_REF] in which the birefringence is proportional to the electric field. An interesting property of this and other devices based on the Pockels effect is the ultra-low energy required for operation which is not limited in theory.

Regarding liquid crystals, electric fields produce a strong dipolar-like response thanks to their elongated shape which also translates into a large and tunable birefringence. Dickson et al. [START_REF] Dickson | Electronically controlled surface plasmon dispersion and optical transmission through metallic hole arrays using liquid crystal[END_REF] achieve electrical modulation of the optical transmission properties on perforated gold films adjacent to liquid crystals. White light excites SPP modes and an electric field reorients the liquid crystal molecules resulting in changes of the surface plasmon dispersion relation and consequently modifying the excitation conditions. The characteristic response time of this device remains, however, relatively slow.

Active plasmonics is also achieved by electrochemically changing the refractive index of conductive polymers. The electronic structure and dielectric functions of these materials are easily changed by controlling their redox reactions. For instance, the localized surface plasmon resonance shape and position of gold nanoparticle arrays can be fully controlled by switching between oxidized and reduced states of the polymer [START_REF] Leroux | Conducting polymer electrochemical switching as an easy means for designing active plasmonic devices[END_REF]. A similar mechanism is used to modulate the absorption of an electro-chromic material placed on a nanoslit waveguide propagating SPPs [START_REF] Agrawal | An integrated electrochromic nanoplasmonic optical switch[END_REF]. The material is also switched between absorbing oxidized and transparent reduced states. A limitation of this approach is the electrochemical corrosion of the involved plasmonic nanostructures and the requirement of specific polymers.

Electrical control of the plasmonic properties is commonly accomplished in tunable metasurfaces. In a work of Thyagarajan et al. [START_REF] Thyagarajan | Millivolt modulation of plasmonic metasurface optical response via ionic conductance[END_REF], the optical extinction of plasmonic metasurfaces is controlled by electric fields as low as 1 mV/nm triggered by the transport of silver ions.

As demonstrated recently by Maniyara et al. [START_REF] Maniyara | Tunable plasmons in ultrathin metal films[END_REF], applying an electrostatic voltage on ultra thin gold ribbons (3 nm thick) embedded in an ion gel can highly tune their plasmonic resonance (∆λ = 200 nm). The wavelength shift ∆λ results from the substantial change in the effective surface density of conduction electrons. The shift depends on the sign of the applied voltage. Additionally, the optical transmission is also modulated which can be associated with an effective modification of the optical damping.

Another kind of electrically controlled nonlinear plasmonic devices consists on nanoscale cavities formed in metallic structures to enhance the optical fields and to facilitate the application of very high electric fields with chip-level voltage signals. For instance, the manipulation of second harmonic generation by a DC electric field in bulky optical crystals known as electricfield-induced second harmonic generation (EFISH) involves huge voltages and high power lasers in order to be detectable. Contrarily, EFISH in nanostructures is highly sensitive to voltages as small as a few volts thanks to the nanometric separation between the constituent electrodes of the active device [START_REF] Jun | Plasmonic beaming and active control over fluorescent emission[END_REF][START_REF] Berline | Stm induced second harmonic generation: towards near-field nonlinear optical microscopy[END_REF][START_REF] Sentein | Study of orientation induced molecular rectification in polymer films[END_REF]. Cai et al. [START_REF] Cai | Electrically controlled nonlinear generation of light with plasmonics[END_REF] fabricated a nanocavity consisting of a nanoslit resonator cut through a metal film surrounded by an engineered periodic grating-based optical antenna to enhance the emission (see figure 2.2.1(a)).

Fabry-Pérot resonances of the SPPs combined with the Bragg grating resonance enhance the electromagnetic energy density by a factor of several tens. The slit is around 100 nm wide thus low voltages across result in very high control fields. The nanocavity is filled with a dielectric medium (PMMA, poly-methyl methacrylate) with second-and third-order nonlinear susceptibilities responsible for second harmonic generation and EFISH respectively. The nonlinear polarization and SHG intensity are expressed as

I 2ω ∝ |P 2ω | 2 ∝ |χ (2) + χ (3) E c | 2 I 2 ω (2.2.1)
where E c is the control field. Then the RHS of the formula contains a voltage-insensitive term [χ (2) I 2 ω ] 2 that corresponds to ordinary SHG, but also extra voltage-controlled terms 2.2. Active devices based on plasmonic metals

{[χ (3) E c ] 2 + 2χ (2) χ (3) E c }I 2 ω . Figure 2.2.1(b)
shows a voltage-dependent nonlinear generation with a linear trend of ≈ 7%/volt. The quasi-linear dependence on the control field implies that the cross term χ (2) 

χ (3) E c dominates over the quadratic term [χ (3) E c ] 2 . 0 0 1 0 1 0 0 1 0 1 χ (2) , χ (3) Fundamental wave, Ι ω Ι 2ω
EFISH signal, (t) V(t) A very similar configuration has been also implemented by the same group [START_REF] Jun | Plasmonic beaming and active control over fluorescent emission[END_REF]. Fluorescence emitters (quantum dots) placed within the metallic nanocavity are submitted to moderate bias to change their emission properties. Their radiative strength and spectral peak location are successfully tuned by means of the quantum-confined Stark effect [START_REF] Becker | Electrical control of förster energy transfer[END_REF] and luminescence quenching as shown in Fig. 2.2.1(c). The applied field across the gap red-shifts and decreases the quantum dots emission. The spectral shift increases quadratically with the voltage and saturates for large voltage values. The intensity drop comes from the electric-field-induced dissociation of electron-hole pairs followed by non-radiative recombination processes [START_REF] Park | Effect of electric field on the photoluminescence intensity of single cdse nanocrystals[END_REF].

Strong electric fields produced in small junctions have also shown to strongly modify the χ (3) susceptibility of a gold tip-sample in a scanning tunneling microscope (STM) system thus dynamically affecting the optical response [START_REF] Kalathingal | Scanning tunneling microscope light emission: Effect of the strong dc field on junction plasmons[END_REF]. In this case, junction plasmons are electrically excited by the inelastic electron tunneling of the STM. SPPs scatter to radiation via surface roughness features. The expected light emission is highly affected by the DC field due to local surface charge screening and an effective reduction of the density of free electrons available to take part in the plasmon oscillations. c,d,e) additionally show scanning electron microscope (SEM) micrographs of the nanoantennas. This configuration brings several advantages in the framework of electro-photonic applications. Firstly, the nanometric size of the gap that defines the antennas allows very high electric fields 10 7 -10 9 V/m with relatively low applied voltages (1 -20 V). Secondly, the geometry of the antenna (see Fig. 2.2.2(e)) enables huge enhancement of the optical fields and consequently improve inherently weak nonlinear processes which, as discussed in section 1.4, provide reduced power consumption and footprints. Moreover, the device can be realized through simple and standard nanofabrication techniques. Discarding the addition of a supplementary electro-refractive material provides further advantages. For example, liquid crystals tend to anchor to the surfaces limiting the alignment with the applied electric field and thus the change on the refractive index [START_REF] Sio | Double active control of the plasmonic resonance of a gold nanoparticle array[END_REF]. Uncluttered gold nanostructures also circumvent the photo-degradation exhibited by photo-chromic materials [START_REF] Pala | A nonvolatile plasmonic switch employing photochromic molecules[END_REF]. In our device, when an electric field is applied trough the gap, the nonlinear photoluminescence produced by a pulsed femtosecond laser is deeply modulated. Precise control of the laser position or the polarity of the field allows either to quench or to enhance the nonlinear emission. In a secondary study, the elastically scattered light from the same device is also affected by the electric fields.

In the next section, the experimental methods are completely outlined. The fabrication process as well as the experimental setup are presented in detail.

Experimental methods

The device is built using a top-down fabrication method based on e-beam and UV lithography and a lift-off process [START_REF] Watt | Ion beam lithography and nanofabrication: a review[END_REF]. In particular, two-steps lithography is applied on a standard borosilicate glass cover slip. The smaller features and the nanoantennas are fabricated by electron beam lithography (EBL) with bow-tie shape like the one already showed in figure 2.2.2(e). A subsequent UV lithography (UVL) process defines a set of macroscopic electrodes connected to the nanoantennas.

Experimental methods

Concerning the experimental setup, the hybrid nature of the device imposes electrical and optical control over it. The system is mainly based on a scanning confocal microscope which allows to construct nonlinear emission maps by systematically exciting point by point the nanostructures and collecting the resulting optical response in a determined area. Wide-field optical imaging is performed too.

Fabrication of the electrically controlled plasmonic device

The nature of the device demands the fabrication of micro-and macro-structures in large areas combined with smaller nanostructured regions. The optical antennas require nanometer scale definition whereas the electrodes from µm to mm are necessary to facilitate the electrical contacting. The micro-and mili-metric scale features are more efficiently defined by highthroughput methods like UVL while serial nanofabrication methods like EBL, although slower, are needed for the nanometric scale features. Consequently, the device is fabricated following several steps combining EBL and UVL: resist coating, e-beam or UV exposure, development, material deposition and finally lift-off of unwanted materials.

In our experiment, optical antennas are generally conceived seeking to maximize the enhancement and concentration of the optical and DC fields respectively. In the case of the bow-tie antennas (see Sec. 1.2.6), they consist of two triangles separated by a small gap and facing tip to tip. Such configuration causes strong and confined field enhancement, it combines the plasmon resonant behavior of coupled nanoparticles pairs with the electromagnetic properties of sharp metal tips [START_REF] Schuck | Improving the mismatch between light and nanoscale objects with gold bowtie nanoantennas[END_REF].

Optical gap antennas fabrication

The resist to be exposed consists on a double layer of the commonly used polymethylmethacrylate (PMMA) with different molecular weights (50 kDa and 200 kDa) totaling a thickness of ≈ 200 nm. Both PMMA layers are successively spin-coated on a glass coverslip (see table 2.3.1) and subsequently soft-baked in a hot plate at 150 • C for 3 minutes. The double layer forms an undercut profile after exposure thus improving the lift-off. It is worth highlighting the fact that spin coating recipes were recently improved reducing the final speed and thus increasing the final thickness. Furthermore, piranha cleaning of the substrate showed to ameliorate the smoothness of the structures edges. Chapter 2. Electrical command of the linear and nonlinear responses of plasmonic antennas

The electron beam directly writes on the resist coating by using a raster or vector scan (Pioneer, e-line). The desired patterns are directly created from a standard computer-aided design (CAD) to reproduce the structures shown in figure 2.2.2(c). It is composed of 24 nanoantennas and a common ground electrode (top right corner), the crosses are alignment marks to be used for the UV lithography step. As the resist is positive, the exposed areas correspond to the yellow-colored areas in figure 2.2. 2(c,d,e). These parts of the resist are removed in the development process by immersing the sample in an organic solvent (Allresist AR 600-56). The development time is precisely controlled by stopping the reaction with another solvent (Allresist AR 600-60). Just after, the patterned PMMA is used as a mask to deposit 3nm of titanium (Ti) and 50nm of gold (Au) by electron-beam and thermal evaporation respectively in a Plassys MEB400 evaporator. The Ti layer is used to improve the adhesion between the glass and the gold layer. Once the metal evaporation is done, the resist is taken off by means of a remover solvent (Allresist AR 600-71).

Contacting the optical antennas

Continuing with the fabrication protocol, the second step consists on the macroelectrodes (figure 2.2.2(b)). They allow to electrically connect the nanoantennas and for the seek of time and costs they are built following a standard UV lithography process (SUSS MicroTec MJB4). To start, a negative photoresist (MicroChemicals AZ nLOF 2070) is spin-coated on the coverslip with the previously fabricated nanoantennas following the recipe shown in the table 2.3.2. The sample is pre-baked at 110 • C for 2 minutes. After aligning the nanoantennas and the common ground microelectrodes with the macroelectrodes of the UV mask, the sample is held in hard contact with the mask and exposed to an UV lamp (240 nm -260 nm) for 2.2 s to deliver ≈ 65 mJ. The exposure is again followed by post-baking for 5 minutes at 110 • C and a development process in which AZ MIF 826 (MicroChemicals) is used as developer and deionized water as stopper. 

Experimental methods

Once again, titanium (3 nm) and gold (50 nm) are evaporated adopting the same procedure. The lift off is carried out in acetone or NMP (1-Methyl-2-pyrrolidon, commercially available as remover 1165) at 70 • C. The complete fabrication process is summarized in figure 2.3.2.

Nonlinear photoluminescence confocal microscopy

Contrarily to traditional widefield optical microscopes, in which the entire sample is illuminated at the same time, in confocal microscopy the sample is scanned relative to a point-like light source (usually a focused laser). A simplified version of the setup is schematically depicted in figure 2.3.3(b). Briefly, an electrical and an optical parts are controlled and monitored respectively by a scanning probe microscope (SPM) control system (RHK SPM1000).

An inverted nonlinear optical microscope equipped with a two-axis piezo-electric (MadCity labs, Nano LP100) allows to map the sample and monitor the N-PL in the focal region. The SPM1000 has several high voltage outputs that provide the control voltages to precisely displace the piezo-stage. While the scanning is taking place, a feedback loop keeps the sample-objective distance constant. The maps are produced by simultaneously exciting and measuring pixel by pixel the nonlinear optical emission of the nanostructures as they are scanned at the laser focal point. Specifically, gold optical gap antennas are excited with a near infrared (NIR) pulsed femtosecond laser (Chameleon, Coherent) centered at λ = 810 nm. A home-built beam expander filters and increases the beam width to overfill the back lens of a high numerical aperture (NA) oil immersion objective (Nikon, 100x, NA = 1.49) equipped with a correction collar to avoid Chapter 2. Electrical command of the linear and nonlinear responses of plasmonic antennas aberration due to substrate thickness changes. The beam is tightly focused and assumed to be point-like enough for confocal microscopy, therefore no additional aperture is introduced in the excitation path. The beam power is adjusted using a half-wave plate and a polarized cube, additionally, a set of neutral density filters can be used. Another half-wave plate controls the linearly polarized laser beam angle depending on the antenna orientation. The N-PL is collected through the same objective and separated from the excitation light and from second harmonic generation by a dichroic beam splitter (Chroma) and a long-pass filter respectively. N-PL is then directed to an avalanche photodiode (APD, Perkin Elmer) placed at one of the ports of the microscope. As illustrated in the last chapter, the N-PL emission spans a broad range of wavelengths that certainly overpass the detection range of the APDs. The recorded counts on the APD are a convolution of the photon detection efficiency of the apparatus and the N-PL emission spectrum. In some experiments presented in this work the signal output is switched to other ports of the microscope and directed to a spectrometer (Andor Shamrock SR-303i) equipped with a charge-coupled device (CCD) camera (iDus DU401-BR-DD). A diffraction grating with 800 nm blaze and 150 lines/mm is used to obtain a detection spectral range of ≈ 600 nm. Another port directs the output signal to an additional CCD camera (Hamamatsu C4742-80-12-AG). Second harmonic generation is directed to an extra APD (MPD). The APD detectors are connected to a photon counting port in the SPM1000. Given the nonlinear nature of the N-PL process, most of the optical response is localized to the focus of the laser beam, therefore positioning the APDs at a conjugated plane allows to dispense the use of a detection pinhole [START_REF] Gauderon | Effect of a confocal pinhole in two-photon microscopy[END_REF]. The photon counts registered at the detectors for each pixel generate a 2D image. The resolution limit is given by the point spread function of the system. Figure 2.3.3(a) shows the N-PL map of a typical optical gap antenna composing the plasmonic device, the color indicates the N-PL intensity in that specific point. The inset shows the corresponding SEM image of the structure and the double arrow indicates the incident polarization. The nonlinear photoluminescence distribution in the map is dominated by emission maxima at the gap region and the edges of the antennas due to stronger field localization. The brighter square around the gap of the bow-tie antenna is produced by electron beam induced contamination, carbonaceous material deposits over the sample surface previously bombarded by the electron beam while doing SEM imaging. N-PL is a nonlinear process particularly adapted for mapping out optical antennas with highly localized fields [START_REF] Bharadwaj | Optical antennas[END_REF]. Furthermore, N-PL mapping over a gold antenna gives valuable direct information about its diffraction-limited modal distribution [START_REF] Beversluis | Continuum generation from single gold nanostructures through near-field mediated intraband transitions[END_REF][START_REF] Ghenuche | Spectroscopic mode mapping of resonant plasmon nanoantennas[END_REF] as well as the surface plasmon local density of states [START_REF] Viarbitskaya | Tailoring and imaging the plasmonic local density of states in crystalline nanoprisms[END_REF].

On the electrical side, a function generator applies different types of electrical waveforms over a defined set of frequencies with voltage amplitudes ranging 0 -10 V. For the larger gaps, the amplitude is multiplied by a voltage amplifier. Current tunneling through the gap which may be detected, is recorded with the SPM1000 after being amplified by a current voltage (I/V) converter.

Once the nanoantenna is scanned and the specific DC electric fields are set, the laser is precisely located somewhere in the gap region where the electric and optical fields are the strongest, and where most of the times the N-PL emission is affected by the electric field.

Controlling the Nonlinear Photoluminescence

As already stated, the excitation of gold nanostructures with a NIR pulsed laser generates N-PL. In the following, the device introduced in the last sections which is capable of modulating the nonlinear response by activating an electric field in optical antennas will be studied. The experiment involves several degrees of freedom (control) on the device operation. Mastering parameters like the geometry of the nanostructure, the incident laser characteristics (wavelength, 2.4. Controlling the Nonlinear Photoluminescence power, polarization) and the applied DC electric field are critical for a successful command of the nonlinear photoluminescence.

The obvious starting point concerns the geometry of the nanoantenna and consists firstly on finding the critical gap for which the DC field is strong enough to modify the nonlinear emission and moderate enough to avoid the electrical breakdown of the nanostructure. Several nanoantennas were studied and only those with gaps around or smaller than ≈ 100 nm showed modulation of the N-PL at fields within a safe range. Figure 2.4.1 compares two different nanoantennas of the same device with ≈ 100 nm (a,d) and ≈ 150 nm (b,e) gaps. The laser is positioned in the gap region and the time trace of the N-PL is recorded while a voltage ramping from 2.5 -10 volts and immediately after from 10 -2.5 volts is applied across the gap of the nanoantennas. The N-PL graphs include the smoothed data using a moving average filter to reduce the noise and make it clearer to the eye. Assuming uniform and planar edges of the antennas, the corresponding electric fields range from E 100nm ≈ 0.25 -1.0 × 10 8 V/m for (a) and from E 150nm ≈ 0.17 -0.7 × 10 8 V/m for (b). In the narrow sense, the precise electric field values are unknown, they will be highly dependent on the specific geometry of each nanoantenna. The effect of the electric field on the N-PL is noticeable in the case of (a), at around 4 volts (0.4 × 10 8 V/m) the nonlinear emission starts to decrease beyond the baseline indicated by a dashed line, the N-PL goes from ≈ 17 kcounts/s down to ≈ 14 kcounts/s roughly following the voltage trend. Contrarily, in the case of the nanoantenna (b), the electric field is not strong enough to have an effect on the N-PL. The N-PL signal oscillates around the baseline value. Furthermore, the instantaneous N-PL change rate with the voltage D V is extracted by calculating the derivative of the N-PL photon counts as a function of the applied voltage, i.e.
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D V = d(I N-PL )/dV (See 2.4.1(c)).
As expected for the antenna with the smaller gap, |D V | increases for voltages values comprised within 4 V V 7.5 V. For greater voltage values the rate diminishes until reaching D V = 0 which corresponds to a critical point and to the minimum N-PL value under the action of a ≈ 10 V potential. Notably, such critical point does not fully coincide with the voltage sweep inversion point (V = 10 V). Carefully looking at Fig. 2.4.1(c), it reveals a delayed response of the N-PL modulation with the electric field. Taking into account that the voltage varies at a rate of 1.25 V/s, the delay is roughly on the order of milliseconds in these experimental conditions, further discussions throughout this chapter will clarify this point. Comparatively in the case of the 150 nm gap nanoantenna, the change rate oscillates around the zero value with negligible values dictated by the noise in the signal.

As will be presented in the next sections, many factors influence the final impact of the electric field on the nonlinear emission. However, decreasing the gap size to dimensions below the critical size of 100 nm is crucial to get modulation of the N-PL. For instance, figure 2.4.2 shows another much clearer situation where the N-PL emission is drastically changed by the applied electric field in a nanoantenna with a gap of around 75 nm. In this case, the laser spot is again positioned at the gap region and the N-PL emission is recorded for 10 s while, instead of ramping the electric signal up, the electric field alternates between OFF (0 V/m) and ON (1.6 × 10 8 V/m) states. It is evident the sharp variation of the nonlinear emission as soon as the bias is activated at t = 4 s, the N-PL yield is increased from the base value I N-PL (E = 0) ≈ 280 kcounts/s up to I N-PL (E = E 0 ) ≈ 400 kcounts/s. The modulation depth ∆ N-PL (E = E 0 ) = 120 kcounts/s or 43% which is a much greater variation than before. The N-PL change is anew not immediate after the voltage is applied or withdrawn. The time trace of Fig. 2.4.2 demonstrates an asymmetric dynamics with slower response times when removing the electric field. At this stage of the discussion, let us review the implications of the results shown so far. Firstly, the data shows unequivocally the successful modulation of the N-PL in the vicinity of the optical antennas' gap by the simple effect of high electric fields across them, providing thus an external electrical handle to manipulate the nonlinear activity. Secondly, the underlying electrical mechanism responsible for modifying the N-PL occurs at a certain voltage threshold since there is no evidence of N-PL modulation for V < 4 V in the particular experiment 2.4. Controlling the Nonlinear Photoluminescence summarized in Fig. 2.4.1. However, many questions must be addressed. For instance, the modulation process has a relatively slow dynamics compared to the extremely fast intrinsic response time of the involved nonlinear optical processes [START_REF] Biagioni | Dynamics of four-photon photoluminescence in gold nanoantennas[END_REF][START_REF] Biagioni | Dependence of the two-photon photoluminescence yield of gold nanostructures on the laser pulse duration[END_REF]. Furthermore, the bias effect on the N-PL showed in fig. 2.4.1 is completely reversed with respect to the one showed in fig. 2.4.2. In the first case, the voltage weakens the N-PL emission whereas in the latter it induces an increment. This and some other issues will be further discussed throughout the chapter. Chapter 2. Electrical command of the linear and nonlinear responses of plasmonic antennas

The data obtained during the upward and downward sweep are reproducible indicating that neither the sampled voltage range nor the laser power irreversibly degraded the optical gap antenna. The dashed line is a linear fit to the data indicating that there is a proportionality between the amplitude of the bias and the nonlinear rate, a handle which may prove useful for realizing a commanded device.

The N-PL modulation efficiency is directly related to the exact location of the excitation beam with respect to the antenna feed gap. Typically, for a given bias voltage and gap size, the strength of the modulation strongly depends on the adjustment of the diffraction-limited observation area. Clearly, the N-PL rate and the electric signal are now out-of-phase, the N-PL is no longer enhanced by the electric field but suffers from a significant reduction of its rate compared to its steady state value at V = 0 V. Changing the sample position to favor the laser focus incidence on the point 'c' and then on the point 'd' brings the response back to the in-phase and out-of-phase situations respectively (see Fig. . This inversion of the N-PL modulation is systematically observed in several nanoantennas, the closer the focus is to the biased electrode, the more probable to get an in-phase response and vice versa. Such behavior suggests a process influenced by the symmetry of the system hence by the polarity of the field. 
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It is worth noting that the laser beam diameter exceeds the gap of the nanoantenna, meaning that both sides can be excited at the same time, then the observed modulation is the result of the addition of the two opposite responses and three different situations can occur: (i) both sides have inverted modulation depth (null net modulation), (ii) the biased side has better modulation (in-phase net modulation), (iii) the grounded side has better modulation (out-ofphase net modulation).

The second main observation points to the fact that the modulation strength will vary significantly depending on the excitation point as can be seen in Fig. 2.4. 4(a,b,c,d,e). When the laser focus is away from the gap region (point 'e') the modulation is absent. This suggests a process ruled by the high electric field generated at the vicinity of the gap region.

If the inversion of the N-PL modulation is symmetric with respect to the side of the nanoantenna, the same effect should be noticeable by inverting the electric field polarity while keeping the sample position fixed (overlapping the ground electrode). This is indeed the case depicted in Fig. 2 To summarize, the modulation of the N-PL happens at locations of the antenna with the highest DC electric fields. Furthermore, the N-PL yield is directly related to the excited electrode. This inevitably interrogates on the role played by the displaced free electrons under the action of the electric field and implies that, as in an electric capacitor, the accumulation and depletion of charges can be important.

Optical antenna as a nanocapacitor

By obvious reasoning, an electrically contacted optical gap antenna acts as a nanocapacitor, in which the developed electric field across the gap causes the accumulation and depletion of free electrons on the grounded and biased terminals of the nanoantenna, respectively. In a simplified treatment, as an electric field is applied, the charges will accumulate in a plane of zero thickness at the air/electrode interface near to the gap. In reality, it has been shown that the displaced charges occupy a finite space on the order of a few angstroms [START_REF] Lang | Theory of metal surfaces: induced surface charge and image potential[END_REF] and a capacitance correction factor is needed [START_REF] Black | Electric-field penetration into metals: consequences for high-dielectric-constant capacitors[END_REF]. Nevertheless, the well-known linear capacitance formula follows such approximation and is accurate enough for most of the structures. A quick calculation considering a parallel plates capacitor with an area of A = (80 × 50) nm 2 and a distance between the plates of d = 50 nm gives

C = 0 r A d = 1.8 × 10 -18 F (2.4.1)
Chapter 2. Electrical command of the linear and nonlinear responses of plasmonic antennas where 0 is the permitivity of free space and r is the relative permitivity of the dielectric medium between the plates. In this case, the terminals are on top of glass and their end faces are separated by air. Therefore, it is convenient to define an effective medium with eff = ( air + glass )/2 ≈ 2.5. More precisely, a modelization using finite element method (FEM) software package COM-SOL Multiphysics ® is developed in order to obtain the charge distribution inside the nanostructure (See Fig. Despite the apparent low values of |σ| (≈ 250 e -at the end face of the electrode), studies have demonstrated modification of nonlinear optical responses induced by surface charge densities as low as σ = 10 -3 C/m 2 [START_REF] Kumal | Determination of the surface charge density of colloidal gold nanoparticles using second harmonic generation[END_REF]. In that specific case, electric field induced second harmonic generation from colloidal gold nanoparticles in water is changed by the addition of salt solutions and consequently by the surface charge density variations.

Going back to the capacitance of the nanoantenna, we can precisely compute it using the COMSOL Multiphysics ® model which results in C = 6.5 × 10 -18 F and is very close to our approximative calculation. The total induced charge per volt is then around 7 aC.

Again, calculating the capacitance at the nanoscale has several implications not taken into account in this simplified model. Additionally, in the calculations of C a perfectly smooth shape is assumed which is not totally true. However, it is possible to consider the accumulation of charges at the gap region as the main responsible for the N-PL modification.
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In this context and in accordance with a charge-discharge mechanism, the resulting response time of the process will be a-priori the convolution of the resistance-capacitance (RC) time constant τ C of the circuit, the response time of the instruments and detectors τ IRF and the intrinsic response time of the nonlinear photoluminescence τ N-PL . It is possible to estimate the response time of the system and thus τ C with the nominal impedance. In this respect, R = 50 Ω and therefore τ C = R • C = 0.3 fs.

Response time of the N-PL modulation

Nonlinear photoluminescence is the result of very fast mechanisms. Two-pulse correlation and pulse duration dependence experiments on N-PL confirm its sub-picosecond dynamics (τ N-PL < 1 ps) [START_REF] Biagioni | Dynamics of four-photon photoluminescence in gold nanoantennas[END_REF][START_REF] Biagioni | Dependence of the two-photon photoluminescence yield of gold nanostructures on the laser pulse duration[END_REF]. On the other hand, the instrument response function (IRF) of the detectors is around a few nanoseconds. Additionally, the total response time of the system is limited by the electronic response time of the electrical components used which should be in the nanosecond scale too.

To explore the latency of the modulation, the response of the N-PL is recorded while a train of 10 V pulses with different durations are activated (See Fig. 2.4.7). Here, the evolution of the N-PL is monitored as the pulse duration increases starting at t pulse = 30 ms. Each color represents an increment of 10 ms, the darker the color the longer the pulse duration. Surprisingly, the amplitude of the modulation is highly affected by the pulse duration until it reaches an asymptotic value around t pulse = t t = 130 ms. This indicates that pulses shorter than such threshold value are not long enough to completely boost the N-PL, pointing inevitably to a relatively slow process with a response time τ ∆ > t t .

To go further, standard pulse measurements like the N-PL rise time, fall time and pulse width are performed as shown in Fig. 2.4.8. In the case of in-phase modulation, the rise time t rise is defined as the amount of time that N-PL takes to go from low to high values once the voltage is applied. Contrarily, the fall time t fall is the amount of time it takes to go from the high to the low values once the voltage is withdrawn. Both quantities are measured from 10% to 90% in the case of N-PL rising and from 90% to 10% in the case of falling. This helps to eliminate any irregularities at the pulse's transition corners. For illustration purposes, the blueand red-shaded areas in the Fig. 2 The observed N-PL pulses are asymmetric in shape, i.e. the time it takes to activate the N-PL change (t rise in this case) is much shorter than the time it takes to relax back to its initial electric field-free value (t fall ). Averaging the calculated rise and fall times for the time trace shown in Fig. 2 evaluates the change on the N-PL FWHM with the electric pulse duration. For t pulse t t , the FWHM of the N-PL shows some instability due to the relative short duration of the electric pulse. However, as expected, it increases with t pulse and follows a trend close to 80% of the electric pulse duration.

When the modulation is out-of-phase, i.e. the ON-state quenches the signal, the asymmetry of the N-PL pulses reverses and τ fall < τ rise as illustrated in Fig. 2 
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Although rise and fall times are longer in this quenched modulation case (τ fall = 56 ms ; τ rise = 260 ms), the slower response time is clearly always associated to the settle down of the N-PL when the voltage goes to 0 V. In general, the response time of the N-PL modulation is in the range of tens of milliseconds which is much longer than the time constants of the system elements (τ C ,τ N-PL ,τ IRF ). Different parameters like the particular shape of the nanoantenna or the laser power considerably affect the latency of the modulation. Low laser powers lead to very slow response times reaching in some cases a timescale of seconds. A direct comparison between two incident laser powers is shown in Fig. 2.4.10. The top graph corresponds to the time trace of the N-PL for the higher power case and is very similar to the modulated N-PL signals shown before with sub-second response times. Conversely, the bottom graph shows the lower power case which, interestingly, displays very long τ rise . Once the voltage is applied (t ≈ 5 s) the N-PL signal is rapidly quenched, however, the ON-OFF switching in the bias signal (5 s < t < 10 s) does not return the N-PL signal back to its initial value but after several seconds with no voltage applied (t ≈ 14 s). Both data sets were subsequently acquired at the same position on the nanoantenna and under the same bias conditions. In other words, the different response times are unequivocally a direct consequence of the change on the excitation power. The results showed above with different modulation time responses suggest that the kinetics of the N-PL modulation mechanisms is driven by a combination of fast and slow processes. The first hypothesis that would match such slow processes points to temperature or electrostriction effects. Furthermore, the dielectric nature of the substrate could allow charge trapping effects which certainly change the electrostatic mechanisms presented in section 2.4.2. Final sections of the chapter systematically compare and rule out some of these aspects.

Continuing with the laser effects on the modulation, let us now explore the consequences of the variation of the polarization on the N-PL modulation efficiency.
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Excitation polarization. Another degree of control

The N-PL modulation is examined as a function of the polarization angle of the incident laser beam. Figure 2.4.11 shows the recorded N-PL under the effect of a squared electric signal systematically varying from 0 V to -20 V (|E 0 | ≈ 2 × 10 8 V/m). The incident polarization is gradually changed from parallel to perpendicular with respect to the nanoantenna orientation. In principle and regardless of the DC field, the maximum N-PL intensity enhancement is reached when the incident laser field orientation matches the plasmon resonances of the excited nanostructure [START_REF] Ghenuche | Spectroscopic mode mapping of resonant plasmon nanoantennas[END_REF][START_REF] Mühlschlegel | Resonant optical antennas[END_REF]. Such resonances are nontrivial given the fluctuations of the geometry imparted by the nanofabrication process.

Moreover, a careful look at the N-PL evolution with the polarization reveals changes on the relative modulation depth ∆ r for different laser polarizations. More efficient N-PL yield does not necessary induces stronger modulation or vice versa. ∆ r varies in the range of ≈ 19% -30% with respect to the field-free value. On the other hand, the absolute variation of the N-PL emission remains practically constant (≈ 50 counts/s), however this figure is indicative. A large variability has been observed depending on the nanoantenna and also between positions of the laser focus at the same nanoantenna.

It is worth noting the persistence of the phase between the N-PL modulation and the electric field, i.e. the N-PL intensity increases every time the electric field is activated (in-phase). This is not always the case and variations in the polarization of the incident laser beam have shown to induce, under some conditions, a phase-shift from in-phase to out-of-phase or vice versa. The explanation lies on the symmetry of the system and the extension of the excitation point. Turning the polarization can activate resonances on one side of the nanoantenna enhancing the nonlinear response and reduce or completely suppress it on the other side. Once again, such variation in response to a change in the excitation polarization suggests a localized process strongly affected by the resulting landscape of the N-PL emission. In the next, some possible underlying mechanisms of the N-PL modulation are proposed from different perspectives.

Nonlinear photoluminescence modulation mechanisms

Nonlinear photoluminescence modulation mechanisms

Deciphering the N-PL electrical modulation implies taking into account several processes. Starting with the photon absorption (hot electrons generation) and proceeding then with the resulting broadband hot electron emission, the different underlying mechanisms and the possible consequences of carrier density changes are overviewed and contrasted in the following. Extrinsic processes possibly affecting the N-PL yield like mechanical or charging effects occurring on the metal as well as in the glass substrate are also considered.

Possible effects on the hot carriers generation

The generation of hot carriers takes place following absorption in metals. As a matter of fact, let us start by contemplating the scenario where the absorption efficiency is modified by the action of a DC field. As shown in Sec. 2.4.2 such electric field forms a nanocapacitor and induces a relatively high concentration of electrons and holes at the very end of the structures probably affecting the light matter interaction.

There are basically four absorption mechanisms [START_REF] Khurgin | How to deal with the loss in plasmonics and metamaterials[END_REF]: interband absorption, electronelectron scattering assisted absorption, phonon and defect assisted absorption and surface collision assisted absorption or Landau damping. Out of all these mechanisms, only the last two actually generate efficiently energetic enough hot carriers [START_REF] Khurgin | How to deal with the loss in plasmonics and metamaterials[END_REF][START_REF] Khurgin | Hot carriers generated by plasmons: where are they generated and where do they go from there? Faraday Discussion[END_REF]. Figures 2.5.1(a,b) depict these two absorption processes in a simplified band structure of a metal. Both figures show two states ( 1○ and 2 ○) with different momenta k 1 and k 2 and energies E 1 and E 2 respectively. The difference in momentum between these two states is too large to be supplied by a SPP or a photon, thus momentum must be provided by a defect or a phonon K ph (Fig. 2 Both the surface-induced Landau damping rate as well as the electron-phonon scattering rate (thermalization time) depend on the free electron density. That is, the increased (decreased) surface charge leads to enhanced (reduced) electronic interactions. For instance, small particles show greater scattering rates compared to larger particles due to the higher surface to bulk ratio where the screening of electrons is lower [START_REF] López-Bastidas | Hot-electron dynamics at noble metal surfaces[END_REF]. Furthermore, the spatial distribution of surface charges in nanospheres quantitatively affects the thermalization rate [START_REF] López-Bastidas | Thermalization time of noble metal nanoparticles: effects of the electron density profile[END_REF].

The considerations mentioned above partially validate the electric-field driven modified absorption hypothesis. Nevertheless, the vast majority of the irradiated bowtie is not affected by the electric field and thus by the surface charge density changes. Studies of gold surfaces Chapter 2. Electrical command of the linear and nonlinear responses of plasmonic antennas under the influence of an external field show a strong dielectric response thanks to the large density of states at the Fermi level, charges screen very effectively the external electric field. Therefore, the field is barely felt by the second atomic layer of the surface [START_REF] Binh | Atomic metallic ion emission, field surface melting and scanning tunneling microscopy tips[END_REF][START_REF] De Knoop | Electric-field-controlled reversible order-disorder switching of a metal tip surface[END_REF]. Besides, an ultrashort laser pulse falling on a metal surface is partially absorbed producing hot electrons in a thicker skin layer (several nanometers depth) [START_REF] Lugovskoy | Ultrafast electron dynamics in metals under laser irradiation[END_REF] which certainly limits and discards a major effect of the static electric field on the absorption processes.

Immediately after the electrons are promoted to energies far above the Fermi level, various relaxation processes occur. First, electron-electron scattering between electrons above and below the Fermi level leads to thermalization of the hot electrons in a scale of tens of femtoseconds. Following thermalization, the electronic temperature equalizes the lattice temperature via acoustic phonon emission in the picosecond scale [START_REF] Saavedra | Hot-electron dynamics and thermalization in small metallic nanoparticles[END_REF][START_REF] Rashidi-Huyeh | Thermal response of nanocomposite materials under pulsed laser excitation[END_REF]. Such dynamics implies that electrons remain "hot" for some time and as such they can radiate as a blackbody. In this context, the question of the static electric field affecting the emission rather than the absorption process emerges. Additionally and contrarily to absorption, the emission process is restricted to the surface of the structure, therefore it is more sensitive to surface charge density changes. Allow us now to assume that the absorbed energy does not depend on the bias, i.e. the dielectric permittivity remains unchanged under the action of the DC electric field. In this perspective, the change on the N-PL efficiency would come from fluctuations on the effective electronic temperature. Perner et al. show in [START_REF] Perner | Optically induced damping of the surface plasmon resonance in gold colloids[END_REF] that the electronsurface scattering rate is strongly enhanced as the electronic temperature increases. This is mainly due to the high density of initial (populated) and final (unpopulated) states at the same energy. This is again emphasized in the work of Kanavin et al. [START_REF] Kanavin | Heat transport in metals irradiated by ultrashort laser pulses[END_REF] where the energy dynamics in a metal under ultrashort laser excitation is treated from the two-temperature model approach. Interestingly, electron-phonon and electron-electron collisions become important in the high electronic temperature regime. Furthermore, the electronic temperature T e at an instant t shows to be directly affected by the electron density N e , i.e. [START_REF] Kanavin | Heat transport in metals irradiated by ultrashort laser pulses[END_REF] 

T e ≈ F T F N e v F √ ε F t (2.5.1)
where F is the laser fluence, and T F , ε F and v F are the Fermi temperature, energy and velocity respectively. Naturally, the electron density must also affect the SHG emission. However, SHG mechanisms are considerably different and the influence of the carrier density, in the context presented here, is rather limited as confirmed by our experiments.

Applying the static electric field across the nanoantenna gap modifies the electron density 2.5. Nonlinear photoluminescence modulation mechanisms N e . At the same time, the femtosecond laser pulse creates a hot electron gas at T e . Depending on the irradiated electrode there is an asymmetry in the reached electronic temperature, the biased side with a lack of electrons is "hotter" at the gap interface than the grounded side which has an excess of carriers. This situation is better exemplified in Fig. 2.5.2, the energy levels are displaced by the action of the voltage difference between the two electrodes. The charges accumulate within the Thomas-Fermi screening length or the Wigner-Seitz radius [START_REF] Herrera | Plasmon response and electron dynamics in charged metallic nanoparticles[END_REF] (a very few atomic layers at most) and have a direct effect on the nanoantennas' emitted N-PL. Furthermore, this is in full agreement with the spatially-and field polarity-sensitive N-PL modulation shown in Fig. 2.4.4 and 2.4.5 respectively. There, excitation favoring the biased electrode (lack of electrons) induces higher N-PL emission, whereas pointing at the grounded electrode (excess of electrons) reduces the yield. Now, recalling figure 1.4.6(b), there is a highly nonlinear dependence of the spontaneous emission intensity as a function of the electronic temperature, relatively small variations of T e may then lead to strong variations on the N-PL intensity. In this respect, an important aspect obviously concerns the electronic temperature under different bias conditions.

Spectral changes of the N-PL with the electric field

The N-PL spectrum is recorded under different electrical stress conditions in the gap region of the antenna. More specifically, figure 2.5.3 compares the N-PL broadband emission in the range of 500 nm < λ < 650 nm when a 10 V potential and when no bias are applied. The integration time here is t = 500 µs and the incident power is fixed at 1 GW/m 2 at the focus of the laser. Increasing the voltage produces a consistent increase of the N-PL intensity. In connection with the arguments presented just before, second harmonic generation peak remains constant for both cases (see inset). According to Planck's law, the spectral radiance I(λ, T e ) of a blackbody is given by

I(λ, T e ) = Υ 2hc 2 λ 5 1 e hc/λk B Te -1 (2.5.2)
where c is the speed of light and Υ is a specific parameter that encodes the emissivity of the material and the tooling factor. A simple fitting model allows to estimate the electronic temperature by adjusting the relative intensity of the spectra giving temperatures of T e (0 V) = 1619.6 K and T e (10 V) = 1648.9 K for the unbiased and biased cases respectively. Moreover, both

Chapter 2. Electrical command of the linear and nonlinear responses of plasmonic antennas temperatures are in the same order of magnitude as previously reported values for electronic temperatures reached after pulsed laser excitation [START_REF] Haug | Hot-electron intraband luminescence from single hot spots in noble-metal nanoparticle films[END_REF][START_REF] Schoenlein | Femtosecond studies of nonequilibrium electronic processes in metals[END_REF][START_REF] Agranat | Thermal emission of hot electrons in a metal[END_REF].

As expected, small changes in T e (∆T e ≈ 30 K) produce noticeable variations of the light intensity. In addition, limiting the electronic temperature dependence to the electron density using Eq. 2.5.1 gives a rough estimation of the necessary additional charge ∆N e to produce such temperature variations. A quick calculation results in ∆N e ≈ 1 e -/nm 3 which can be extended to a surface charge density and the resoning is based on the assumption that the carriers are restricted to the Thomas-Fermi screening length for gold r TF (Au) = (3π 2 N e ) 1/6 π 4m e e 2 ≈ 1 2

a 3 0 N e 1/6 = 0.06 nm (2.5.3)
where a 0 is the Bohr radius and m e and e are the electron mass and charge respectively. Correspondingly, the surface electron density within r TF is then

∆N e TF = ∆N e × r TF = 9.6 × 10 -3 C/m 2 (2.5.4)
Interestingly, this value is very close to the surface charge calculations for the bowtie nanocapacitor of Sec. 2.4.2 (σ ≈ 10 -2 C/m 2 ). This result has to be carefully analyzed given that, besides T e , the complete electronic dynamics of the metal is affected by the carrier density. However, it provides a referential point of comparison and locates the hot-electron modulation hypothesis within the framework of physically possible dynamics.

Delayed N-PL response by a trap charging effect

As repeatedly explained throughout the chapter, N-PL involves very fast processes (femtoseconds scale). In contrast, already shown experimental data reveals at least two different time responses, one of them producing a relatively delayed latency of the N-PL modulation. Inevitably, such dynamics hints the presence of additional mechanisms not taken into account so far. For instance, charge trapping mechanisms have shown to increase the response time of many processes. In fact, second harmonic generation in Si -SiO 2 interfaces is strongly affected by the carrier trapping and detrapping dynamics [START_REF] Mihaychuk | Time-dependent secondharmonic generation from the si-sio 2 interface induced by charge transfer[END_REF]. Notably, a femtosecond level process like SHG [START_REF] Pantazis | Second harmonic generating (shg) nanoprobes for in vivo imaging[END_REF] is modulated in a time scale of several seconds. It is then worth highlighting the dielectric nature of the substrate and the possibility of charge trapping at the glass (SiO 2 ) and at the metal-glass interface due to the high electrical stress applied on the nanoantennas.

Traps are generated by charge carriers under high electric fields which can brake the interatomic bonds. These and other structural defects introduce energy levels to the glass and act as a potential well capable of trapping charge carriers. In spite of the insulating nature of the glass, during stress there is a chance of electron transport and injection to occur in the oxide followed by the generation of traps and negative or positive charge trapping. In fact, these processes involve different conduction mechanisms well summarized in the work of [START_REF] Maneglia | Analyse en profondeur des défauts de l'interface Si-SiO2 par la technique du pompage de charges[END_REF] and briefly introduced below (see Fig. 2.5.4).

Primarily, Fowler-Nordheim tunneling (i) occurs when electrons with energy lower than the height of the metal-glass barrier tunnel through it when the electric-field intensity is strong enough. All along this process, the charge carriers also exchange energy with phonons. In the case of electrons with energies above the barrier, i.e. hot electrons produced by the high laser peak power, they can penetrate into the glass in a process known as thermionic emission (ii). Likewise, the Poole-Frenkel effect (iii) allows the slow movement of electrons by local thermionic emission when their energy is higher than the barrier between two trap sites. Direct tunnel emission (iv) instead, takes place when the electrodes separation is sufficiently thin In this scenario, there is a non-negligible possibility that the trapped charges in the substrate would affect the local static electric field across the gap and hold the surface charge density (screening charges) in the gold electrodes for a longer period of time. In an effort to minimize the substrate influence, air-suspended nanoantennas were fabricated. Nonetheless, different issues limited their implantation in the electro-plasmonic device.

Another phenomenon explaining the N-PL modulation by a DC field and that would match the slow response time is obviously the morphological modification of the nanoantennas. On the one hand, glass electrostriction occurring at the substrate is discarded given that it is proportional to the square of the electric field strength [START_REF] Smith | Electrostriction enhancement in metamaterials[END_REF] which is incompatible with the observed asymmetry of the modulation with respect to the field polarity. On the other hand, induced surface changes on the gold structures constitutes a possibility that cannot be a priori ignored.

Electric field-induced surface modification and the optical nonlinearities

Plasmonic processes are very sensitive to the surface characteristics [START_REF] Lumdee | Effect of surface roughness on substrate-tuned gold nanoparticle gap plasmon resonances[END_REF], changes on the surface state can greatly enhance the surface interactions. Furthermore, as demonstrated by Boyd et al. in 1986, weak N-PL signal can be enhanced by several orders of magnitude when generated at roughened metal surfaces [START_REF] Boyd | Photoinduced luminescence from the noble metals and its enhancement on roughened surfaces[END_REF].

Surface roughness is obviously affected by the temperature, in fact, surface melting and surface roughening are very related, both implicate a disordering of the surface layers. Additionally, external electric fields have also shown to change the surface features. For example, the outermost atomic layers of gold nanocones are distorted in the presence of a very strong electric field at room temperature [START_REF] De Knoop | Electric-field-controlled reversible order-disorder switching of a metal tip surface[END_REF]. The process is totally reversible, the surface atomic structure of the surface returns back to its initial position within a few seconds once the bias is withdrawn. Simulations by the same group in gold nanoparticles lead to shape elongation along with the disordering of atoms at the surface forming defects and confirming a surface roughening effect.
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Comparing with our observations, this process occurs under considerably higher electric fields (> 10 V/nm). However, the structure of the nanoantennas is not perfectly smooth and nanometer-sized apexes show to strongly enhance the local electric fields [START_REF] De Knoop | Determining the work function of a carbon-cone cold-field emitter by in situ electron holography[END_REF]. Moreover, the combination of high temperatures and strong electric fields shows to change the surface structure too [START_REF] Binh | Atomic metallic ion emission, field surface melting and scanning tunneling microscopy tips[END_REF], the interplay between the laser incidence and the DC electric field is then relevant.

Still, surface or morphological changes should induce strong variations of the second harmonic generation which is highly sensitive to the surface configuration. As shown before in Fig. 2.5.3 this is not the case and it is again confirmed by Fig. 2.5.5 which simultaneously compares the appropriately filtered signals of N-PL and SHG emitted from the gap region while applying a squared voltage function varying from 0 -7 V. Clearly, N-PL is largely modulated from ≈ 25 kcounts/s up to ≈ 40 kcounts/s whereas SHG remains under the noise threshold with no noticeable variation. Hence, the question about the modulation mechanisms seems to inevitably point to the intrinsic dynamics of the N-PL phenomenon influenced and delayed by the charging mechanisms occurring in the glass substrate.

In the seek of evidence about the control of plasmonic properties by electrical means, let us focus now on the linear light scattering response of the device which, besides, provides an added value in terms of operation versatility. The reasoning behind is based on the fact that the influence of the linear optical properties on the nonlinearities is well established and supported by several experimental studies. A key question points then to the relationship between the N-PL modulation and the linear optical response of the gold nanoantennas.

Electrical control of the dark-field linear scattering

The first observation of a relationship between linear and nonlinear optics dates back to the 1960s when Miller established an important relation between the linear and nonlinear optical susceptibilities widely known as Miller's rule [START_REF] Boyd | Nonlinear optics[END_REF]213]. He empirically found that the ratio between the second order nonlinear susceptibility and the product of linear susceptibilities of a material is nearly constant. This rule holds for coherent signals and a wide variety of materials including noble metals [START_REF] Matranga | Absolute intensity measurements of the optical second-harmonic response of metals from 0.9 to 2.5 ev[END_REF]. It is based on the anharmonic oscillator description of nonlinearities [START_REF] Garrett | Miller's phenomenological rule for computing nonlinear susceptibilities[END_REF]. In the field of plasmonics, several efforts have been made in different systems to relate the nonlinear and linear far-field properties at the fundamental and converted wavelengths [START_REF] Metzger | Third harmonic mechanism in complex plasmonic fano structures[END_REF][START_REF] Hentschel | Quantitative modeling of the third harmonic emission spectrum of plasmonic nanoantennas[END_REF]. Moreover, a linear-nonlinear hybrid method known as nonlinear effective susceptibility method has been already proposed to relate the nonlinear conversion efficiency 2.6. Electrical control of the dark-field linear scattering of a plasmonic system to its linear near-field properties [START_REF] O'brien | Predicting nonlinear properties of metamaterials from the linear response[END_REF][START_REF] Butet | Evaluation of the nonlinear response of plasmonic metasurfaces: Miller's rule, nonlinear effective susceptibility method, and full-wave computation[END_REF]. However, the relationship between linear and nonlinear optical responses in the framework of plasmonics is affected by the emission characteristics and intrinsic optical resonances given by the particular device geometry. Moreover, as pointed out in Sec. 1.4.1.1, nonlinear susceptibilities calculations are still ambiguous and lack precision.

In an effort to relate linear and nonlinear plasmon-mediated processes and motivated by the successful modulation of gold N-PL, the linear response of the same optical antennas subjected to static electric fields is explored in the following.

Spectral measurements using dark-field microscopy techniques are performed to explore the action of the electric field on the optical linear response of the nanoantennas. Dark-field microscopy is a technique that allows to exclusively collect the light scattered from the sample features. There are mainly two microscope configurations for dark-field, one based on reflection and another based on transmission. In both setups, broadband light passes through a condenser which produces a hollow cone of light focused at the sample. Evidently, to have the full spectral response of the nanoantenna a broadband source is necessary. In the transmission setup, in order to collect only the scattered light and filter the excitation light out, the objective on the other side of the sample must have smaller numerical aperture than the innermost components of the light cone produced by the condenser. In the case of a reflection configuration, the same objective serves to excite and collect the response.

In our particular measurement setup, transmission dark-field microscopy is carried out using the built-in tungsten halogen lamp of a Nikon Eclipse TE2000-U inverted microscope (T-DH dia-illuminator) which is focused on the sample surface by a Nikon 0.80-0.95 NA dark-field condenser. The scattered light from the nanoantennas is then collected using a Nikon variable aperture (NA = 0.5-1.3) 100x oil immersion objective. The position of the condenser is adjusted such that the array of nanoantennas on one side of the device is illuminated homogeneously. A polarizer is introduced in the excitation path and is oriented such that the scattering in the gap of the nanoantennas is maximum. The collected scattered light is then sent to the spectrometer as shown in the setup section (Sec. 2.3.2).

The spectral set in Fig. 2.6.1 shows the typical dark-field spectra of a biased nanogap as the voltage is increased/decreased. As emphasized in section 1.2.5, the resonance varies depending on the specific geometric features and nanoscale variations in the geometry. Chapter 2. Electrical command of the linear and nonlinear responses of plasmonic antennas

In principle, smaller gaps should lead to slightly redder resonances. The second observation is the damping of the scattering intensity at λ ≈ 510 nm. Previous studies have attributed it to the pronounced interband transition of gold in this spectral range where the absorption and therefore the Ohmic losses become important [START_REF] Wissert | Nanoengineering and characterization of gold dipole nanoantennas with enhanced integrated scattering properties[END_REF]. Note that an accurate description of the dark-field spectra from every nanoantenna is a difficult task given the different scattering features they can have. Figure 2.6.1 systematically shows changes on the dark-field spectra of a biased nanoantenna as the voltage is varied. The voltage is ramped up from 0 -10 V just before being ramped back down to zero in 1 V steps (See inset). Only even values of the applied voltage are shown to have a better view. Every spectrum is the averaged result of five successive acquisitions for each voltage value. The changes on the dark-field spectra are restricted to the intensity, there are no apparent spectral shifts. Recalling section 1.2.5 and Mie theory, the plasmon resonance position is ruled by the real part of the dielectric function while the resonance linewidth or full width half maximum (FWHM) is controlled by the imaginary part [START_REF] Mie | Beiträge zur optik trüber medien, speziell kolloidaler metallösungen[END_REF].

Additionally, Fig. 2.6.1(b) presents the cross sections of Fig. 2.6.1(a) at a fixed λ = 650 nm. The changes on the scattering intensity are confirmed, the higher the voltage, the higher the linear scattering.

Recalling the last sections, the observed nonlinear optical response is usually delayed by a few tenths of milliseconds (seconds in some experimental conditions). This is again the case for the linear scattered light. If we compare the ramping up and down of the voltage both curves differ in intensity as the voltage is set back to zero. The change rate when ramping the voltage up is 0.78 V -1 while ramping it down is 0.40 V -1 which roughly represents half of the rising change rate. This is a direct consequence of the slow time response, the system takes some time to get back to its precedent values once the electric field stress is reduced (descending voltage). The possible mechanisms behind this slow response time can be again linked to a charge trapping-detrapping phenomenon due to the high DC electric fields applied.

The changes on the spectra are a direct and exclusive consequence of the applied bias and the validation is presented in the following (see Fig. 2

.6.2).

With the spectrometer in image mode and the diffraction grating at the zero-order reflection (the angle of incidence equals minus the angle of diffraction), the sampling region is positioned in an attempt to simultaneously capture the dark-field scattering of a maximum number of nanoantennas per measurement round. By aligning all their gaps with the slit aperture of the spectrometer, the effect of the DC field in a particular nanoantenna can be properly compared with other nanoantennas where no bias is applied. The nanoantennas are sufficiently distant thus the scattered light can be easily discriminated for each nanoantenna. Frames i and ii of Fig. 2.6.2 show real dark-field images of a different nanoantennas set. A coarse adjustment is made with the slit aperture broadly open (frame i), then the aperture is reduced to finely position the gap in the middle of the slit and exclude the scattered light from the surrounding structures (frame ii). The slit aperture is lastly closed at 200 µm. The position of the individual nanoantennas is given by the y-axis whereas the spectral scattering intensity is indicated by the pixel color (jet color scale) as a function of the photon wavelength between 500 nm and +1000 nm (x-axis). The dark-field spectra are integrated over 500 µs. The incident light polarization is along the gaps. All the measurements are corrected for the spectral characteristics of the excitation light source but not that of the detectors. Going back to the electrical control of the nanoantennas optical response, an electric field is now applied exclusively through the gap of the nanoantenna 'd'. Figures 2.6.2(b,c,d,e,f,g) show the respective binned and averaged spectrum for every nanogap in the 600 nm -800 nm wavelength range in two situations: when no bias is applied and during the action of a -10 V potential on nanoantenna 'd'. The spectral lines corresponding to the particular scattering of each nanogap are separated and integrated. The shape of the spectra is very similar evidencing the structural resemblance among them. However, the changes on the spectra only manifest on the nanogap under the effect of the -10 V potential, i.e. nanoantenna 'd' which exhibits a reduced scattered light intensity. The rest of the nanogaps spectra remain unchanged discarding any sample drifting, defocussing or additional perturbations. A systematic study confirms this effect for several nanogaps.

It is worth noting the opposite effect of the electric field on the scattered light if compared to the spectra of Fig. 2.6.1. Although it seems a priori consistent with a change of the field polarity, the response should be polarity-independent given the extension of the studied area. In other words, the detector is ideally collecting the optical response from the center of the gap where the studied feature is symmetric. In reality, the resolution of the camera does not allow high-precision adjustment of the nanoantennas to match the exact center of the spectrometer slit and therefore different polarities can lead to opposite behaviors.

Although both the linearly scattered light and the nonlinear photoluminescence are modulated in the same device by practically identical electric fields the mechanisms behind both processes are fundamentally different. Evidently, in this situation, hot electrons are not playing any role. Nonetheless, it seems plausible to anew consider the surface density charge change as the main responsible. Macroscopically, from a simplified point of view, an effect similar to that of ref. [START_REF] Kalathingal | Scanning tunneling microscope light emission: Effect of the strong dc field on junction plasmons[END_REF] and the STM tip-sample system showed in Sec. 2.2.1 is taking place. The dielectric function of the metal is altered in a small volume where the carrier density is Chapter 2. Electrical command of the linear and nonlinear responses of plasmonic antennas most largely modified. The underlying mechanisms are probably related to a local change in the plasma frequency or in the number of electrons participating in the optical interaction as already suggested by [START_REF] Kalathingal | Scanning tunneling microscope light emission: Effect of the strong dc field on junction plasmons[END_REF].

Conclusion

An electro-plasmonic device based on gold optical gap antennas and capable of modulating linear and nonlinear optical responses of the metal was successfully fabricated. The nanofabrication protocol using UV and e-beam lithography techniques to produce this device, and the nanostructures studied throughout this thesis, were presented. The experimental setup and the implementation of experimental techniques like nonlinear confocal microscopy and dark-field microscopy to operate and characterize the device were detailed.

Most importantly, the effect of strong static electric fields on the nonlinear photoluminescence emission and the linear scattering response of gold optical gap antennas has been deeply studied. Throughout the chapter, different experiments confirmed the successful electrical modulation of both phenomena. The strength of the electric field applied across the gap of the nanoantennas defined the modulation depth, the stronger the field the more important the N-PL change. Another parameters like the laser power, the incident polarization, the specific nanoantenna morphology as well as the localization of the excitation spot showed to affect the N-PL response too. Depending on the position of the laser and the polarity of the electric field with respect to the constituent electrodes of the nanoantennas, N-PL emission dropped or rose with the modulus of the electric field, unequivocally implying an asymmetric process highly sensitive to the emission localization. Modeling the optical antenna as a nanocapacitor highlighted the possible effects of the surface charge density modifications on the N-PL response. Furthermore, different processes probably leading to N-PL modification with the static electric field were explored. Based on the thermal radiation occurring after NIR pulsed laser radiation upon noble metal structures, the influence on the absorption mechanisms generating hot electrons as well as on the subsequent broadband nonlinear emission were considered. Experimental data suggested that the emission yield is highly dependent on the carrier density which strongly modifies the thermalized electronic temperature.

Finally, due to the relatively slow response time of the N-PL modulation, additional mechanisms taking place on the dynamics of the process are considered. Mechanical and charge trapping effects resulting from the high electrical stress are systematically contrasted. However, several mechanisms may be simultaneously involved and interrelated in a very complex way.

In the next chapter, the successful generation of N-PL on gold nanostructures microns away from the excitation point is presented. Going a step further, electrical modulation of this delocalized emission is also achieved.

CHAPTER 3

Nonlinear optical transport in plasmonic nanowires

Introduction

Small objects such as nanoparticles or the bow-tie antennas presented in chapter II feature nonlinear responses which are spatially restricted to the excitation region provided by a focused laser beam. Pumping of extended plasmonic structures leads to a significantly different situation. Thanks to the enhanced electromagnetic field associated with surface plasmon propagation and its scattering at defects and terminations, nonlinear signals are no longer confined to the excitation area, but are now distributed throughout the entire structure [START_REF] Viarbitskaya | Delocalization of nonlinear optical responses in plasmonic nanoantennas[END_REF][START_REF] De Hoogh | Harmonics generation by surface plasmon polaritons on single nanowires[END_REF][START_REF] Kumar | Designing plasmonic eigenstates for optical signal transmission in planar channel devices[END_REF]. These responses may take different natures including incoherent and broadband nonlinear continuum emission, i.e. N-PL.

An obvious consequence of this delocalization is the possibility to transport nonlinear optical signals in complex devices via an engineering of the underlying surface plasmon modal landscape [START_REF] Viarbitskaya | Tailoring and imaging the plasmonic local density of states in crystalline nanoprisms[END_REF]. Despite repeated successful observations of delocalized optical nonlinearities [START_REF] Viarbitskaya | Delocalization of nonlinear optical responses in plasmonic nanoantennas[END_REF][START_REF] De Hoogh | Harmonics generation by surface plasmon polaritons on single nanowires[END_REF], the mechanisms responsible for the spatial extension remain unclear and no attempts have been made to locally describe and characterize the nonlinear transport. In this context, a particularly interesting model structure is a simple metal nanowire. Nanowires are considered as suitable candidates for sub-wavelength confining, tailoring and guiding optical signals in highly integrated optical circuits [START_REF] Ozbay | Plasmonics: Merging photonics and electronics at nanoscale dimensions[END_REF][START_REF] Gramotnev | Plasmonics beyond the diffraction limit[END_REF][START_REF] Lal | Nano-optics from sensing to waveguiding[END_REF] and its plasmonic modal decomposition is easy to predict [START_REF] Song | Colas des Francs. Imaging Symmetry-Selected Corner Plasmon Modes in Penta-Twinned Crystalline Ag Nanowires[END_REF][START_REF] Johns | Dynamics of surface plasmon polaritons in metal nanowires[END_REF]. Importantly, the different spatial distributions of the nonlinear continuum along a nanowire provide different advantages. For instance, the local response may be used as a spectral probe to detect absorbing species within an extremely compact detection area. Metal nanowires have already been deployed to remotely excite and detect various optical processes like Raman scattering [START_REF] Coca-López | Remote excitation and detection of surface-enhanced raman scattering from graphene[END_REF][START_REF] Dasgupta | Dual-path remote-excitation surface enhanced raman microscopy with plasmonic nanowire dimer[END_REF] and up-converted luminescence from a distant crystal [START_REF] Prymaczek | Remote activation and detection of up-converted luminescence via surface plasmon polaritons propagating in a silver nanowire[END_REF]. Also, and unlike standard phase-matched nonlinear processes occurring in dielectric waveguides (e.g. fibers) requiring a dispersion engineering of the index of refraction and thus very long propagation distances (>> λ), the continuum generated by the plasmon-induced nonlinearity is formed in an extremely local interaction area (<< λ). Such continuum may also have several applications in a nanowire-based circuitry as a wavelength converter process.

In this direction, the present chapter aims at developing novel strategies to route surface plasmon polaritons in one-dimensional metallic nanowires waveguides. Most importantly and in line with chapter II, we continue to seek the development of electrically active linear and nonlinear functionalities with reduced dimensionality. Specifically, a complete space-resolved analysis of the spectral signature of the broadband nonlinear up-converted emission in gold nanowires 3.2. Fabrication techniques and nonlinear wide-field microscopy (AuNWs) is carried out to understand the origin of the spatially distributed nonlinear response. We systematically explore and discuss various mechanisms to explain the experimental data and unambiguously demonstrate that the spatial and spectral extension of the N-PL in the nanowire are mainly dictated by the propagation of a surface plasmon excited at the pump wavelength. We also present experimental signature of near-field excitation of a broadband continuum of surface plasmons excited locally throughout the N-PL emission spectrum. At the end of the chapter, a modified version of the device studied in Chapter II is presented, whereby the nonlinear emission emerging from the end of gold nanowires is successfully modulated. The implications of such achievement are further discussed.

Fabrication techniques and nonlinear wide-field microscopy

Polycrystalline AuNWs of different lengths 3.0 µm < L < 9.5 µm and widths 60 nm < L < 160 nm are fabricated on a glass substrate by means of standard electron beam lithography (Pioneer, e-line) and metal deposition followed by a lift-off process. The width of the nanowire is precisely varied by increasing the e-beam exposure dose. Electron-beam physical vapor deposition of 3 nm thick titanium acts as an adhesion layer for the subsequent thermal evaporation of a 50 nm thick gold layer. Basically, the fabrication protocol is identical to the first lithography step shown in chapter 2. SEM micrographs of Fig. 3.2.1)(a) show several AuNWs with different widths achieved by varying the e-beam exposure parameters as well as the design specifications (nominal width). Additionally, higher doses tend to produce smoother nanowires edges. Optimal propagation and N-PL emission is observed for AuNWs widths that are around 160 nm. A CAD design defines sets of five nanowires with different lengths as shown in Fig. 3

.2.1(b).

Given the high confinement nature of SPPs, the imaging of propagating SPPs through the nanowires utterly requires microscopy setups adapted to the subwavelength regime. Furthermore, thin nanowires as the ones studied in this chapter can only sustain SPP modes localized at the NW-glass interface with effective indices higher than the substrate (bound mode), only evanescent fields exist in the substrate, thus hindering far-field direct observation as they propagate. However, the scattering event produced at the distal end is a signature of this mode and can be used to extract relevant information about the SPPs properties as will be seen later in the chapter. 
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The actual experimental setup slightly varies from that shown in chapter II. In this particular experiment, wide-field optical imaging and the two-dimensional piezo-electric stage allow to precisely adjust the nanowire to overlap one end face with the focused laser beam where the discontinuity provides the necessary momentum matching condition to optically excite propagating SPPs. Additionally, the tightly focused pulsed femtosecond laser beam tuned at NIR wavelengths generates, as in the case of chapter II, nonlinear photoluminescence emission in the AuNWs. The same objective collects the resulting linear and nonlinear optical responses produced by the sample. A set of relay lenses transfers the object and Fourier conjugate planes either to the imaging spectrometer or to a charge-coupled device (CCD) camera (Hamamatsu, C4742-80-12AG). The dichroic beam splitter and a set of filters (Thorlabs) are used to block the laser in the collection path when necessary.

Excitation of delocalized N-PL in gold nanowires

Nonlinear optical responses and in particular nonlinear photoluminescence from metallic nanostructures are clearly dictated by the surface plasmon resonances and the supported plasmonic modal landscape [START_REF] Mühlschlegel | Resonant optical antennas[END_REF][START_REF] Viarbitskaya | Tailoring and imaging the plasmonic local density of states in crystalline nanoprisms[END_REF][START_REF] Viarbitskaya | Delocalization of nonlinear optical responses in plasmonic nanoantennas[END_REF][START_REF] Hubert | Role of surface plasmon in second harmonic generation from gold nanorods[END_REF].

Introductory concepts to plasmonics and surface plasmon polaritons were already presented in chapter one. However, the excitation of SPPs in metallic structures, which is not trivial, has not been discussed so far. Let us recall the derived dispersion relation from the Maxwell's equations considering the flat interface between a metal and a dielectric and the corresponding boundary conditions (k x = k ε 1 ε 2 /(ε 1 + ε 2 )). At small k x , the dispersion relation approaches the light line ω = c × k x . For larger values of k x , it bends and comes nearer to the limiting value of the plasmon resonance ω p / √ 2 given by ε 1 = -ε 2 , with ε 1 corresponding to the dielectric. In this region, small variations of frequency lead to large changes on k x . Figure 3.3.1 displays this case assuming an interface between semi-infinite glass and gold [START_REF] Schider | Plasmon dispersion relation of au and ag nanowires[END_REF]. The SPP dispersion relation (orange solid line) is completely below the light cone in vacuum (solid line), i.e. the wave vector k x is always larger than that of light in vacuum for a given energy. In order to excite SPPs, it is necessary to provide additional momentum ∆k x to the excitation photons.

The case for nanowires is, in this regard, qualitatively equivalent. SPPs propagating in one-dimensional waveguides require excitation light with an additional externally-provided momentum. Quantitatively, the geometry of the system affects the resulting dispersion. The dispersion relation for nanowires can be reconstructed from the spectral information by approximating the nanowire as a cylinder and using the Fabry-Perot resonator model [START_REF] Shegai | Unidirectional broadband light emission from supported plasmonic nanowires[END_REF][START_REF] Peng | Controlling light propagation with nanowires[END_REF]. Counter-propagating plasmons interfere and generate maxima and minima corresponding to constructive and destructive interference respectively. In a resonator of length L, the plasmon wave vector is given by

k spp = jπ -φ r L ≈ jπ L (3.3.1)
where j is the mode order and φ r is the phase shift upon reflection at the ends of the nanowire.

The dispersion relation also provides information about the group and phase velocities. The group velocity is defined by the relation v g = dω/dk x i.e. the tangents of the dispersion curve while the phase velocity is equal to ck/k x = c/n eff [START_REF] Wei | Plasmon waveguiding in nanowires[END_REF]. Figure 3.3.1 additionally shows the reconstructed dispersion relation for gold nanowires on a glass substrate by extinction spectroscopy (individual symbols taken from the work of [START_REF] Schider | Plasmon dispersion relation of au and ag nanowires[END_REF]). Although similar in trend to the planar interface, k x in nanowires is larger for a given frequency ω, therefore plasmon propagation group velocity is slower in gold nanowires than in a planar Au/glass interface, validating the high degree of optical confinement at the interface of such plasmonic structures.

Excitation of delocalized N-PL in gold nanowires

Evidently, plasmon resonances depend on the size and shape of the nanowires, which also directly affect the dispersion relation and the supported plasmonic modes. Roughly speaking, the dispersion relation for thin nanowires (< 100 nm) is below the light cone for a glass substrate, i.e. the plasmon momentum is too large to radiatively decay into far-field photons, thus the SPP mode is tightly bound to the surface of the nanowire (bound mode) [START_REF] Berini | Plasmon-polariton waves guided by thin lossy metal films of finite width: Bound modes of asymmetric structures[END_REF]. In contrast, for thick nanowires (> 300 nm) bound and higher modes exist and can be leaky. The plasmon dispersion is above the light cone in glass resulting in a leaky mode [START_REF] Shegai | Unidirectional broadband light emission from supported plasmonic nanowires[END_REF]. Leaky plasmons are lossy and consequently have shorter propagation lengths. In the next chapter more details will be given about the different sustained modes by plasmonic nanowires. There exist several techniques to increase the wavevector of the excitation light and overcome the momentum matching constraints. The most widely known, namely evanescent coupling, allows to excite surface plasmons by means of evanescent waves created at the metaldielectric [START_REF] Kretschmann | Die bestimmung optischer konstanten von metallen durch anregung von oberflächenplasmaschwingungen[END_REF] or dielectric-air [START_REF] Otto | Excitation of nonradiative surface plasma waves in silver by the method of frustrated total reflection[END_REF] interface for dielectric media with n > n air (a glass prism) [START_REF] Ditlbacher | Silver nanowires as surface plasmon resonators[END_REF][START_REF] Allione | Surface plasmon mediated interference phenomena in low-q silver nanowire cavities[END_REF]. Such refractive index tilts the light line by a factor of n since ω = ck/n (see Fig. 3.3.1). Another solution consists on modifying the planar metal surface by means of gratings and provide momentum ensuring momentum conservation [START_REF] Novotny | Principles of Nano-Optics[END_REF]. Fluorescence emitted by quantum dots or molecules close to nanostructures can also couple in the form of SPPs [START_REF] Shegai | Coloring fluorescence emission with silver nanowires[END_REF]. As shown later in this chapter, nonlinear photoluminescence produced in gold nanowires is able to couple to the structure and propagate as a broadband plasmon [START_REF] Agreda | Spatial distribution of the nonlinear photoluminescence in au nanowires[END_REF]. Furthermore, the field confinement produced by optical antennas has shown to boost the coupling efficiency in adjacent nanostructures [START_REF] Fang | Plasmonic coupling of bow tie antennas with ag nanowire[END_REF].

More recently and for the seek of simplicity, scattering produced at symmetry-broken points or defects has been used to provide the necessary momentum ∆k x . Random surface roughness, wire terminations [START_REF] Weeber | Plasmon polaritons of metallic nanowires for controlling submicron propagation of light[END_REF], kinks [START_REF] Singh | Propagation of light in serially coupled plasmonic nanowire dimer: Geometry dependence and polarization control[END_REF], adjacent nanoparticles [START_REF] Knight | Nanoparticle-mediated coupling of light into a nanowire[END_REF] or even fabricated defects can significantly ease the launching of SPPs [START_REF] Sanders | Observation of plasmon propagation, redirection, and fan-out in silver nanowires[END_REF]. In general, to excite propagating SPPs in nanowires, focused light is directed to the "defect" of the structure and scatters in all directions producing a broadband distribution of wave vectors including those matching that of the SPP [START_REF] Weeber | Plasmon polaritons of metallic nanowires for controlling submicron propagation of light[END_REF][START_REF] Dickson | Unidirectional plasmon propagation in metallic nanowires[END_REF].

With the setup and the basics explained, let us now focus on the main subject matter of Chapter 3. Nonlinear optical transport in plasmonic nanowires this chapter, namely the origin of the delocalized nonlinear emission in gold nanostructures.

Unraveling the N-PL delocalization

Firstly, the incident light polarization as well as the position of the focused light determine the coupling efficiency of the SPP [START_REF] Song | Selective excitation of surface plasmon modes propagating in ag nanowires[END_REF] and thus the N-PL generation on the structure. ,d) respectively. The gold nanowire SPP bound mode is excited at the left end with a focused pulsed femtosecond laser at λ 0 = 808 nm (saturated region). At the distal end of the nanowire, a SPP is partially converted to free propagating photons through a scattering process [START_REF] Dickson | Unidirectional plasmon propagation in metallic nanowires[END_REF]. The nonlocal distribution of light in both the linear and the nonlinear cases confirm the excitation of SPPs when the incident polarization is aligned with the nanowire. Gradually changing the polarization to transverse reduces the coupling efficiency as already reported [START_REF] Venugopalan | Polarization-sensitive characterization of the propagating plasmonic modes in silver nanowire waveguide on a glass substrate with a scanning near-field optical microscope[END_REF][START_REF] Li | Correlation between incident and emission polarization in nanowire surface plasmon waveguides[END_REF]. As a result the distal light scattering and thus the nonlinear emission along the nanowire vanishes (see pointing arrow). For an easier view, the integrated intensities along the y-axis of the AuNWs of the linear and nonlinear images are shown in Fig. 3 Remarkably, delocalization of the N-PL is ubiquitous in all studied nanowires and consistently follows the pattern exemplified in Fig. 3 Let us now review the different scenarii that may be considered to explain the intensity distribution of the N-PL along the nanowire and at its distal end. The different cases are schematically pictured in Fig. 3.4.2. Figure 3.4.2(a) sketches the linear case where a SPP excited at the left end propagates along the AuNW and scatters at the distal end. As already discussed by our group in a previous report [START_REF] Viarbitskaya | Delocalization of nonlinear optical responses in plasmonic nanoantennas[END_REF], the decay of the N-PL intensity along the nanowire and the presence of a brighter spot at the extremity strongly point toward an effect mediated by SPPs propagating in the nanowire. But, the challenging questions are which SPP and at which wavelength? Should we consider only the local nonlinear response of the AuNW upon excitation of a SPP developing at the pump wavelength as pictured in Fig. 3 [START_REF]Surface plasmon rainbow jet[END_REF]. On one hand, these colored surface plasmons will eventually reach the AuNW termination and be scattered into photons, which is in accord with N-PL spots observed at the extremity in Fig. 3.4.1(b). This is schematically represented by Figs. 3.4.2(c) and (d). On the other hand, the end face of the nanowire is responsible for a localized electromagnetic enhancement [START_REF] Kumar | Plasmonic nano-architectures for surface enhanced raman scattering: a review[END_REF][START_REF] Lombardi | A unified view of surface-enhanced raman scattering[END_REF][START_REF] Chikkaraddy | Plasmon assisted light propagation and raman scattering hot-spot in end-to-end coupled silver nanowire pairs[END_REF], which may also explain the brighter N-PL response observed experimentally at the end faces. This effect is represented in Fig. 3.4.2(b). Finally, the N-PL signal distributed along the nanowire could be interpreted as the radiative signature of higher-order SPP modes leaking in the substrate [START_REF] Song | Colas des Francs. Imaging Symmetry-Selected Corner Plasmon Modes in Penta-Twinned Crystalline Ag Nanowires[END_REF] (Fig. 3.4.2(c)). In the following sections, we experimentally verify all these hypothesis by conducting cross-check experiments to identify the mechanisms at play.

Propagation lengths

Our first analysis consists in estimating the propagation length of the SPP at the pump wavelength λ 0 and comparing it with the length dependence of the N-PL produced at the distal end. When light couples to a SPP it will propagate and gradually lose energy either by leakage radiation into the substrate and scattering defects or by absorption of the metal (nonradiatively). This non-radiative energy loss depends on the dielectric function of the metal. In chapter I the complex nature of the dielectric function of metals in the visible and NIR was exposed. In particular, the imaginary part of ε(ω) defines the ohmic damping of the conduction Chapter 3. Nonlinear optical transport in plasmonic nanowires electron oscillations in the metal. Therefore, the wavevector k x = k x + ik x will have also an imaginary part leading to solutions of the fields of the form e -2k x x with k x = 1/2L spp . It is valid then to define the intensity I SPP of the surface plasmon propagating in an AuNW decreasing as [START_REF] Raether | Surface Plasmons on Smooth and Rough Surfaces and on Gratings[END_REF] 

I SPP = I 0 e -x/L SPP (3.4.1)
where L SPP is the propagation length after which the intensity has decayed to 1/e, x is the distance along the nanowire and I 0 is the SPP intensity at the coupling site.

A composition of scanning electron micrographs showing four AuNWs is illustrated in the insets of Fig. 3.4.3(a). Figure 3.4.3(a) also displays false-color wide-field images obtained at the pump wavelength λ 0 = 808 nm (each frame is integrated over 20 ms). The diffraction-limited focal area is clearly identified at the left of the images (saturated region). As introduced before, light emitted by the distal end confirms the excitation and propagation of SPPs. The in-plane position of the nanowire within the focal spot is precisely adjusted to maximize this signal [START_REF] Song | Selective excitation of surface plasmon modes propagating in ag nanowires[END_REF]. We estimate L SPP by measuring the out-coupled light intensity I SPP out detected from the distal end at x = L for AuNWs with different lengths [START_REF] Song | Colas des Francs. Imaging Symmetry-Selected Corner Plasmon Modes in Penta-Twinned Crystalline Ag Nanowires[END_REF][START_REF] Geisler | Transmission of plasmons through a nanowire[END_REF]. Experimentally, the intensity is extracted from a region-of-interest on the CCD images overlapping the extremity of the AuNW (dotted square in Fig. 3.4.3(a)). A semilogarithmic plot of I out as a function of L for λ 0 = 808 nm is displayed on Fig. 3.4.3(c). For comparison, L SPP is also estimated when the incident laser is tuned at λ = 720 nm. The exponential fits indicate L SPP (λ 0 = 808 nm) = 2.96 ± 0.78 µm and L SPP (λ 0 = 720 nm) = 1.83 ± 0.53 µm in agreement with the expected shorter propagation lengths for shorter wavelengths due to higher losses [START_REF] Johnson | Optical constants of the noble metals[END_REF]. 

Unraveling the N-PL delocalization

We now turn our attention to Fig. 3.4.3(b) showing images capturing the nonlinear photoluminescence emitted by the AuNWs (the acquisition time is here 5 s). The excitation wavelength is filtered out from the detection path to only retain the spectrally integrated N-PL emitted at wavelengths λ < 780 nm. Note that the second harmonic co-generated with the N-PL is also rejected from the detection and the images are background corrected. We verify the nonlinear character of N-PL by interrogating its dependence with average laser power. A plot of the logarithm of the integrated intensity over the whole N-PL spectrum versus the logarithm of the average incident power is shown in the inset of Fig. 3.4.3(c). The linear fit gives a slope of ≈ 2.2, revealing the quasi-quadratic dependence of the N-PL on the excitation power.

The largest N-PL signal in Fig. 3.4.3(b) is evidently produced within the focal region where the pump intensity is the highest. However, a clear extension of the N-PL directed along the nanowire is also readily observed. The intensity of this delocalized N-PL signal decreases with distance x. At x = L, a small but visible gain of the N-PL signal is observed.

Let us now estimate, by the same approach used to measure L SPP (λ 0 ), the changes on the N-PL intensity at the distal end of the AuNWs I N-PL out . The graph is shown in Fig. 3.4.3(c) too. The characteristic decay length L N-PL inferred from a linear fit in this semilogarithmic plot is about 1.69 ± 0.46 µm. In principle, this decay value could be related to the SPP excited at the pump wavelength λ 0 . By taking into account the power dependence of N-PL measured before we write [254]

I N-PL out ≈ (I SPP ) 2.2 = I 2.2 0 e -2.2y/L SPP (3.4.2) 
Equation 3.4.2 implies that L N-PL = L SPP /2.2, which is not in accord with the experimental data where L N-PL is 30% greater. Such discrepancy hints the presence of extra contributing processes occurring at the extremity not taken into account so far.

When the surface plasmon propagating at the pump wavelength reaches the end of the nanowire, the finite geometry of the termination creates the condition for locally enhancing the electromagnetic field through a lightning rod effect. This localized field-enhanced region at the nanowire's end has been exploited for developing remote Raman sensing [START_REF] Chikkaraddy | Plasmon assisted light propagation and raman scattering hot-spot in end-to-end coupled silver nanowire pairs[END_REF][START_REF] Huang | Remote excitation of surface-enhanced raman scattering on single au nanowire with quasi-spherical termini[END_REF]. It is clear that the amplification factor will contribute at rising the N-PL signal level. However, it should not influence the characteristic decay length L N-PL and one has to look for additive contributions that would explain L N-PL . Again reviewing the literature, Shegai et al. showed in 2010 that fluorescence spectra emitted from molecules adsorbed in silver nanowires varies as the excitation position changes, suggesting the possibility of near-field excitation of surface plasmons within the whole fluorescence spectrum [START_REF] Shegai | Coloring fluorescence emission with silver nanowires[END_REF]. A similar mechanism might be at play here whereby the N-PL signal produced along the nanowire would locally excite SPPs within a wavelength range dictated by the emitted luminescence spectrum. This situation is depicted by Fig. 3.4.2(d). Let us investigate whether or not the N-PL signal produced at the laser focus may couple to a continuum of SPPs. shows a set of images when the laser excitation no longer overlaps one end facet but is moved to the middle of the nanowires. For this excitation location, the direct excitation of a SPP at the pump wavelength λ 0 is inefficient. The absence of a geometrical discontinuity along the polarization direction inhibits the momentum transfer required for SPP excitation [START_REF] Song | Selective excitation of surface plasmon modes propagating in ag nanowires[END_REF]. Figure 3.4.4 (a) directly compares the excitation at the end and at the middle of the nanowire at the pump wavelength. The absence of signal detected at the distal end (arrow) when the focus is moved on the middle of the AuNW confirms the absence of SPP excitation. One can safely rule out any contribution generated from a direct excitation of SPP Chapter 3. Nonlinear optical transport in plasmonic nanowires at λ 0 in the nonlinear signal displayed in Fig. 3.4.4(b). Here, the N-PL response at the focal excitation area dominates the images, but there is a small signal emitted from both ends of the AuNWs. The N-PL intensity at the extremity I N-PL out weakens for longer nanowires suggesting a loss-related process. This process can be identified by recording the spectra of I N-PL out as shown in Fig. 3.4.4(c) for two different AuNWs (3.0 µm and 7.0 µm). Both graphs follow the typical broad photoluminescence shape with higher intensities at longer wavelengths. For the 7.0 µm long AuNW, the relative intensity in wavelength range 650 nm < λ < 750 nm is reduced. Because of the wavelength dispersion of the imaginary part of the plasmon effective index, SPPs excited in the blue region of the N-PL spectrum have shorter propagation length than SPPs excited in the red part of the continuum [START_REF] Johnson | Optical constants of the noble metals[END_REF][START_REF] Bouhelier | Excitation of broadband surface plasmon polaritons: Plasmonic continuum spectroscopy[END_REF]. This translates to a loss of the blue part of the spectrum for L = 7.0 µm. The oscillations observed in the N-PL spectrum emitted by the end of the shortest nanowire suggest the presence of Fabry-Pérot plasmon resonances. In this respect, one-dimensional structures such as nanowires or nanorods act as a cavity in analogy with Fabry-Perot resonators [START_REF] Ditlbacher | Silver nanowires as surface plasmon resonators[END_REF][START_REF] Geisler | Transmission of plasmons through a nanowire[END_REF]. The formalism described by Taminiau et al. is used to qualitatively reproduce the experimental spectra of the two nanowires with different lengths L 0 [START_REF] Taminiau | Optical nanorod antennas modeled as cavities for dipolar emitters: Evolution of sub-and super-radiant modes[END_REF]. The model is schematically depicted in Fig. 3.4.5(a), it considers a source with a diffraction limited Gaussian spatial extension located inside a two-mirror cavity. The cavity has a length L and identical real-valued amplitude reflection coefficients r at both end faces. The source, located at y = y 0 emits a broad spectrum with a N-PL intensity exponentially growing with the wavelength mimicking the N-PL spectrum. Such N-PL wavelength dependence is characteristic of the emission of an out-of-equilibrium heated electron distribution following a blackbody radiation tailing in the visible region [START_REF] Haug | Hot-electron intraband luminescence from single hot spots in noble-metal nanoparticle films[END_REF][START_REF] Roloff | Light emission from gold nanoparticles under ultrafast near-infrared excitation: Thermal radiation, inelastic light scattering, or multiphoton luminescence?[END_REF][START_REF] Buret | Spontaneous hotelectron light emission from electron-fed optical antennas[END_REF]. The complex wavevectors of the plasmon modes k SPP and their wavelength dispersion are determined by a Finite-Element mode solver (COMSOL Multiphysics ® ) considering a 50 nm×160 nm two-dimensional Au nanowire placed on glass/air interface. If t is the transmission coefficient of the cavity, the electric field at the output x = L writes 3.4. Unraveling the N-PL delocalization

N-PL plasmons coupling

E out (x = L) = te ik SPP L (e -ik SPP x 0 + re ik SPP x 0 ) 1 -r 2 e 2ik SPP L (3.4.3) 
The solid lines in Fig. 3.4.4(c) are the simulated output spectra considering an effective cavity length L = 3.15 µm and L = 7.0 µm. The reflection coefficient is set at r = 0.5 and the calculated effective index of the SPP at λ 0 = 750 nm is n eff = k SPP /k 0 = 1.72 + i0.03. The source is located at y 0 = L/2 and has a Gaussian lateral extension with a full-width at half maximum of 300 nm. The main features of the experimental spectra are qualitatively recovered by this simple model (spectral position, number of the oscillations) including the disappearance of the resonances for nanowire length significantly exceeding the propagation length of the mode (L = 7.0 µm).

Concatenating the information brought by Fig. 3.4.4, we conclude that a broad distribution of SPPs is thus excited at the focal spot within the N-PL continuum, and propagate with different attenuation lengths. This coupling mechanism mediated by the confinement of the nonlinear response and revealed for an excitation at the middle of the nanowire also occurs when the focal region overlaps one extremity (probably with greater efficiency due to scattering at the physical boundary).

The propagating bound mode of the AuNWs is further investigated in the substrate-AuNWair system considered before. The complex effective index n ef f = n + in of the corresponding SPP mode is calculated for a given set of frequencies. The real and imaginary parts of the SPP's momenta are derived from k = n k 0 and k = n k 0 and finally L spp = 1/(2k ) = λ/(4πn ). Specifically, we again use FEM (COMSOL Multiphysics ® ) to characterize the guided mode and the dielectric constant is taken from Johnson and Christie [START_REF] Johnson | Optical constants of the noble metals[END_REF]. The optical index of the glass substrate is fixed at n = 1.5 and the computation window is limited to 1 µm. Since the bound mode is considered, we use perfect boundary conditions. Results are shown in the curve of Fig. 3 Chapter 3. Nonlinear optical transport in plasmonic nanowires

Emission mechanisms of the delocalized N-PL

A major difference between N-PL emission with an excitation at the middle and with an excitation coinciding with one end is the lack of longitudinal extension of the nonlinear signal along the nanowire. Figure 3.4.6 graphically compares such situations where a 7.0 µm long AuNW is excited at the left end (a) and at approximately the middle (b). Integrated intensity profiles of the images along the x-axis complete the comparison, the grayed areas indicate the N-PL extension. Whereas the excitation at the extremity produces a longitudinally extended emission almost reaching the end of the nanowire, the middle excitation turns into a very localized emission (< 2.5 µm). Clearly, when present, the longitudinal extension of the N-PL signal relates to the presence of SPP propagating at the pump wavelength. We cross-check in the following that the longitudinal distribution cannot be understood as SPP modes leaking in the substrate as sketched in Fig. 3.4.2(c). To start, higher-order leaky SPP modes are only existing above a cut-off width, typically 100 nm -200 nm [START_REF] Johns | Dynamics of surface plasmon polaritons in metal nanowires[END_REF][START_REF] Verhagen | Nanowire plasmon excitation by adiabatic mode transformation[END_REF]. Although, the nanowires have a rectangular cross-section (50 nm × 160 nm), the higher-order modes that may be present would be strongly attenuated because they are propagating close to their cut-off. Furthermore, SPP leaky modes are easily recognized in images; the light is distributed in two well-defined lines located at the sides of the nanowire [START_REF] Song | Colas des Francs. Imaging Symmetry-Selected Corner Plasmon Modes in Penta-Twinned Crystalline Ag Nanowires[END_REF][START_REF] Johns | Dynamics of surface plasmon polaritons in metal nanowires[END_REF]. Throughout the chapter, figures recorded at the pump wavelength indicate that only the SPP bound mode is present since there is no leakage visible during SPP propagation (See Figs. ), the signal is indeed distributed along the nanowire but not in the form of two parallel lines characteristic of leaky nanowire modes. Since the effective index of the mode increases for shorter wavelengths, the absence of a leaky mode at λ 0 indicates that the extension of the N-PL is of different origin. We unambiguously rule out the contribution of leaky modes in the signal in the next section by analyzing the wavevector distribution (k x , k y ) in Fourier space. Fourier plane (FP) imaging also known as back focal plane (BFP) imaging is a microscopy technique that unravels the angular emission of the sample. In contrast to real plane imaging where the information is encoded in spatial coordinates, Fourier imaging develops in angular coordinates. Fourier imaging provides access to the momentum distribution given the intimate relationship between the angular distribution of light and its momentum (wavevector k). Fourier imaging is particularly important to resolve the angular emission pattern of nanoantennas [START_REF] Novotny | Antennas for light[END_REF][START_REF] Shegai | Unidirectional broadband light emission from supported plasmonic nanowires[END_REF] as well as to understand complex optical processes as secondary emission [START_REF] Baumberg | Angle-resolved surface-enhanced raman scattering on metallic nanostructured plasmonic crystals[END_REF][START_REF] Piatkowski | Silver nanowires as receiving-radiating nanoantennas in plasmon-enhanced up-conversion processes[END_REF] and nonlinear scattering [START_REF] Sharma | Directional second-harmonic generation controlled by sub-wavelength facets of an organic mesowire[END_REF].

Although the resulting wavevector distribution can become very complex, the optical principle of Fourier imaging is relatively simple [START_REF] Vasista | Fourier plane optical microscopy and spectroscopy[END_REF]. Light emerging from the sample plane can be expressed as a sum of plane waves emanating at different angles as shown in 3.4.7. When this light passes through the objective (Fourier transformer), its different components separate and transform into converging waves focused at a point in the Fourier plane. The result is a pattern in the Fourier plane where every point (ρ x , ρ y ) represents the angle of emission of the light emanated at the sample plane. Both quantities are related by [START_REF] Dai | Measuring large numerical apertures by imaging the angular distribution of radiation of fluorescing molecules[END_REF] 

ρ = f n sin θ (3.4.4)
where θ is the angle of emission, ρ is the radial distance from the optical axis in the Fourier plane, f is the objective focal length and n is the immersion medium refractive index. As stated before, the angular emission and the wavevector distribution are related, specifically, the in-plane wavevector k is proportional to ρ.

In practice, the Fourier plane of the objective is generated inside the barrel as schematically shown in Fig. 3.4.8(a) for a glass coverslip illuminated by a focused laser. However, relay optics allows to project it as far from the sample as necessary to an imaging device [START_REF] Song | Colas des Francs. Imaging Symmetry-Selected Corner Plasmon Modes in Penta-Twinned Crystalline Ag Nanowires[END_REF]. Given that excitation and collection are performed with the same objective and the transparent nature of the bare substrate (no features or structures), most of the collected light in this case comes from total internal reflection (TIR). Consequently, the Fourier plane pattern is basically a ring limited by the critical angle for the glass/air interface θ crit and the numerical aperture of the objective (θ NA ). The intensity distribution in the Fourier plane I FP as a function of the emission angle θ can be related to the fields generated by the emitter E emitter as [START_REF] Weyl | Ausbreitung elektromagnetischer wellen über einem ebenen leiter[END_REF] Chapter 3. Nonlinear optical transport in plasmonic nanowires

I FP ∝ 1 cos θ E emitter 2 (3.4.5)
where the factor 1/ cos θ corrects the amount of power collected by each angular section dθ by using a simple trigonometrical relation (dr = ds cos θ). This correction factor is better illustrated in Figure 3.4.8(a) which shows the projection of the emission onto the Fourier plane generated in the objective. The emission coming in a certain angular section dθ is captured in ds. Whereas dr decreases with θ, the projected power onto ds is invariant. As already introduced, the Fourier plane can be transfered with relay lenses outside the microscope to a CCD camera in order to allow easier filtering and image acquisition. The exact positioning of these lenses can be easily set and confirmed by performing some measurements on the ring of the Fourier plane as shown in Fig. 3.4.8(b). Here, intensity profiles taken at the center of the FP (optical axis) and their derivative I are used to check the ratio between the outer diameter (D out = 453 pixels) corresponding to N A = n oil sin θ N A = 1.49 and the inner one (D in = 305 pixels) which corresponds to N crit = n glass sin θ crit = 1. The referential points for this measurement are indicated by arrows in the profile. A quick calculation corroborates the optimum lens configuration, this is

N.A. = D out D in = 1.485 (3.4.6)
which is very close to the expected value 1.49 given the limited resolution of the camera. Finally, the intensity inhomogeneity in this Fourier plane pattern comes from a preferred angular emission towards one of the semi-planes. Fourier planes taken at the pump wavelength and across the N-PL spectrum are shown in respectively Fig. 3.4.9(a,b) and Fig. 3.4.9(c,d) for the L = 3.0 µm and L = 5.5 µm long nanowires. At λ 0 , the Fourier planes feature a well-defined fringe pattern, but there is no clear signature of the presence of a leaky mode [START_REF] Song | Colas des Francs. Imaging Symmetry-Selected Corner Plasmon Modes in Penta-Twinned Crystalline Ag Nanowires[END_REF][START_REF] Song | Selective excitation of surface plasmon modes propagating in ag nanowires[END_REF]. Known as Gibbs oscillations, they are 3.4. Unraveling the N-PL delocalization the result of the bound mode sustained by the nanowire, as well as the Fourier transform, the coherence of the process and the finite dimension of the AuNW [START_REF] Song | Selective excitation of surface plasmon modes propagating in ag nanowires[END_REF][START_REF] Hartmann | Radiation channels close to a plasmonic nanowire visualized by back focal plane imaging[END_REF][START_REF] Hassan | Momentum-space spectroscopy for advanced analysis of dielectric-loaded surface plasmon polariton coupled and bent waveguides[END_REF]. A cross section profile of the 3.0 µm nanowire Fourier plane at the position indicated by the dashed line is shown in Fig. 3.4.9(e). The oscillation period ∆n of the fringes in the k x axis relates to the length of the nanowire, with L = λ 0 /∆n [START_REF] Viarbitskaya | Delocalization of nonlinear optical responses in plasmonic nanoantennas[END_REF]. Calculations for several nanowires demonstrate the relative accuracy of this method in Fig. 3.4.9(f). In spite of the experimental errors and the limited resolution of the microscope setup, the linear fit is close to 1 revealing a direct correspondence with the nominal length values of the AuNWs. In the k y direction, i.e. perpendicular to the propagation direction, the fringes show no change, this is due to the confinement of the wavevector in one direction [START_REF] Hartmann | Coupling of emitters to surface plasmons investigated by back focal plane microscopy[END_REF]. In contrast with the linear propagation, the Fourier planes recorded across the N-PL emission spectrum shown in Fig. 3.4.9(c,d) are completely free of fringes, a signature of the incoherent nature of this particular nonlinear process [START_REF] Viarbitskaya | Delocalization of nonlinear optical responses in plasmonic nanoantennas[END_REF]. Here too, the distribution of wavevector confirms the absence of leaky modes at the N-PL spectral content. Most of the emission is located in two lobes oriented with the propagation. This pattern, already reported by Viarbistakaya et al. [START_REF] Viarbitskaya | Delocalization of nonlinear optical responses in plasmonic nanoantennas[END_REF], is consistently observed on all the investigated nanowires. The increase of the N-PL intensity distributed toward larger ±k x /k 0 values confirms that the N-PL is emitted with Chapter 3. Nonlinear optical transport in plasmonic nanowires a broad distribution of in-plane wavevectors within the continuum; the objective collecting only those comprised below 1.49. Evidently, out of the large distribution of generated wavevectors, some of them are resonant with the effective index of bound SPP modes. Modes thus may be excited within the N-PL spectral continuum as already observed in Fig. 3.4.4 for an excitation in the middle of the AuNW. Furthermore, the successive near-field coupling of the generated N-PL as the SPP(λ 0 ) propagates is not discarded, nevertheless, the efficiency and yield of this process are very low.

The above discussion shows that the delocalized signal cannot be understood from leaky SPP modes; at this stage the question about how is the N-PL emitted remains unanswered. In this context, we investigate further the N-PL emission by measuring the polarization state of the distributed N-PL in the AuNWs in the next section. By doing so, we also confirm the near-field coupling mechanism.

Polarization resolved wavevector distribution of the N-PL in AuNWs

The wavevector distribution of the AuNWs N-PL emission is, as previously shown, mainly dictated by the nanowire orientation. Evidently, the excitation laser position and the coupling to the SPP at λ 0 defines the Fourier plane pattern too. Polarization resolved Fourier plane patterns of the delocalized N-PL in AuNWs are displayed in Fig. 3.4.10 for the cases of excitation at the end and at the middle of the gold nanowires. The excitation laser polarization is aligned with the axis of the nanowire. 

Unraveling the N-PL delocalization

For clarity, let us start with the situation when the analyzer is not present. Regarding end-excitation (see Fig. 3.4.10(a)), the emission is azimuthally confined in the direction of propagation (+k x /k 0 ). Carefully looking at the Fourier plane, the in-plane azimuthal distribution of -k x vectors displays an angular spread at least two times larger than that of the +k x vectors (φ 1 = 120 • > φ 2 = 58 • ). Essentially, the excited N-PL towards the +k x half-plane is directed by the AuNW. In contrast, that generated to the opposite -k x half-plane is able to out-couple to a wider range of wavevectors provided by the discontinuity. This is confirmed by the middle-excitation case showed in Fig. 3.4.10(b) where the FP exhibits a vertically symmetric pattern given by two well defined lobes. Both features indicate a very similar azimuthal spread (φ 1 ≈ φ 2 ≈ 49 • ) where the polar angle of emission is very close to the maximum detection angle θ N A fixed by the numerical aperture of the objective. In this particular excitation configuration, the nanowire is able to direct the N-PL emission along its axis. The horizontal asymmetry towards +k y /k 0 is due to preferential excitation of the upper edge of the nanowire by a barely shifted laser spot with respect to the center of the nanowire. 

End Middle

φ 1 120 • 49 • φ 2 58 • 49 • φ 1 79 • 60 • φ 2 69 • 57 • φ 1 61 • 31 • φ 2 46 • 32 •
If the longitudinally and transversely polarized contributions of the N-PL emission wavevector distribution are now discriminated with an analyzer, the transverse component shows a considerably higher generation efficiency than the longitudinal one. Furthermore, the azimuthal confinement along the axis of the nanowire is more important when the analyzer is transverse to the AuNWs (see table 3.4.1). These observations are a direct consequence of the N-PL generation processes occurring in the nanowire as further confirmed in the next section. Briefly, the transverse geometrical discontinuity of the nanowire facilitates the local scattering to free-space photons whereas the longitudinal invariant geometry hinders it. Hence, longitudinally polarized N-PL comes mainly from propagating SPPs scattering at the end face and the azimuthal confinement in the direction of propagation depends on the nanowire width. As the lateral confinement increases (thinner nanowires), the out-scattered light at the distal end spreads over a wider wavevector distribution (wider lobes). In our case, nanowires are relatively thin (160 nm) resulting in a wide distribution of wavevectors in the longitudinally polarized N-PL Fourier plane. On the other hand, the transversely polarized N-PL is mostly generated by local scattering at the generation point. The resulting Fourier plane can be interpreted as dipoles placed transverse to the nanowire which emission is directed by an antenna effect.

Polarized N-PL emission of AuNWs

The part of the N-PL continuum which couples as propagating SPPs in the AuNWs can be partially discriminated by carefully analyzing the polarization of I N-PL out . Indeed, SPP scattering at the end face is mainly polarized in the direction of propagation [START_REF] Venugopalan | Polarization-sensitive characterization of the propagating plasmonic modes in silver nanowire waveguide on a glass substrate with a scanning near-field optical microscope[END_REF][START_REF] Wang | Controlling the radiation direction of propagating surface plasmons on silver nanowires[END_REF], and such preferred field orientation should be visible in I N-PL out . We now have a better comprehension of the signal emitted from the termination. I N-PL out is the additive contribution of the end-face amplification of the SPP field at the pump wavelength and the intensity scattered there by a continuum of SPPs. Their respective weight depends on the length of the nanowire.

N-PL emission may be interpreted as a surface effect mediated by momentum transfer that occurs when hot electrons interact with the walls of the metal. Such momentum transfer is reduced by the intrinsic invariant geometry of the nanowire along the longitudinal direction. Therefore, the emission intensity decreases in the case of the detection of N-PL . On the contrary, N-PL ⊥ is efficiently scattered to free-space photons because there is a strong geometrical discontinuity at the AuNW's edges. Defect mediated transfer is best observed for the shortest AuNW in Fig. 3.4.11(a) where local hot spots punctuates the N-PL distribution along the waveguide (see pointing arrows). Of course, the SPP excited at λ 0 is attenuated during its propagation, which readily explain the decay of the N-PL intensity distributed along the nanowire. The longitudinal N-PL decay along the nanowire follows an exponential with a characteristic length of 1.44 µm. This value is very close to the L SPP /2.2 expected from Eq. 3.4.2 confirming the indisputable role of the SPP propagated at λ 0 .

With the leaky modes discarded and the polarization analysis discussed just before, we hypothesize that the longitudinal extension of the N-PL along the nanowire is a local surface effect using the following argumentation: The SPP excited at the pump wavelength interacts with the surface of the metal nanowire where the plasmon field is maximum and locally produces the nonlinear photoluminescence observed along the waveguide. The local N-PL is partially emitted to free-space photons via a scattering process of hot electrons induced by the geometry of the nanowire and also via the mediation of surface defects.

Spatially resolved N-PL spectral emission

We now address the question about the spectral content of the distributed N-PL. To this aim, we measure the spectra for each position x along the AuNWs. Figure 3.5.1 displays 3.5. Spatially resolved N-PL spectral emission the spatially-resolved N-PL spectra for the 7.0 µm long nanowire considered just before. The nanowire is excited at the bottom extremity. An image of the (x, y) spatial distribution is shown in the right hand side of the figure. Each horizontal line in the (λ, y) maps represents the spectrum at that specific position and is normalized with its own maximum intensity value. The spatial resolution is around ∆y = 230 nm. Again, as in section 3.4, we can identify three relevant areas: (i) the excitation spot located at 0.5 µm < y < 1.2 µm, which has the brightest N-PL response and also the broadest spectrum. (ii) the out-coupling region at the AuNW extremity, where the sharp discontinuity introduced by the end of the AuNW acts as a scattering point enhancing the field and partially restoring the broad spectrum of N-PL. The same effect is observed in the presence of defects (local enhancers). (iii), the last interesting area is along the nanowire region of the AuNWs. In this part of the AuNW, there is a clear spatial evolution of the spectra: the bluer wavelengths are depleted with increasing distance.

The SPP propagating at λ 0 looses energy as it propagates along the nanowire, affecting thus the N-PL spectral distribution. The relative depletion of the bluer wavelengths for the extended N-PL is depicted on Fig. 3.5.2(a). Here, a few spectra are extracted from Fig. 3.5.1 at different y coordinates. The oscillations for λ < 600 nm arise from the transmittance of the shortpass filter used (Thorlabs, FES0800). The response observed in the 600 nm to 730 nm wavelength range near the excitation spot reduces with distance. To confirm the influence of the strength of the excitation on the spectral content of the nonlinear photoluminescence, we perform an analysis of the N-PL spectral shape by varying the average incident laser power. Spectra are measured at the excitation spot where the intensity is maximum; they are displayed in Fig. 3.5.2(b). Despite the differences on the evolution of the N-PL with the incident laser power (quadratic) and with the distance from the excitation point (exponential), there is a qualitative agreement between Fig. 3.5.2(a) and Fig. 3.5.2(b). When the laser power decreases, the contribution of 600 nm to 730 nm wavelength range becomes less dominant, a situation encountered in Fig. 3.5.1(a) for measurements obtained at the longer distances from the SPP excitation position. We checked that the trend of Fig. 3.5.2(b) is independent of the excitation laser position, the same depletion of the blue part of the spectrum is observed if the excitation spot is shifted along the nanowire. This experiment thus corroborates that the spectral shape of the N-PL response is dictated by the strength of the underlying SPP field. For completeness, the space-resolved spectrum for the case of excitation at the middle of a 3.5 µm AuNW is also shown in Fig. 3.5.3. Here, we confirm once again the proposed mechanisms leading to the delocalization of the N-PL. Firstly, the absence of the propagating SPP(λ 0 ) limits the extension of the emission thus restricting the spectral content to the excitation point and the two ends of the nanowire. As stated before in the chapter, the coupling of SPP(λ 0 ) when exciting the AuNW in this particular fashion is negligible, therefore the observed nonlocal emission is principally generated by coupling of the N-PL continuum in the form of SPPs and scattering at the ends of the nanowire. The resulting spectra at both ends is then given by the dispersive nature of the material and the length of the nanowire as shown in the previous sections. These results certainly open the way to a spatially tunable source originating from the delocalized N-PL in gold nanowires. As demonstrated, variations on the length of the nanowires, the excitation location or the incident power lead to different spectral emissions. Furthermore, 3.6. Remote electrical control of the N-PL emission as presented and further investigated in the next chapter, the inclusion of scattering points such as an imperfection or a nanoparticle along the nanowire can completely change the coupling and emission characteristics of the gold nanowires. This can be particularly important for the development and improvement applications such as sensing, plasmonic waveguides and fast color switches. In the next section, another degree of control is included towards the achievement of a fully controllable active plasmonic device.

Remote electrical control of the N-PL emission

In nanophotonic devices based on nanowires, one of the main concerns on their performance is the precise manipulation of the SPPs propagation. Particularly important is the control of the linear and nonlinear scattering of the SPPs into photons. Such high level of control is essential in many applications focused on optical switches [START_REF] Moll | Integrated all-optical switch in a cross-waveguide geometry[END_REF][START_REF] Fang | Branched silver nanowires as controllable plasmon routers[END_REF] and logic gates [START_REF] Zhang | Optical switches and logic gates based on self-collimated beams in two-dimensional photonic crystals[END_REF], light sources [START_REF] Guo | Direct coupling of plasmonic and photonic nanowires for hybrid nanophotonic components and circuits[END_REF][START_REF] Lal | Noble metal nanowires: from plasmon waveguides to passive and active devices[END_REF] and remote SERS excitation [START_REF] Coca-López | Remote excitation and detection of surface-enhanced raman scattering from graphene[END_REF]. In this context, the electrical command of the local N-PL shown in chapter II and the understanding of the delocalized N-PL of the present chapter are brought together in an effort to extend the local control of the N-PL to a fully-remote activated and controlled N-PL emission.

In this section, we achieve the control of the N-PL scattered at the distal end of the nanowire by modulating the applied static electric field across the nanowire. A SEM micrograph of the nanostructure configuration is shown in Fig. 3 The changes on the emission intensity and spectrum at the distal end are investigated under the action of different electrical stresses. It is worth noting that only the distal-end response is monitored. The emission coming from the rest of the nanostructures is excluded by using a 300 µm diameter pinhole. The spatial filter improves the signal to noise ratio of the modulation given that the signal is not modulated in the rest of the nanowire. Clearly, the bias produces a quenching effect on the remotely generated N-PL. Modulations as high as ≈ 50% are achieved. Similarly to the local modulation presented in Chapter II, the N-PL response at the distal end shows spectral variations under the action of the high electric fields. The change on the nonlocal N-PL with the bias is expected to be driven by the same mechanisms proposed in Chapter II for the local case. However, the modulation capabilities and the implications of remotely modifying the emission properties of the nanowire termination open a broad range of applications. For instance, the incoherent emission emerging from the 3.7. Conclusion distal-end can be further utilized to excite optical emitters such as molecules or quantum dots with precise control over the coupling between the N-PL photons and energy states of the optical emitter. Such capability may have direct implications in quantum nano-optoelectronics. Additionally, it can be used for the remote excitation of Raman scattering with the advantage of an excitation area of nanoscale dimensions. Hence, it allows to reduce heat effects, to avoid sample damage from the laser and also limits the background signals produced by diffractionlimited excitation volumes.

3.6.1 Single-crystalline nanostructures and the control of complex higher order modes

In top-down fabricated plasmonic devices, the achievement of advance functionalities is inevitably hampered by the high losses and scattering events resulting from the polycrystalline nature and structural defects which are inherent to thermal evaporation and lift-off processes [START_REF] Ditlbacher | Silver nanowires as surface plasmon resonators[END_REF]. As pointed out some sections ago (see Sec. 3.4.1), losses translate into a larger imaginary component of the dielectric permittivity and thus poorer propagation length, weaker field enhancement and lower performance. In this respect, mono-crystalline metal nanostructures produced by controlled chemical synthesis yield higher optical quality, improved structural uniformity and therefore stand out as a solution for complex plasmonic nanocircuitry and nanodevices. For instance, single-crystalline gold resonators with diabolo-like and double hexagon shapes [START_REF] Kumar | Designing plasmonic eigenstates for optical signal transmission in planar channel devices[END_REF][START_REF] Kumar | Plasmon logic gates designed by modal engineering of 2-dimensional crystalline metal cavities[END_REF] as well as synthesized silver nanowire-based networks [START_REF] Wei | Cascaded logic gates in nanophotonic plasmon networks[END_REF] can efficiently realize complex reconfigurable logic gate functions and information processing. Hence, the next reasonable step is to combine the electrical command of optical nonlinearities along with the complex functionalities provided by optimized nanostructures and their sustained higher order modes [START_REF] Dell'ova | Nanofabrication et caractérisation optique de cavités plasmoniques modales[END_REF]. The next chapter presents some preliminary research on this matter and synthesized silver nanowires.

Conclusion

This study unequivocally confirms the essential role of the surface plasmon polariton modes to explain the longitudinal extension of the nonlinear photoluminescence observed in plasmonic nanowires. It is found that the origin of the signal depends on the observation area. For the nonlinear photoluminescence distributed along the nanowire, the spectral study and characterization demonstrate that this effect occurs locally at the surface by the plasmon field and cannot be explained by a continuum of plasmon mode leaking in the substrate. The spectral change of the photoluminescence along the nanowire results from the losses experienced by the underlying plasmon mode. For the photoluminescence signal emerging from the nanowire's distal end, two additive contributions are identified: a first one locally produced by the presence of an end-face enhancement of the surface plasmon field, and a second one resulting from scattering of a broad spectral distribution of secondary plasmon modes propagating in the system.

Naturally, the wavevector distribution of the gold nanowires' N-PL emission is determined by the nanowire orientation. Analyzing the nonlinear signal in real-and k-space reveals the out-coupling mechanisms of the N-PL to free-space photons which are mainly dictated by the geometry of the nanowire.

Additionally, the optical response modulation capabilities of the plasmonic device presented in Chapter II are extended to control the remote and delocalized nonlinear emission intensity produced at the gold nanowires distal-end. This undoubtedly expands the range of applications of such device.

The studies presented on this chapter are performed on a simple one-dimensional waveguide, but the analysis can be extended to more complex plasmon modal landscapes as will be presented in the following chapter. This would offer additional agility to control the intensity and the spectral content of nonlinear signals produced by propagating surface plasmons.

Experimental methods

Silver nanowires' synthesis

Single crystalline silver nanowires are grown using a seed-mediated chemical process developed by Xia et al. [START_REF] Sun | Uniform silver nanowires synthesis by reducing agno3 with ethylene glycol in the presence of seeds and poly (vinyl pyrrolidone)[END_REF] and following the polyol reduction of silver nitrate (AgNO 3 ) method. In practice, the procedure has been implemented and improved by the group of our collaborator G.V.P. Kumar in IISER Pune in India. Briefly, a 3 mL 0.1 M AgNO 3 solution and a 3 mL 0.5 M polyvinyl-pyrrolidone (PVP) solution, both in ethylene glycol (EG) and at room temperature are simultaneously and gradually injected in a preheated 160 • C 5 mL EG (0.3 mL/min) solution. When the injection is completed, the final solution is again heated at 160 • C and stirred for 1 h. Silver ions are reduced by the EG and form silver clusters followed by nucleation. The seeds grow into nanowires and other shapes like nanoparticles, nanocubes, nanorods, etc. After synthesis, the whole solution is cooled down and centrifuged at 2000 rpm in an effort to remove small particles and other impurities. This procedure yields a wide variety of single crystalline AgNW configurations with pentagonal cross-sectional shape, some of which are selected for this study. A high resolution TEM image taken from a typical AgNW synthesized by this particular procedure shows the lattice fringes and thus their single crystallinity nature in Fig. 4 While flat terminations impose incident polarization conditions to excite particular SPP modes, spherical-like terminations allow the excitation of multiple SPP modes regardless of the polarization [START_REF] Nauert | Influence of cross sectional geometry on surface plasmon polariton propagation in gold nanowires[END_REF][START_REF] Yang | Identification and control of multiple leaky plasmon modes in silver nanowires[END_REF]. Recently, Song et al. demonstrated the selective excitation of different plasmon modes by taking advantage of the inhomogeneous distribution of the field components inside the focus [START_REF] Song | Selective excitation of surface plasmon modes propagating in ag nanowires[END_REF]. Unless contrarily indicated, in our experiments the incident polarization is always along the major axis of the nanowire (longitudinal) where the coupling shows to be more efficient.

Chapter 4. Control of the nonlinear properties of silver nanowires: towards the realization of plasmonic routers

Higher SPP modes detection by leakage radiation

As emphasized some sections ago, imaging of SPPs require specific microscopy setups. Nearfield optical methods certainly allow to map the SPP propagation by collecting the near fields at the metal surface but can be very demanding and with long data acquisition times. Another method is based on the use of fluorescent dyes excited by the SPP near field, nevertheless, photo-bleaching of the electronic transitions of the dye makes quantitative analysis almost impossible. Newer techniques such as bleach-imaged plasmon propagation (BlIPP) [START_REF] Solis | Bleach-imaged plasmon propagation (blipp) in single gold nanowires[END_REF] or transient absorption microscopy (TAM)-based approaches [START_REF] Johns | Dynamics of surface plasmon polaritons in metal nanowires[END_REF] offer alternative ways to study SPPs propagation and overcome the mentioned issues, however, they demand specific experimental setups. Fortunately, different configurations can open much simpler and versatile possibilities. For instance, in thin enough metal films (below 50 -100 nm [START_REF] Drezet | Leakage radiation microscopy of surface plasmon polaritons[END_REF][START_REF] Hohenau | Surface plasmon leakage radiation microscopy at the diffraction limit[END_REF]) and where the substrate optical constant is higher than that of the superstrate, SPPs can be detected. In such conditions depicted in Fig. 4.2.2, it is possible to detect in the far-field the leaking of the SPPs through the substrate where they can couple out into photons (leaky modes). The case of thick AgNWs on a glass substrate is similar. They can sustain leaky modes whose effective indexes are lower than that of the substrate. Leakage radiation (LR) is emitted in a very narrow angular range that requires an oil-immersion objective and under the phase-match angle θ defined by k SPP = nk 0 sin α with n the effective index of the substrate (see the schematic picture of figure 4.2.2). This microscopy method, known as leakage radiation microscopy is widely used in the plasmonic community [START_REF] Zhang | Direct image of surface-plasmon-coupled emission by leakage radiation microscopy[END_REF][START_REF] Zhu | Out-of-focal plane imaging by leakage radiation microscopy[END_REF]. 

Objective

Modal distribution and nonlinear optical emission in silver nanowires

In a general perspective, thick enough silver nanowires can support two kinds of plasmonic modes. The first kind, as in the case of the polycrystalline nanowires studied in chapter II, are the fundamental or bound modes. Highly confined at the NW-glass interface, they have higher effective refractive indexes than the substrate and can only be detected by scattering-mediated events at the extremities or defects. The losses suffered by these modes are mainly due to the high absorption of metals. A typical thin silver nanowire wide-field image is shown in Fig. 4.3.1(a), where the bound mode is being excited by placing the nanowire's left end under the focused beam of a pulsed laser centered at λ 0 = 808 nm. As in the polycrystalline AuNWs, it manifests itself by the scattering event produced at the right end of the nanowire and by the presence of transverse fringes in k-space (see Fig. The second kind, which has been already introduced in the last section are the leaky modes supported only in thick nanowires. In thin nanowires leaky modes are at cutoff [START_REF] Johns | Dynamics of surface plasmon polaritons in metal nanowires[END_REF][START_REF] Zhang | Extending the propagation distance of a silver nanowire plasmonic waveguide with a dielectric multilayer substrate[END_REF]. In leaky modes, the field extends into the NW-air and NW-glass interfaces. In Fourier space, a leaky mode is easily recognized by the presence of a thin straight line transverse to the direction of propagation (see inset of fig. 4.3.2(c)). It is interpreted as a strong confinement of the mode in the k y /k 0 direction (broad k-vector range) and high directivity. Furthermore, the position of the line's peak represents the effective index of the SPP mode n eff and the full width at half maximum (FWHM) gives information about the propagation length and thus losses. More generally, the intensity of leakage radiation in k-space can be described by a Lorentzian distribution given by [START_REF] Drezet | Leakage radiation microscopy of surface plasmon polaritons[END_REF] 

I(k x ) ∝ ((k x -k spp ) 2 + k 2 spp ) -1 (4.3.1)
where, as just stated, the FWHM of the distribution is proportional to k spp and therefore to L spp (see eq. The plasmonic modal landscape in metal nanowires is not only dictated by the nanowires diameter. The shape of the cross-section or even the standardized use of the underlying substrate modify the supported plasmonic modes due to the substrate-induced hybridization of SPP modes [START_REF] Song | Colas des Francs. Imaging Symmetry-Selected Corner Plasmon Modes in Penta-Twinned Crystalline Ag Nanowires[END_REF][START_REF] Zhang | Optimizing substrate-mediated plasmon coupling toward highperformance plasmonic nanowire waveguides[END_REF][START_REF] Jia | Direction-resolved radiation from polarizationcontrolled surface plasmon modes on silver nanowire antennas[END_REF]. Large diameter nanowires along with sharp edges and cross-sectional shapes lead to field localization at the edges and corners [START_REF] Nauert | Influence of cross sectional geometry on surface plasmon polariton propagation in gold nanowires[END_REF]. As the cross-section size is reduced, modes hybridize and give rise to a new and reduced set of supported modes. As expected, if the diameter is further reduced, modes converge to the cylindrical shape case.

For the thicker nanowires and in certain laser excitation positions and therefore incident linear polarizations, multiple modes can be simultaneously excited [START_REF] Wei | Plasmon waveguiding in nanowires[END_REF][START_REF] Jia | Direction-resolved radiation from polarizationcontrolled surface plasmon modes on silver nanowire antennas[END_REF]. Figure 4.3.3(a) shows the LR image of a 10 µm long silver nanowire sustaining two leaky modes in addition to the bound mode. The light scattering at the right end reveals the excitation of the bound mode. Additionally, the leakage radiation pattern clearly shows an alternating beating pattern (zigzag) every Λ beat ≈ 1.8 µm in average in both sides of the nanowire. Several modes with different phases are superposed coherently [START_REF] Wei | Plasmon waveguiding in nanowires[END_REF][START_REF] Jia | Direction-resolved radiation from polarizationcontrolled surface plasmon modes on silver nanowire antennas[END_REF]. Maximum phase difference leads to a suppression of the net field intensity. The pattern results then from the different field distributions of the simultaneously excited modes (symmetric and antisymmetric) [START_REF] Wei | Plasmon waveguiding in nanowires[END_REF]. Profiles taken at the edges of the nanowire for the area indicated by a dashed square in Fig. 4 The beating period Λ beat is given by the propagation constants of the two modes and thus depends on the nanowire parameters such as the width as well as on the environment medium. In terms of the the effective indexes of the leaky modes LM 1 and LM 2 extracted from Fig. 4

.3.3(b,d) it is given by [235] Λ beat = 2π Re(∆k x ) = λ 0 (n eff [LM 1] -n ef f [LM 2]) ≈ 1.8 µm (4.3.2) 
which exactly matches the value extracted from the real image profile.

In close similarity with the polycrystalline nanowires of the previous chapter, AgNWs can also generate local and distributed nonlinear responses. Nonetheless, the crystallinity, modal landscape and surface smoothness of AgNWs open new possibilities for manipulating the transport, delocalization and emission mechanisms of such nonlinearities.

Optical nonlinearities in silver nanowires

A confocal map of a 13.5 µm AgNW obtained by raster scanning the nanowire through the focus reveals the nonlinear photoluminescence emission under pulsed laser excitation (λ 0 = 808 nm) in fig. 4.3.4(a). The N-PL is recorded as a function of the (x, y) position. The map represents the probability of generating N-PL at (x, y). Short-pass and notch filters ensure the rejection of the contribution from the laser. When necessary, SHG is filtered out too. At the top of the map, a bright-field optical transmission image shows the nanowire. As expected, the largest N-PL response is located at the extremities and edges of the nanowire whereas at the body of the nanowire the N-PL signal is at background level. Adsorbed species also constitute local hot-spots where the emission is enhanced.

To further characterize the nonlinear emission, the spectrum is shown in fig. 4.3.4(b), it is the result of 10 s integration time over the emission of the whole nanowire. Very similar to the nonlinear response of gold, it shows a broad peak from λ =≈ 450 nm to λ =≈ 775 nm where is cut by the short-pass filter. Second harmonic generation, although weak, is also present as shown by the inset. The N-PL to SHG intensity ratio strictly depends on the particular characteristics and configuration of the nanowire. Remarkably, despite the fact that silver and gold have very different band structures and interband transitions (4.0 eV for silver and 2.4 eV for gold), both metals yield very similar broad emission throughout our conducted research on nanowires and nanoantennas (see Figs. Having confirmed the nonlinear emission in single-crystalline AgNWs, let us now explore the delocalized nonlinearities for the different supported plasmonic modes of the nanowires.

Linear and nonlinear modal distribution in AgNWs

Following the typical procedure, different plasmonic modes are excited in silver nanowires by focusing the laser at one end. As already shown in the previous chapter for polycrystalline gold nanowires, the effect on AgNWs is fundamentally equivalent. At high powers surface plasmons generate optical nonlinearities throughout the nanowires as they propagate. The linear scattering case follows, as expected, its characteristic pattern with some weak outscattered light along the nanowire at adsorbed nanoparticles. Due to the reduced roughness of AgNWs and contrarily to e-beam lithographed nanowires, the nonlinear pattern follows that of the linear one with the emission mostly restricted to the excitation and the distal-end scattering Lorentzian fits complete the graph at the leaky mode lines locations and provide an estimation of the effective indexes of the plasmonic modes. The peak of the linear Fourier plane yields n eff (λ 0 ) = 1.08 whereas the two peaks for the nonlinear one correspond to n eff1 (NPL) = 1.04 and n eff2 (NPL) = 1.07. The dissimilarity between these values lies on the different wavelengths of the propagating SPPs given the different SPP coupling in opposite directions. The nonlinear emission from the nanoparticle couples as a broad range of plasmons with different wavelengths. For similar reasons, the FWHMs also differ with larger values for the N-PL thanks to the broad spectrum of SPPs.

Further studies in other nanowires confirm this mechanism. As discussed in the beginning of the section for the linear case, the zigzag propagation results from the coherent multi-modal superposition which can be tuned by the incident polarization. Such approach is not suitable for advanced functions and practical applications which require local and direct control of the supported plasmonic modes in the nanowire. Conveniently, this single-to multi-mode conversion can be achieved by introducing a local structural defect in the nanowire and activating its broadband nonlinear emission. The mode, wavelength and spatial conversions are crucial aspects for the design and implementation of plasmonic circuits. Furthermore, the different spatial distributions of the nonlinearities along the nanowires may be deployed advantageously. Evidently, the modal and wavelength conversion efficiency at the adsorbed species depends on the precise geometry of the spot generating the continuum. The coupling also strongly depends on the wave-vector distribution and polarization state of the confined nonlinear emission. Therefore, engineering of the different involved processes can enable the active control of complex switching and routing tasks in nanowire networks-based devices.

Conclusion

In summary, a preliminary study of the plasmon propagation in synthesized silver nanowires and the associated nonlinearities in real and Fourier spaces has been presented. Multiple modes were simultaneously excited in thick nanowires. In both the linear and nonlinear regimes the interference of single modes leads to nontrivial distributions of new plasmonic modes.

Interestingly, adsorbed species on the nanowires significantly change the modal, spectral and directional properties of the nonlinear emission. However, many aspects have to be addressed. Firstly, the distribution of the nonlinear continuum in relationship with the underlying plasmonic modal landscape needs to be further investigated. Furthermore, it is necessary to fully understand what are the parameters defining the local formation of the continuum (role of the termination, presence of adjunct field-enhancing nanoparticles or defects, nature of the nanowire, etc.). Therefore, different measurement protocols need to be deployed including polarization analysis of the angular emission diagram and testing various geometrical morphologies of the coupling area.

Throughout this work, nonlinear optical phenomena and more specifically nonlinear photoluminescence developing in gold and silver nanostructures have been extensively studied. The aim was always towards the electrical manipulation of such responses and the realization of a nanometric active plasmonic device.

In a first approach, bowtie optical antennas were electrically connected inducing a potential difference across their gap. The N-PL emission coming from the gap region consistently showed a strong dependence on the applied static electric field. The modulation response was asymmetric with respect to the field polarity. Moreover, space-resolved measurements of the modulated N-PL emission confirmed the asymmetry and revealed deeper modulations for the locations under the action of a priori stronger electric fields. In connection with the induced charge density with opposite signs on both sides of the nanoantenna, N-PL emission systematically exhibited a decrease in the grounded half whereas the other side displayed the inverse behavior. N-PL has proven to be a thermal radiation driven by hot electrons under pulsed excitation. Therefore, we linked the N-PL modulation to a change in the hot electrons temperature caused by an alteration on the surface carrier density. The model is compatible with calculations comprising realistic values of the induced charge and the necessary temperature variation for a modified emission intensity. Generally speaking, the response time of the modulation is relatively slow. Charge trapping mechanisms occurring in the substrate constitute a plausible explanation. Further experiments should confirm it.

Then, in a logical move, we widen the study to extended plasmonic nanostructures, i.e. metal nanowires. The objective was to understand the mechanisms behind the transport of nonlinearities along these basic elements and use them in favor of the electrical modulation in a more complex device. Indeed, as emphasized in the manuscript, nanowires are a good candidate for becoming elementary building blocks in nanophotonic circuitry considering that they can perform multiple functions such as routing, detection and light generation in ultra small dimensions and with reduced power consumption.

The experiments demonstrated delocalized nonlinear emission dictated by the modal distribution of surface plasmon polaritons. The plasmon excited at the pump wavelength was the main responsible for the N-PL generation in the nanowire as it is propagated. A complete spectral analysis of the N-PL extension on the nanowires revealed the energy loss of the propagating plasmons given the dispersive nature of the material. N-PL emission resulted to be redder as the distance from the excitation end of the nanowire increased enabling a tunable light source. Such study also indicated the near-field coupling of multiple plasmons propagating within the broadband N-PL continuum created at the excitation area. Concerning the out-scattering mechanisms of the N-PL to free-space photons, these were mainly dictated by the geometry of the nanowire as validated by a polarization analysis of the nonlinear emission.

Combining the proved strong optical and electrical enhancement of the nonlinearities provided by bowtie optical antennas and the nonlinear transporting features of plasmonic nanowires, we conceived an unprecedented remotely activated device capable of modulating nonlinear signals at the nanowire termination which remarkably were microns away from the excitation point. Such achievement allows independent control over the excitation area and the emission at distant locations of the nanowire. It could certainly find a broad number of applications including noninvasive on-chip sensing, networking and information processing.

Our device was mainly inspired by the enhanced nonlinear response produced in nanocavities along with the generation of huge electric fields with chip-level voltage signals. However, more complex designs and structures could offer more efficient control and tunability over the plasmonic modal landscape and thus the generated N-PL and the modulation achieved. In this regard, we investigated the nonlinear properties of synthesized silver nanowires which, thanks to its single-crystalline structure and reduced losses, can sustain higher order modes. Additionally, the nonlinear features of silver nanowires showed to be enriched by adsorbed nanometric species at their surface. As a matter of fact, promising modal, wavelength and spatial conversion were achieved in a single excited nanowire. Yet, these are still preliminary results and the influence of several parameters such as the diameter and length of the nanowire, the position, shape and size of the adsorbed species need to be characterized.

We may draw two main conclusions. Firstly, N-PL and optical nonlinearities in general are incredibly fertile and promising phenomena both technologically and scientifically. Furthermore, fundamentally speaking, N-PL mechanisms still intrigue the photonics research community opening the way to a wide variety of interesting experiments. On the applicability side, nonlinearities in physics always imply enhanced localization. Hence, they are a must in the seek of smaller footprints and complex operations for highly integrated photonic circuitry. Secondly, our device undoubtedly proved active nonlinear plasmonic capabilities. In fact, it may play a part in the development of optical functionality in ultra-compact nanophotonic platforms. For instance, it could help on the implementation of tunable on-chip light sources. Actually, many techniques to separate optical signals of different wavelengths face the difficulty of integration. Fibers, as pointed out before, require either dispersion engineering of the index of refraction or the use of prisms and diffraction gratings which definitely translates into bulky devices. Contrarily, the up-converted continuum generated by the plasmon-stimulated nonlinearity is formed in an extremely local interaction area. Such continuum may be applied as a wavelength and mode converting process to route the optical signals in a nanowire-based circuitry. Moreover, the electrical modulation of the N-PL adds another degree of control over the activation of the process.

In this context, Fig. X.1 schematically illustrates a conceptual prototype of an ultra-compact electrically controlled nanowire-based optical multiplexer. It can perform simultaneous spatial, modal and wavelength multiplexing along with modulation of the optical signals. It includes an input port, a series of output nanowires and a set of control electrodes. Surface plasmons excited by a pulsed laser beam at the input port propagate and interact with the nanowire triggering the nonlinear continuum at the predefined enhancement site. The resulting nonlinear continuum induces the optical coupling of different plasmon modes which are spatially and spectrally separated and transported to output ports through designated nanowires. This is achieved by controlling the geometry and the nature of the nanowire. One important aspect of the device is the electrically controlled coupling of the nonlinear continuum at the enhancement site and therefore the output strength by modulating the light intensity. The modulation is activated with a relatively low control voltage as already demonstrated which ensures low power [START_REF] Buret | Spontaneous hotelectron light emission from electron-fed optical antennas[END_REF]. Copyright 2015 American Chemical Society. . . . . . 1.4.7 (a) Emission spectra of a small particle aggregate on a glass surface for increasing irradiation (dark red, 4.8 kW/cm 2 ; red, 8.7 kW/cm 2 ; orange, 11.0 kW/cm 2 ). Scattered light is cut off by filters. (b) Power-law exponents p for several laser powers over a limited range of irradiation (dark red, 1.8-4.9 kW/cm 2 ; red, 2.6-8.7 kW/cm 2 ; orange, 4.5 -11.0 kW/cm 2 ). Adapted with permission from [START_REF] Roloff | Light emission from gold nanoparticles under ultrafast near-infrared excitation: Thermal radiation, inelastic light scattering, or multiphoton luminescence?[END_REF].

Copyright 2017 American Chemical Society. . . . . . . . . . . . . . . . . . . . . 
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 122 Fig. 1.2.2. Interface along the x -y plane between a metal and a dielectric.

  .2.3(a)) and dipole antennas (1.2.3(b)) offer hot-spot generation and in general, narrow gaps between sharp structures like bowties (Fig. 1.2.3(c)) have proven to be very effective for this purpose [77, 78]. More complex designs as Yagi-Uda antennas have been developed too, similar to its RF analog, they consist on multiple elements parallelly disposed as shown in Fig. 1.2.3(d).

Fig. 1 . 2 . 3 .

 123 Fig. 1.2.3. Scanning electron micrographs of different optical antenna designs. (a) Hertzian dimmer antenna. Reprinted with permission from [79]. Copyright 2012 American Chemical Society. (b) Dipole antenna. Reprinted with permission from [80]. Copyright 2008 by the American Physical Society. (c) Bowtie antenna and (d) Yagi-Uda antenna. SEM image courtesy of Xiao Yu, PhD student at the ICB lab.
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 131 Fig. 1.3.1. Real and imaginary parts of the dielectric function for gold in the optical regime. Black dots correspond to experimental data. The red and blue lines correspond to fits to the Drude and Drude-Lorentz models. Reprinted with permission from [68]. Copyright 2011 American Chemical Society.
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 1132 Fig. 1.3.2. (a) Approximative band structure of gold. The red dashed squares point to its interband transitions (b).Adapted from[START_REF] Beversluis | Continuum generation from single gold nanostructures through near-field mediated intraband transitions[END_REF] and[START_REF] Biagioni | Dependence of the two-photon photoluminescence yield of gold nanostructures on the laser pulse duration[END_REF].
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 14 Figure 1.4.1 shows some examples of the different kind of resonances and excited state dynamics which may contribute to incoherent nonlinearities and to large values of Im[χ (3) ] [120]. Two-, three-and four-level systems coupled by one-photon and two-photon resonances or by the sequential two-photon absorption are presented.
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 4141 Fig. 1.4.1. Resonances and excited-stated dynamics contributing to the χ (3) nonlinearities. (a) one-photon absorption, (b) direct two-photon resonance mediated by a virtual state, (c) resonant sequential two-photon absorption, (d) relaxed sequential absorption. Adapted with permission from [120]. Copyright 1994 American Chemical Society

Fig. 1 . 4 . 2 .

 142 Fig. 1.4.2. Schematic representation of the hot electron generation in gold nanostructures. (a) A gold nanostructure is initially in thermal equilibrium at T = T 0 . (b) A femtosecond laser pulse generates surface plasmons in the particle which exponentially decay into hot electrons and holes within ≈ 10 fs. (c) Coulomb electron-electron interactions lead to the decay of the most energetic electrons in a few tenths of femtoseconds and eventually relax back to ambient temperature in the picosecond scale thanks to the coupling with phonons. Shaded areas represent the initial Fermi-Dirac distribution of electronic states, points indicate the occupancies of different energy levels. The solid curve in (c) is the Fermi-Dirac distribution at a higher temperature T . Adapted with permission from [130]. Copyright 2016 American Chemical Society.
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 1 4.3(a) shows the measured N-PL spectrum for different incident powers or irradiance E at the laser focus.
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 143 Photon energy (eV)
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 144 Fig. 1.4.4. Representative band diagram for gold near the X and L symmetry points in the first Brillouin zone. The first IR photon (1) excites an electron in the sp-band, while the second (2) excites an electron from the dband to the sp-band. Electron-electron and electron-hole scattering events move the electrons closer to the Fermi level. Visible emission is generated when the electron relaxes from the sp-band back to the d-band. Adapted with permission from [23]. Copyright 2009 by the American Physical Society.
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 221 Fig. 2.2.1. (a) Schematic of a plasmonic EFISH device. A gold nanoslit filled with a dielectric medium is surrounded by a grating-based optical antenna. The two electrodes are connected to external circuits for electrical control. (b) Normalized change in the frequency doubled intensity versus the external applied voltage. Figures adapted with permission from [178]. (c) Measured fluorescence emission spectra for different applied DC bias voltages across the nanogap filled with quantum dots. Figure adapted by permission from [184]. Copyright 2011. (d) Dielectric function variation plotted versus δ for three sphere radii, the inset shows the effect of the strong electric field on the sphere. Figure adapted with permission from [160]. Copyright 2016 by the American Physical Society.

Figure 2 .

 2 2.1(d) shows the modified dielectric function as Chapter 2. Electrical command of the linear and nonlinear responses of plasmonic antennas a function of the parameter δ which denotes the position in the electrically affected volume of the sphere as shown in the inset of Fig. 2.2.1(d). In our particular research, we demonstrate an active plasmonic device based on gold optical gap antennas with different shapes. Figures 2.2.2(a) and (b) show a schematic representation and a graphic image of the actual device respectively. Figures 2.2.2(
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 222 Fig. 2.2.2. Electrically controlled plasmonic device. (a) Schematic representation of the device operation. Two gold electrodes are separated by a nanometric gap to form an optical gap antenna. A femtosecond laser excites the structure and generates N-PL which is modulated by an applied electric field across the gap. (b) Real graphic representation of the plasmonic device. SEM micrographs of (c) all the nanoantennas, (d) zoomed at the top 6 nanoantennas and (e) a single nanoantenna.
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 231 Fig. 2.3.1. Schematic representation of the spin-coating process for a double layer of PMMA.

  Fig. 2.3.2. Schematic representation of the complete fabrication process of the plasmonic device. A combination of e-beam and UV lithography defines a set of nanoantennas and the connecting electrodes respectively.

Fig. 2 .

 2 Fig. 2.3.3. (a) Nonlinear photoluminescence confocal map of a bow-tie optical antenna. The inset shows a SEM micrograph of the same structure. (b) Experimental setup. Ti:Sapphire laser (Chameleon, Coherent) at a wavelength of 810nm, ≈ 120fs pulses and 80 MHz repetition rate. λ/2 Half wave plate. DBS Dichroic beam splitter, TL Tube lens, APD Avalanche photodiode, OBJ 1.49 100x numerical aperture objective, I/V converter, VA Voltage amplifier, RHK Scanning probe microscope control system, Function generator, Spec Spectrometer, CCD charge-coupled device camera.
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 241 Fig. 2.4.1. Recorded N-PL in the gap region as a function of the applied voltage for nanoantennas with (a) ≈ 100nm and (b) ≈ 150nm gaps. (c) Change rate of the N-PL with the voltage applied. (d,e) SEM micrographs of typical studied nanoantennas with gaps similar to (a) and (b). The dotted lines indicate the zero bias N-PL in (a) and (b) and the zero N-PL change rate in (c)

1 )

 1 Fig. 2.4.2. In blue, the time trace of the N-PL emission (left ordinate axis) for a 75 nm gap nanoantenna. In orange, the applied squared electrical signal (right ordinate axis). The red dashed line and the double red arrow indicate approximately the values of I N-PL (E = 0) and ∆ N-PL (E = E 0 ) respectively.
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 41 Evolution of the N-PL yield with the electric field In figure 2.4.3(a), the effect of the variation of the electric field on the generated N-PL in the 75 nm gap of an optical antenna is presented. The amplitude of a squared electrical input is varied in the range of 4 -20 V (0.5 -2.7 × 10 8 V/m) with a period of 1 s and an average laser power of 1.4 GW/m 2 . The inset of the figure is a confocal N-PL map of the nanoantenna previously constructed in order to locate the highest emission points and precisely fix the excitation laser in those positions, the blue arrow indicates the laser position for that specific acquired data set. Here and in the rest of the chapter, the polarization is set to maximize the N-PL modulation (indicated by double white arrow). The contour of the nanoantenna is outlined with dashed lines for better perception. As the DC field decreases (0 s ≤ t ≤ 10 s), the modulation depth decreases until it reaches a threshold voltage and disappears. From that point, the electric field starts to increase again (10 s ≤ t ≤ 20 s) and the modulation comes up. Fig. 2.4.3(b) summarizes the trend of the mean N-PL as a function of the applied electric field estimated during the on-state of the voltage duty cycle. The gray zone and the dotted line at 222 kcounts s -1 is the mean flux of the N-PL calculated in the time sequence when the signal is unperturbed by the voltage. The right axis shows the modulation depth ∆ N-PL (E = E 0 ) normalized by the N-PL intensity at no bias applied I N-PL (E = 0) resulting in a relative modulation ∆ r . The modulation goes from 5% up to 23% of I N-PL (E = 0). A linear fit gives an approximate value of 8% variation of the N-PL yield per every 60 MV/m increment on the DC field. This trend varies in many situations, depending on the excitation point and on the nanoantenna it can reach modulations up to 400% within the same range of electric fields (≈ 2 × 10 8 V/m).

Fig. 2 .

 2 Fig. 2.4.3. (a) Time trace of the N-PL emission (blue shaded area and left axis) of the optical antenna under different applied electric fields (orange, right axis). The inset is a confocal map of the N-PL emission of the same optical antenna. The orange lines help the eye to see the nanostructure location. The blue arrow points to the acquisition area of the N-PL. A SEM image is also shown. (b) Evolution of N-PL mean rate (left axis) and the relative modulation depth ∆ r (right axis) during the on-state as a function of the voltage applied (lower scale) or electric field (upper scale) for the two voltage sweeps illustrated in (a). The horizontal dotted line and the gray zone indicate the off-state N-PL value and its standard deviation evaluated from 8 s < t < 12 s in (a). The solid line is a linear fit taking into account the complete data set.

  Figures 2.4

  .4(a,b,c,d,e) show the time evolution of the N-PL signal when the sample is displaced to excite different locations around the feed gap as represented in Fig. 2.4.4(f). The electric field amplitude is kept constant and follows again a squared shape switching between ON and OFF states. In this experiment the gap is 75 nm. The dotted lines in the graphs indicate the approximate off-state N-PL rate (null amplitude). In Fig. 2.4.4(a), the displacement of the sample with respect to the focus favors the generation of N-PL signal on the positive electrode (point 'a') and the behavior observed in Fig. 2.4.2 and 2.4.3, where the on-state enhances the N-PL signal, is retrieved (in-phase). In Fig. 2.4.4(b), the sample is now slightly displaced to facilitate the N-PL response from the grounded electrode (point 'b').
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  .4.4(c) and Fig. 2.4.4(d))

Fig. 2

 2 Fig. 2.4.4. (a,b,c,d,e) Corresponding time traces of the N-PL for each marked position in (b). The horizontal dashed line showing the approximated OFF state of the N-PL emission. (f) Confocal map of the N-PL emission of a 75 nm gap nanoantenna. The nanostructure is traced with orange lines. Each excitation point (laser tip position) is indicated with letters. The incident laser polarization is indicated by the double arrow.

  .4.5(a). The polarity of the field is systematically switched passing from a positive voltage (0 -20V or 2.7 × 10 8 V/m) to a negative variation. The positive bias quenches the signal whereas the negative bias gives rise to an enhanced nonlinear signal.
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 245 Fig. 2.4.5. Effect of the electric field polarity inversion on the recorded N-PL emission in the gap of a bow-tie antenna (100 nm gap). (a) Time trace of the N-PL and the electric signal. The dotted horizontal line refers to the no bias state. (b) N-PL confocal map of the nanoantenna. The inset shows an SEM micrograph of the antenna. The double arrow indicates the incident laser polarization.
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  .4.6(a)). It considers an ideal nanocapacitor with perfectly conductive electrodes, smooth interfaces and bow-tie shape mimicking the nanoantennas of the electroplasmonic device. The boundary conditions are as follows. Two gold terminals with a potential difference of 10 V between them are separated by a 50 nm gap. The gold structures are on a silica glass substrate (W × D × H = 1.5 µm × 1.5 µm × 100 nm ) and embedded in air. Figures 2.4.6(b,c,d) show a zoomed picture of the gap region with the calculated electric potential, field and charge distributions respectively. As expected, the norm of the field and consequently the charge density increases in the gap region.
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 246 Fig. 2.4.6. COMSOL Multiphysics ® simulation of a nanocapacitor with shape and dimensions similar to the studied nanoantennas. (a) Model configuration and different performed calculations. Electric (b) potential, (c) field and (d) surface charge density distribution in the gap region of the nanocapacitor. (e) Surface charge density along the dotted line indicated in (d).
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 247 Fig. 2.4.7. Time trace of the recorded N-PL in a ≈ 80 nm gap under the action of time-varying 10 V pulses. Each color represents a different electrical pulse duration starting at 30 ms and increasing in 10 ms steps until reaching 200 ms. The insets show the dependence of the N-PL modulation depth as a function of the pulse duration and a N-PL confocal map of the studied nanoantenna.
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 248 Fig. 2.4.8. (a) Rise (blue-shaded area) and fall (red-shaded areas) times measured on a highly timeresolved trace of the N-PL under the action of 10 V and 200 ms pulses. The red and green crosses indicate the referential points for the high and low values of the N-PL respectively. (b) Evolution of the FWHM of the N-PL pulses with the electric pulse duration. The inset shows the measured points for an N-PL pulse under the action of a 200 ms and 10 V pulse.

  .4.8(a) leads to t rise ≈ 20.1 ms and t fall ≈ 110.4 ms in accordance with the modulation weakening for t pulse < 130 ms. Fig. 2.4.8(b)

Fig. 2 . 4 . 9 .

 249 Fig. 2.4.9. (a) time trace of the emitted N-PL of a nanoantenna under the action of 8 V and 200 ms pulses. (b) Rise (blue-shaded area) and fall (red-shaded areas) times measured on a highly time-resolved trace of the N-PL indicated by the red square on (a). The red and green crosses indicate the referential points for the high and low values of the N-PL respectively.
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 2 Fig. 2.4.10. N-PL time trace of an optical antenna for two incident laser powers and under the action of a squared time-varying voltage function with an amplitude of 20 V and a period T = 2 s.
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 2411 Fig. 2.4.11. Time trace of the recorded N-PL under the action of a 20 V squared electric signal for different incident laser polarizations. The relative modulation depth is pointed out as ∆ N-PL . The white arrows show the polarization state with respect to the nanoantenna shown in the inset at that specific time. An N-PL confocal map and a SEM micrograph of the nanoantenna are shown in the inset.
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 251 Fig. 2.5.1. (a) Phonon and (b) surface collision assisted absorption of a quantum of electromagnetic energy ω in a metal.
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 52252 Fig. 2.5.2. Simplified diagram of the charge accumulation and electron temperature effects on the nanoantennas N-PL emission.
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 1253 Fig. 2.5.3. N-PL spectra of an optical gap antenna under different applied voltages. The inset shows the spectra at the corresponding SHG wavelength.

2. 5 .

 5 Nonlinear photoluminescence modulation mechanisms (< 5 nm). Finally, local tunneling allows the jumping (v) of electrons with energies below the barrier from one trap to another.
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 254 Fig. 2.5.4. Different types of electron emission in a metal insulator metal (MIM) system. (i) Fowler-Nordheim tunneling. (ii) Thermionic emission. (iii) Poole-Frenkel effect. (iv) Direct tunnel emission. (v) Jumping. Modified from [209].
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 255 Fig. 2.5.5. Time traces of both SHG and N-PL signals as a 7 V amplitude square waveform is applied.
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 2 Fig. 2.6.1. (a) Dark-field spectra as the voltage across the gap of a bow-tie antenna is ramped-up. The insets show a SEM micrograph of the nanoantenna and the spectra for the subsequent ramping down. (b) Cross-section at λ = 650 nm of (a).

Figure 2 .

 2 Figure 2.6.2(a) depicts the scattering spectra of six nanoantennas as a three-dimensional spectrogram.The position of the individual nanoantennas is given by the y-axis whereas the spectral scattering intensity is indicated by the pixel color (jet color scale) as a function of the photon wavelength between 500 nm and +1000 nm (x-axis). The dark-field spectra are integrated over 500 µs. The incident light polarization is along the gaps. All the measurements are corrected for the spectral characteristics of the excitation light source but not that of the detectors.

2. 6 .Fig. 2 . 6 . 2 .

 6262 Fig. 2.6.2. Three dimensional spectrogram showing the dark-field spectra of six nanoantennas. The double arrow at the bottom left corner indicates the incident light polarization. Frames i and ii show the real image of the studied nanoantennas when the diffraction grating is at zero-order. (b,c,d,e,f,g) Corresponding binned spectra for every nanoantenna in (a).
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 3 Fig. 3.2.1. (a) SEM micrographs of AuNWs showing the effect of the e-beam dose on the nanowire widths. (b) CAD design used to expose the resist and finally fabricate the AuNWs with different lengths.
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 331 Fig. 3.3.1. Dispersion relation of surface plasmons for gold. The solid and dashed lines represent the light line in vacuum ω = ck and in quartz glass ω = ck/n respectively. In orange the dispersion curve for SPPs on a gold/glass interface. The limiting frequency ω p / √ 2 is represented by a dotted line. The symbols are the dispersion relation for gold nanowires reconstructed from k spp = jπ/L, j is the mode order. Adapted with permission from [232]. Copyright 2003 by the American Physical Society.

Figure 3 .

 3 4.1 better exemplifies this by comparing the linear SPP propagation at the pump wavelength (λ = λ 0 ) and the N-PL emission under incident longitudinal and transverse polarizations with respect to the axis of a nanowire. Wide-field images of the linear scattering response and the filtered nonlinear photoluminescence emission of a 3.5 µm AuNW are shown in figures 3.4.1(a,c) and 3.4.1(b

  .4.1(e,f). The curves are normalized with their own maxima. Under longitudinal polarization, the linear and nonlinear curves show two peaks resulting from laser scattering and local N-PL generation at the excitation point (left) and scattering by the propagating SPPs when they reach the distal end. The second peak disappears for the transverse polarization (no coupled SPPs).
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 341 Fig. 3.4.1. Wide field images of the light distributed in a 3.5 µm AuNW at the excitation wavelength with (a) longitudinal and (c) perpendicular incident polarization. The AuNW is excited at the left end by a focused laser at λ 0 = 808 nm. Wide-field images of the spectrally filtered nonlinear photoluminescence emission are also shown for (b) longitudinal and (d) perpendicular incident polarization. The inset is a bright-field optical image of the AuNW. (e,f) Normalized integrated intensity plots of the (e) linear scattering and (f) nonlinear emission along the y-axis showing the SPP excitation efficiency for two different incident polarizations. The double arrows indicate the incident beam polarization.

  .4.1(b) where three different regions can be 3.4. Unraveling the N-PL delocalization discriminated. (i) The strongest emission results from the excitation point (left), (ii) N-PL emission along the nanowire exponentially decays and finally (iii) gets increased at the distal end (right).

Fig. 3 .

 3 Fig. 3.4.2. (a) Sketch of the excitation, propagation and diffusion of the SPP at λ 0 . (b) to (d) Sketches of the different scenarii that may explain the spatial distribution of the nonlinear photoluminescence along the AuNW and at its distal end.

  .4.2(b) or should we take into account secondary SPP excitations? For instance, Fig. 3.4.2(c) and (d) depict situations where the N-PL continuum produced at the excitation spot couples in the nanowire in the form of a broadband spectrum (λ N-PL ) of surface plasmons, akin to what was observed in thin films
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 343 Fig. 3.4.3. (a) Image of the light distributed in AuNWs with different lengths L taken at the excitation wavelength. From top to bottom L = 3.0 µm, L = 5.5 µm, L = 7.0 µm and L = 9.5 µm. Scanning electron micrographs of the AuNWs are shown in insets. The AuNWs are excited at the left end by the focused laser at λ 0 = 808 nm. The incident polarization is along the AuNWs. (b) Spectrally filtered images capturing the nonlinear photoluminescence emitted at λ < 780 nm by the nanowires.The dynamic of the images is saturated at the excitation area to reveal the weaker signals produced along the nanowires and at the distal ends. (c) Semilogarithmic plots of the linear (λ 0 = 808 nm and λ 0 = 720 nm) and nonlinear light intensity I out (integrated for λ < 780 nm) out-coupled at the distal end of the nanowire vs. nanowire length with their corresponding exponential fit. The error bars represent the standard deviation measured on five nanowires. The inset is a log-log plot of the dependence of the integrated N-PL intensity on the incident power at the excitation point with a quadratic fitting (slope ≈ 2.2). The power dependence for the laser line λ 0 is also shown for reliability purpose with a slope of 1.
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 344 Figure 3.4.4 shows a set of images when the laser excitation no longer overlaps one end facet but is moved to the middle of the nanowires. For this excitation location, the direct excitation of a SPP at the pump wavelength λ 0 is inefficient. The absence of a geometrical discontinuity along the polarization direction inhibits the momentum transfer required for SPP excitation[START_REF] Song | Selective excitation of surface plasmon modes propagating in ag nanowires[END_REF]. Figure3.4.4 (a) directly compares the excitation at the end and at the middle of the nanowire at the pump wavelength. The absence of signal detected at the distal end (arrow) when the focus is moved on the middle of the AuNW confirms the absence of SPP excitation. One can safely rule out any contribution generated from a direct excitation of SPP

Fig. 3 .

 3 Fig. 3.4.4. (a) top frame: optical transmission image of a 7.0 µm AuNW. Center frame: SPP excitation at one end and propagation to the distal face (arrow). Image is taken at the excitation wavelength. Bottom frame: excitation at the middle of the AuNW showing an absence of SPP excitation and propagation at the laser wavelength. (b) Image of the filtered nonlinear optical response of AuNWs with different lengths (from top to bottom 7.0 µm, 5.5 µm and 3.0 µm) when excited approximately at the middle with λ 0 = 808 nm, incident polarization is along the AuNWs. (c) Data points: normalized spectra of the N-PL emitted by the end face (white dashed square in (b)). The spectra are normalized with their own maximum. Solid lines: simulated spectra considering a diffraction-limited broad-band source in the middle of a Fabry-Pérot cavity.
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 345 Fig. 3.4.5. (a) AuNW with a cross section of 50 nm × 160 nm on a glass substrate that supports a wavevector k spp . Simplified modelization of the AuNW as a 1D cavity with length L and reflection coefficient r. The source is located at x = x 0 and emits a broad spectrum mimicking a blackbody radiation. Adapted with permission from [257]. Copyright 2011 American Chemical Society. (b) Simulated surface plasmon propagation lengths for a 150 nm × 60 nm height AuNW on a glass substrate. The points represent the L spp values inferred in the previous section. The inset on the bottom right shows the field emission of the bound mode sustained by the nanowire.
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 346 Fig. 3.4.6. Images of the filtered nonlinear optical response of a 7.0 µm long AuNW being excited (a) at the left end and (b) at approximately the center. The normalized integrated intensity profiles along the x-axis at the bottom of the images. Grayed areas indicated the longitudinal extension of the N-PL.

  3.4.1(a),3.4.3(a),3.4.4(a)). In the case of N-PL wavelengths (Figs. 3.4.1(b),3.4.3(b),3.4.6(a)
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 4 Unraveling the N-PL delocalization 3.4.3.1 Wavevector distribution of the N-PL
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 347 Fig. 3.4.7. (a) Schematic of the Fourier transform produced by an objective lens. Adapted with permission from [262].
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 348 Fig. 3.4.8. (a) Resulting Fourier plane pattern as the scattered laser light from the sample substrate goes trough the objective lens. The projection of the angular emission is schematically depicted. Image inspired by [265, 266]. (b) The same Fourier plane with the intensity profiles indicated by the dashed lines (top and right frames). The derivatives of the profiles are shown at the bottom and left frames. The arrows indicate the referential points taken to verify the positioning of the relay lens.
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 349 Fig. 3.4.9. Fourier space patterns of the (a,b) linear and (c,d) filtered nonlinear optical response for the (a,c) 3.0 µm and (b,d) 5.5 µm long AuNWs shown at the top obtained by imaging the back focal plane of the objective. The small concentric circles in (c) and (d) are diffraction rings produced by dust residues left on the optical elements. The excitation is located at one end of the AuNW. (e) Cross section profile indicated with a dashed line in (a). (f) Estimation of the nanowires length by using the fringe patterns of the linear back focal planes. The linear fit gives a slope of 0.93. The error bars indicate the standard deviation from several measurements in the Fourier plane fringes.
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 3410 Fig. 3.4.10. Fourier plane patterns with different polarization analysis of the AuNWs N-PL emission with (a,b) no analyzer, analyzer (c,d) along and (e,f) transverse to the axis of the nanowire (see double-sided arrows on the top). φ 1 and φ 2 indicate the azimuthal spread angle of the wave vector distribution. The top insets show the corresponding real plane image of the presented FPs for (a,c,e) end-excitation and (b,d,f) middle excitation.

Figure 3 . 4 .

 34 [START_REF] Jiang | Active plasmonics: principles, structures, and applications[END_REF] shows integrated intensity profile graphs along the longitudinal axis of three of the nanowires studied before (3.0 µm; 5.5 µm and 7.0 µm). The signal is measured for a longitudinal (N-PL ) and a transverse (N-PL ⊥ ) orientation of the analyzer. As hypothesized, the N-PL signals distributed along the nanowires length (blue-shaded area) and scattered at the extremity (red-shaded area) are partially polarized but feature opposite behaviors. The larger intensity of the out-coupled I N-PL out in comparison to I N-PL ⊥ out at the distal ends of all the AuNWs substantiates the scattering of a continuum of SPPs generated at the excitation spot and traveling in the nanowires.

Fig. 3 . 4 . 11 .

 3411 Fig. 3.4.11. Integrated intensity of the photoluminescence signal along the longitudinal axis of three AuNWs. The data is acquired for two orientations of the polarization analyzer and normalized with the maximum intensity. The blue-shaded area corresponds to the signal delocalized along the nanowire and the red area is the nanowire termination. The top insets show the polarization resolved image of the nonlinear photoluminescence distributed in the nanowire. The double arrow indicates the orientation of the analyzer.
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 351 Fig. 3.5.1. Spatially resolved nonlinear photoluminescence spectral map for a 7.0 µm long AuNW excited at the bottom end. Each horizontal line represents the spectrum at that specific position and is normalized with its own maximum. The black arrows in the object plane image (right hand side) indicate the excitation and out-coupling regions.

Chapter 3 .Fig. 3 . 5 . 2 .

 3352 Fig. 3.5.2. Normalized N-PL spectra of the 7.0 µm studied AuNW (a) at different positions along the nanowire and (b) at the excitation spot but for different incident average laser powers. Insets indicate the position of the acquired spectrum.
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 353 Fig. 3.5.3. (a) Spatially resolved nonlinear photoluminescence spectral map for a 3.5 µm long AuNW excited at the middle. Each horizontal line represents the spectrum at that specific position and is normalized with its own maximum. The black arrows in the object plane image (right hand side) indicate the out-coupling regions.

  .6.1(a). The gold nanostructures are yellowcolored for an easier view. A 5.0 µm × 150 nm gold nanowire very similar to the ones studied so far is separated on one edge ≈ 50 nm from an electrode at the distal end. On the other edge the AuNW is contacted to another electrode. The bowtie shape of the electrodes seeks the enhancement of both the emission and the static electric field. A schematic figure of the dashed area of Fig. 3.6.1(a) shows a close-up of the electrical configuration (see Fig. 3.6.1(b)), similar to the procedure of Chapter II, a squared bias is applied through the gap. The nanowire is excited at the left end generating N-PL throughout the nanowire as displayed in Fig. 3.6.1(c).
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 361 Fig. 3.6.1. (a) SEM micrograph of a 5 µm × 150 nm AuNW electrically contacted at the distal end. Another electrode is separated 50 nm from the nanowire to apply a potential difference across the gap. (b) Schematic of the electrical connection at distal-end region of the nanowire. (c) Excitation laser filtered optical image showing the generated N-PL throughout the AuNW. The dashed squared area is zoomed in and showed at the bottom of the image. The circle indicates the monitored area.

  Figure 3.6.2 displays the time trace of the applied bias signal and the out-coupled N-PL at the distal end of the nanowire. Chapter 3. Nonlinear optical transport in plasmonic nanowires

Fig. 3 . 6 . 2 .

 362 Fig. 3.6.2. Time trace of the N-PL coming from the distal-end of the AuNW (spatially filtered with a 300 µm pinhole).

  Figure 3.6.3(a) shows the N-PL spectrum recorded at the region indicated by Fig. 3.6.3(b,c) which approximately corresponds to the out-coupled N-PL at the distal end of the nanowire. The spectra are integrated over 0.2 s for two different bias conditions (0 V and 14 V). As revealed on the time trace of the N-PL captured by the APDs, the bias considerably weakens the N-PL emission, making it noticeable even at the optical filtered images of Fig. 3.6.3(b,c).
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 363 Fig. 3.6.3. (a) N-PL emission spectra at the distal end of a 5.0 µm long AuNW under the action of a 14 V bias and without any bias applied. The acquisition time is fixed at t acq = 0.2 s. Wide field optical images of the filtered nonlinear emission of the same nanowire under (b) 0 V and (c) 14 V bias applied.

  .2.1(a). Furthermore, applying a fast Fourier transform confirms the periodicity of the structure (see inset). A SEM micrograph of typical AgNWs is shown in Fig. 4.2.1(b). Additionally, figures 4.2.1(c,d) zoom on the spherical-like ends of the nanowire indicated by the red-dashed surrounding areas of Fig. 4.2.1(b). The SEM images reveal a thin layer of polyvinylpyrrolidone (PVP) surfactant covering the AgNW.

Fig. 4 .

 4 Fig. 4.2.1. (a) High resolution transmission electron microscope (HRTEM) image showing the crystallinity of the synthesized silver nanowires. Image provided by the group of G.V.P. Kumar in IISER Pune, India. The inset represents the corresponding fast Fourier Transform. SEM images of (b) a typical nanowire and its two terminations (c,d). The AgNW diameter is around 530 nm

Fig. 4 . 2 . 2 .

 422 Fig.4.2.2. SPPs are excited by a focused laser beam (not shown) and propagate through an AgNW. Leakage radiation (LR) is emitted under the phase-match angle range represented by θ. An oil-immersion objective collects the leakage radiation. The transversal polarization is indicated by the blue arrows. The zoomed area corresponds to the dashed square. Schematic inspired by[START_REF] Hohenau | Surface plasmon leakage radiation microscopy at the diffraction limit[END_REF] 

Fig. 4 .

 4 Fig. 4.3.1. (a) (Top) Optical transmission image of a 6 µm long AgNW and (bottom) SPP excitation at the left end. (b) corresponding wavevector distribution.

4

 4 

  .3.1(b)). As explained in section 3.4.3.1, the period of the fringes is related to the excitation wavelength and the length of the nanowire (L AgNW ≈ 6 µm).

  Figure 4.3.2(a) displays the widefield image of a thick and 12.6 µm long AgNW sustaining a leaky mode. The nanowire is again excited at the left end and the two bright parallel lines at the lateral edges are the signature of the mode. The rotational symmetry of the imaging lenses produce the interference fringes along the nanowire, similar to the fringes observed for the laser spot [289]. The relative intensity of the plasmon is extracted by plotting the profile along the two bright lines as shown in the semilogarithmic graph of fig. 4.3.2(b). The two lines follow a linear decaying trend and match almost perfectly. An exponential fit gives L spp = 2.6 µm using equation 3.4.1 in both data sets. A transverse profile along the x-axis displaying the two lines intensity is also shown in the inset.

  3.4.1). A cross section of the Fourier plane along k y /k 0 = 0 is shown in fig. 4.3.2(c) with its respective Lorentzian fitting at the bright line position. It yields an effective index n eff = 1.02 and FWHM = 0.06 which from the relationship 4.3.1 translates into a propagation length L spp = 2.1 µm. Whereas n eff matches well previous calculations [289], L spp is slightly lower than the inferred value from the exponential fit of fig. 4.3.2(b) which is highly sensible to the fitting parameters and the background noise of the image.

Chapter 4 .Fig. 4 . 3 . 2 .

 4432 Fig. 4.3.2. (a) Wide-field image of the relative intensity distribution of the leaky mode in a 12.6 µm long AgNW. A bright-field image of the same nanowire is shown at the left. (b) Intensity profile along the two bright lines at the edges of the nanowire showed in (a). The inset shows the transverse profile along the dashed line in (a). (c) Cross section of the corresponding Fourier plane at k y /k 0 = 0 for the leaky mode excitation showed in (a). The inset displays the full Fourier plane and indicates the cut position with a dashed line.

  .3.3(a) are plotted in the panel (c) of the same set of figures to better illustrate the oscillation of the intensity along the nanowire. In the Fourier plane of Fig. 4.3.3(b), two parallel and straight lines corresponding to the radiation of the two modes are now distinguishable at k x /k 0 = 1.01 and 1.46 as confirmed by the intensity profile shown in Fig. 4.3.3(d). Additionally, fringes are due to the excitation of the bound mode.

4. 3 .Fig. 4 . 3 . 3 .

 3433 Fig. 4.3.3. (a) Wide-field image of the relative intensity distribution of the bound and multiple leaky modes being excited in a 10 µm long AgNW. (b) Fourier plane image corresponding to the real image shown in (a). Arrows point to the straight lines resulting from the excitation of two leaky modes. (c) Profiles at the edges of the nanowire for the dashed area indicated in (a). (d) Cross section of the Fourier plane shown in (b) at k y /k 0 = 0 for the multiple leaky modes excitation showed in (a).
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 4434 Fig. 4.3.4. (a) Nonlinear confocal map of a 13.5 µm long AgNW. The top frame is an optical transmission image of the same nanowire. (b) Nonlinear emission spectrum of the nanowire. The inset is an amplified image of the peak corresponding to SHG.

  3.6.3, 3.5.2, 3.4.4, 2.5.3 and 1.4.3 for comparison). Such generality is hardly explained by interband recombination following multi-photon absorption processes and strengthens the hypothesis of thermal emission by a hot-electron gas.
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 4435 Fig. 4.3.5. Real and Fourier space patterns of the (a) linear and (b) filtered nonlinear optical response for the bound mode excitation. The excitation is located at the left end of the nanowire.

4. 3 .

 3 Modal distribution and nonlinear optical emission in silver nanowires spots. The nonlinear Fourier plane reveals the antenna-like behavior and emission directionality brought by the nanowire. For the leaky mode excitation (see fig. 4.3.6(a,b)), the situation is completely different. For the linear case shown in (a) the propagating plasmon shows, as expected, an exponential decay along the full nanowire and the Fourier plane readily displays the typical straight line transverse to the plasmon propagation direction. Interestingly, for the nonlinear case (fig. 4.3.6(b)) the nanowire exhibits a mostly homogeneous emission at the edges with much higher intensities at some particular hot-spots on the nanowire as pointed by the white arrow. In fact, the excitation area (left end) surprisingly shows a weak nonlinear emission comparable to other sites of the nanowire. Furthermore, the Fourier plane unexpectedly displays two straight lines at opposite sides of the k-space which can be explained as follows: The pump plasmon propagating in a single direction (+x) transports enough energy to locally activate a nonlinear continuum generation at a nanoparticle decorating the nanowire. In the subsequent step, the local continuum couples to a new set of modes propagating and leaking in the forward (+x) and backward (-x) direction as demonstrated by the emission diagrams. The process can be very efficient thanks to the large in-plane k-vector distribution of the continuum in the near-field which can match those of the SPPs in the nanowire. Profiles at k y /k 0 = 0 of the linear and nonlinear Fourier planes are shown in fig. 4.3.6(c).
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 436 Fig. 4.3.6. Real and Fourier space patterns of the (a) linear and (b) filtered nonlinear optical response for the leaky modes excitation. The excitation is located at the left end of the nanowire. (c) Cross section profiles indicated with dashed lines in (a) and (b). The peaks are fitted with Lorentzian distributions (solid lines).
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 437 Fig. 4.3.7. Real and Fourier space patterns of the (a) linear and (b) filtered nonlinear optical response for the SPP excitation in an AgNW with a defect. The excitation is located at the left end of the nanowire. (c) SEM images of the same nanowire showing the nature of the defect.

  Figures 4.3.8(a,b) demonstrate the successful conversion from a single leaky mode (x-direction) to multiple leaky modes in opposite direction (-x-direction).

Fig. 4 . 3 . 8 .

 438 Fig. 4.3.8. Filtered (a) Real and (b) Fourier plane nonlinear images of a 12 µm long AgNW being excited at the left end with a pulse laser centered at λ 0 = 808 nm. The red arrows highlight the excitation of multiple leaky modes in opposite directions.
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 4439 Fig. 4.3.9. Corresponding (a) real and (b) Fourier plane images of the pump plasmon propagating in the nanowire of Fig. 4.3.8.

  3 (a) Emission spectra of gold nanostructures for different excitation powers. (b) Log-log plot of the N-PL intensity dependence on the excitation power with its corresponding slope. The laser intensities have been proportionally reduced to avoid overlapping of the curves. . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.4.4 Representative band diagram for gold near the X and L symmetry points in the first Brillouin zone. The first IR photon (1) excites an electron in the spband, while the second (2) excites an electron from the d-band to the sp-band. Electron-electron and electron-hole scattering events move the electrons closer to the Fermi level. Visible emission is generated when the electron relaxes from the sp-band back to the d-band. Adapted with permission from [23]. Copyright 2009 by the American Physical Society. . . . . . . . . . . . . . . . . . . . . . . . 1.4.5 (a) Emission spectrum of a single luminescent spot in a silver nanoparticle film being excited at 770 nm by a femtosecond laser (blue) or by a CW laser (red). The solid and the dashed lines represent a laser excitation power of 100 W/cm 2 and 1 kW/cm 2 respectively. The blank space in the 1.52-1.72 eV range is a consequence of the filtering of the elastically scattered light. (b) Spectrally resolved power-law exponent for the incident laser dependence of the emitted photons. Figure adapted with permission from [9]. Copyright 2015 by the American Physical Society . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.4.6 Estimated effective electron temperature as a function of the tunnel current for two energies (1.7eV; 2.06eV). (b) Light intensity versus electron temperature (semi-logarithmic scale). The red points are the inferred electron temperature and the solid line is the evolution of the light intensity at 1.7 eV. (c) Emission spectra of the device for different bias voltages. Figure adapted and reprinted with permission from
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 2 .1 (a) Schematic of a plasmonic EFISH device. A gold nanoslit filled with a dielectric medium is surrounded by a grating-based optical antenna. The two electrodes are connected to external circuits for electrical control. (b) Normalized change in the frequency doubled intensity versus the external applied voltage. Figures adapted with permission from[START_REF] Cai | Electrically controlled nonlinear generation of light with plasmonics[END_REF]. (c) Measured fluorescence emission spectra for different applied DC bias voltages across the nanogap filled with quantum dots. Figure adapted by permission from[START_REF] Jun | Plasmonic beaming and active control over fluorescent emission[END_REF]. Copyright 2011. (d) Dielectric function variation plotted versus δ for three sphere radii, the inset shows the effect of the strong electric field on the sphere. Figure adapted with permission from[START_REF] Kalathingal | Scanning tunneling microscope light emission: Effect of the strong dc field on junction plasmons[END_REF]. Copyright 2016 by the American Physical Society. . . . . 2.2.2 Electrically controlled plasmonic device. (a) Schematic representation of the device operation. Two gold electrodes are separated by a nanometric gap to form an optical gap antenna. A femtosecond laser excites the structure and generates N-PL which is modulated by an applied electric field across the gap. (b) Real graphic representation of the plasmonic device. SEM micrographs of (c) all the nanoantennas, (d) zoomed at the top 6 nanoantennas and (e) a single nanoantenna. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . List of Figures 2.3.1 Schematic representation of the spin-coating process for a double layer of PMMA. 30 2.3.2 Schematic representation of the complete fabrication process of the plasmonic device. A combination of e-beam and UV lithography defines a set of nanoantennas and the connecting electrodes respectively. . . . . . . . . . . . . . . . . . 31 2.3.3 (a) Nonlinear photoluminescence confocal map of a bow-tie optical antenna. The inset shows a SEM micrograph of the same structure. (b) Experimental setup. Ti:Sapphire laser (Chameleon, Coherent) at a wavelength of 810nm, ≈ 120fs pulses and 80 MHz repetition rate. λ/2 Half wave plate. DBS Dichroic beam splitter, TL Tube lens, APD Avalanche photodiode, OBJ 1.49 100x numerical aperture objective, I/V converter, VA Voltage amplifier, RHK Scanning probe microscope control system, Function generator, Spec Spectrometer, CCD chargecoupled device camera. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32 2.4.1 Recorded N-PL in the gap region as a function of the applied voltage for nanoantennas with (a) ≈ 100nm and (b) ≈ 150nm gaps. (c) Change rate of the N-PL with the voltage applied. (d,e) SEM micrographs of typical studied nanoantennas with gaps similar to (a) and (b). The dotted lines indicate the zero bias N-PL in (a) and (b) and the zero N-PL change rate in (c) . . . . . . . . . . . . . 34 2.4.2 In blue, the time trace of the N-PL emission (left ordinate axis) for a 75 nm gap nanoantenna. In orange, the applied squared electrical signal (right ordinate axis). The red dashed line and the double red arrow indicate approximately the values of I N-PL (E = 0) and ∆ N-PL (E = E 0 ) respectively. . . . . . . . . . . . . . 35 2.4.3 (a) Time trace of the N-PL emission (blue shaded area and left axis) of the optical antenna under different applied electric fields (orange, right axis). The inset is a confocal map of the N-PL emission of the same optical antenna. The orange lines help the eye to see the nanostructure location. The blue arrow points to the acquisition area of the N-PL. A SEM image is also shown. (b) Evolution of N-PL mean rate (left axis) and the relative modulation depth ∆ r (right axis) during the on-state as a function of the voltage applied (lower scale) or electric field (upper scale) for the two voltage sweeps illustrated in (a). The horizontal dotted line and the gray zone indicate the off-state N-PL value and its standard deviation evaluated from 8 s < t < 12 s in (a). The solid line is a linear fit taking into account the complete data set. . . . . . . . . . . . . . . . . . . . . . . . . . 36 2.4.4 (a,b,c,d,e) Corresponding time traces of the N-PL for each marked position in (b). The horizontal dashed line showing the approximated OFF state of the N-PL emission. (f) Confocal map of the N-PL emission of a 75 nm gap nanoantenna. The nanostructure is traced with orange lines. Each excitation point (laser tip position) is indicated with letters. The incident laser polarization is indicated by the double arrow. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37 2.4.5 Effect of the electric field polarity inversion on the recorded N-PL emission in the gap of a bow-tie antenna (100 nm gap). (a) Time trace of the N-PL and the electric signal. The dotted horizontal line refers to the no bias state. (b) N-PL confocal map of the nanoantenna. The inset shows an SEM micrograph of the antenna. The double arrow indicates the incident laser polarization. . . . . . . . 38 2.4.6 COMSOL Multiphysics ® simulation of a nanocapacitor with shape and dimensions similar to the studied nanoantennas. (a) Model configuration and different performed calculations. Electric (b) potential, (c) field and (d) surface charge density distribution in the gap region of the nanocapacitor. (e) Surface charge density along the dotted line indicated in (d). . . . . . . . . . . . . . . . . . . . 39 List of Figures 2.4.7 Time trace of the recorded N-PL in a ≈ 80 nm gap under the action of timevarying 10 V pulses. Each color represents a different electrical pulse duration starting at 30 ms and increasing in 10 ms steps until reaching 200 ms. The insets show the dependence of the N-PL modulation depth as a function of the pulse duration and a N-PL confocal map of the studied nanoantenna. . . . . . . . . . 2.4.8 (a) Rise (blue-shaded area) and fall (red-shaded areas) times measured on a highly time-resolved trace of the N-PL under the action of 10 V and 200 ms pulses. The red and green crosses indicate the referential points for the high and low values of the N-PL respectively. (b) Evolution of the FWHM of the N-PL pulses with the electric pulse duration. The inset shows the measured points for an N-PL pulse under the action of a 200 ms and 10 V pulse. . . . . . . . . . . . 2.4.9 (a) time trace of the emitted N-PL of a nanoantenna under the action of 8 V and 200 ms pulses. (b) Rise (blue-shaded area) and fall (red-shaded areas) times measured on a highly time-resolved trace of the N-PL indicated by the red square on (a). The red and green crosses indicate the referential points for the high and low values of the N-PL respectively. . . . . . . . . . . . . . . . . . . . . . . . . . 2.4.10N-PL time trace of an optical antenna for two incident laser powers and under the action of a squared time-varying voltage function with an amplitude of 20 V and a period T = 2 s. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.4.11Time trace of the recorded N-PL under the action of a 20 V squared electric signal for different incident laser polarizations. The relative modulation depth is pointed out as ∆ N-PL . The white arrows show the polarization state with respect to the nanoantenna shown in the inset at that specific time. An N-PL confocal map and a SEM micrograph of the nanoantenna are shown in the inset. 2.5.1 (a) Phonon and (b) surface collision assisted absorption of a quantum of electromagnetic energy ω in a metal. . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.5.2 Simplified diagram of the charge accumulation and electron temperature effects on the nanoantennas N-PL emission. . . . . . . . . . . . . . . . . . . . . . . . . 2.5.3 N-PL spectra of an optical gap antenna under different applied voltages. The inset shows the spectra at the corresponding SHG wavelength. . . . . . . . . . . 2.5.4 Different types of electron emission in a metal insulator metal (MIM) system. (i) Fowler-Nordheim tunneling. (ii) Thermionic emission. (iii) Poole-Frenkel effect. (iv) Direct tunnel emission. (v) Jumping. Modified from [209]. . . . . . . . . . . 2.5.5 Time traces of both SHG and N-PL signals as a 7 V amplitude square waveform is applied. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.6.1 (a) Dark-field spectra as the voltage across the gap of a bow-tie antenna is ramped-up. The insets show a SEM micrograph of the nanoantenna and the spectra for the subsequent ramping down. (b) Cross-section at λ = 650 nm of (a).

2. 6 . 2

 62 Three dimensional spectrogram showing the dark-field spectra of six nanoantennas. The double arrow at the bottom left corner indicates the incident light polarization. Frames i and ii show the real image of the studied nanoantennas when the diffraction grating is at zero-order. (b,c,d,e,f,g) Corresponding binned spectra for every nanoantenna in (a). . . . . . . . . . . . . . . . . . . . . . . . 3.2.1 (a) SEM micrographs of AuNWs showing the effect of the e-beam dose on the nanowire widths. (b) CAD design used to expose the resist and finally fabricate the AuNWs with different lengths. . . . . . . . . . . . . . . . . . . . . . . . . . List of Figures 3.4.5 (a) AuNW with a cross section of 50 nm × 160 nm on a glass substrate that supports a wavevector k spp . Simplified modelization of the AuNW as a 1D cavity with length L and reflection coefficient r. The source is located at x = x 0 and emits a broad spectrum mimicking a blackbody radiation. Adapted with permission from [257]. Copyright 2011 American Chemical Society. (b) Simulated surface plasmon propagation lengths for a 150 nm × 60 nm height AuNW on a glass substrate. The points represent the L spp values inferred in the previous section. The inset on the bottom right shows the field emission of the bound mode sustained by the nanowire. . . . . . . . . . . . . . . . . . . . . . . . . . . 3.4.6 Images of the filtered nonlinear optical response of a 7.0 µm long AuNW being excited (a) at the left end and (b) at approximately the center. The normalized integrated intensity profiles along the x-axis at the bottom of the images. Grayed areas indicated the longitudinal extension of the N-PL. . . . . . . . . . . . . . . 3.4.7 (a) Schematic of the Fourier transform produced by an objective lens. Adapted with permission from [262]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.4.8 (a) Resulting Fourier plane pattern as the scattered laser light from the sample substrate goes trough the objective lens. The projection of the angular emission is schematically depicted. Image inspired by [265, 266]. (b) The same Fourier plane with the intensity profiles indicated by the dashed lines (top and right frames). The derivatives of the profiles are shown at the bottom and left frames. The arrows indicate the referential points taken to verify the positioning of the relay lens. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.4.9 Fourier space patterns of the (a,b) linear and (c,d) filtered nonlinear optical response for the (a,c) 3.0 µm and (b,d) 5.5 µm long AuNWs shown at the top obtained by imaging the back focal plane of the objective. The small concentric circles in (c) and (d) are diffraction rings produced by dust residues left on the optical elements. The excitation is located at one end of the AuNW. (e) Cross section profile indicated with a dashed line in (a). (f) Estimation of the nanowires length by using the fringe patterns of the linear back focal planes. The linear fit gives a slope of 0.93. The error bars indicate the standard deviation from several measurements in the Fourier plane fringes. . . . . . . . . . . . . . . . . . . . . . 3.4.10Fourier plane patterns with different polarization analysis of the AuNWs N-PL emission with (a,b) no analyzer, analyzer (c,d) along and (e,f) transverse to the axis of the nanowire (see double-sided arrows on the top). φ 1 and φ 2 indicate the azimuthal spread angle of the wave vector distribution. The top insets show the corresponding real plane image of the presented FPs for (a,c,e) end-excitation and (b,d,f) middle excitation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.4.11Integrated intensity of the photoluminescence signal along the longitudinal axis of three AuNWs. The data is acquired for two orientations of the polarization analyzer and normalized with the maximum intensity. The blue-shaded area corresponds to the signal delocalized along the nanowire and the red area is the nanowire termination. The top insets show the polarization resolved image of the nonlinear photoluminescence distributed in the nanowire. The double arrow indicates the orientation of the analyzer. . . . . . . . . . . . . . . . . . . . . . . 3.5.1 Spatially resolved nonlinear photoluminescence spectral map for a 7.0 µm long AuNW excited at the bottom end. Each horizontal line represents the spectrum at that specific position and is normalized with its own maximum. The black arrows in the object plane image (right hand side) indicate the excitation and out-coupling regions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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 2 3.1. Recipes for spin coating the two PMMA layers needed for e-beam lithography.

	Step	Time	First layer Acceleration	Speed	Time	Second layer Acceleration	Speed
		(s)	(rpm/s)	(rpm)	(s)	(rpm/s)	(rpm)
	1	1	100	100	1	100	100
	2	5	300	500	5	300	500
	3	60	3000	5000	60	3000	4000
						200k PMMA
	Spin-coating	Baking			50k PMMA

G la ss co ve rs lip

Table 2 .

 2 3.2. Recipes for spin coating the AZ nLOF 2070 photoresist.

	Step Time (s) Acceleration (rpm/s) Speed (rpm)
	1	1	100	100
	2	5	300	500
	3	60	2500	3000

Table 3 .

 3 

	4.1.	Azimuthal
	wavevector spread angles
	for the Fourier plane images
	shown in fig. 3.4.10	

1.5. Conclusion

3.7. Conclusion

4.4. Conclusion

Summary & outlook

Acknowledgements

CHAPTER 4

Control of the nonlinear properties of silver nanowires: towards the realization of plasmonic routers

Introduction

Among the variety of metallic nanostructure geometries that could been exploited for SPPbased studies, chemically synthesized silver nanowires (AgNWs) have shown great promise [START_REF] Wei | Plasmon waveguiding in nanowires[END_REF][START_REF] Xiong | Silver nanowires for photonics applications[END_REF]. Firstly because their single crystalline structure, excellent diameter uniformity and surface smoothness which, in contrast to top-down fabricated nanowires (see Fig. 3.4.3), mitigate the inner and surface scattering losses allowing longer propagation of higher plasmonic modes. Additionally, these one-dimensional nanostructures can be easily and consistently prepared using soft-solution processing methods. Furthermore, silver has the highest electrical conductivity among all the metals, which is essential for good electrical interconnections [START_REF] Xiong | Silver nanowires for photonics applications[END_REF]. All these advantages give AgNWs a broad range of applications as signal processing components for integrated plasmonic circuits [START_REF] Fang | Branched silver nanowires as controllable plasmon routers[END_REF][START_REF] Wei | Cascaded logic gates in nanophotonic plasmon networks[END_REF], as well as enhancers for sensing and detection purposes [START_REF] Yoon | Single nanowire on a film as an efficient sers-active platform[END_REF] among many others [START_REF] Xiong | Silver nanowires for photonics applications[END_REF].

Chapter II was focused on the study of the N-PL dictated by the fundamental SPP bound mode propagating on polycrystalline gold nanowires. The goal here is to go a step further and also investigate optical nonlinearities produced by higher (leaky) and multiple SPP modes propagating in AgNWs which certainly allow better control on the light transmission in nanowire networks. We conceive then an additional unprecedented routing modality by introducing a plasmonic-enabled nonlinear wavelength and mode-conversion mechanism based upon the generation of the local nonlinear broadband continuum (N-PL).

Experimental methods

The experiment is conducted following the methodology of the previous chapters (see fig.

2.3.2)

. The NIR femtosecond laser and the high numerical aperture objective are used to excite SPPs and collect the linear and nonlinear responses of silver nanowires. Nonlinear wide-field microscopy as well as Fourier plane analysis and spectroscopy are again performed. Here, a solution of chemically synthesized silver nanowires is gently casted in a clean glass coverslip with previously fabricated micrometric position markers and let to dry at room temperature. Right after, the sample is transferred to the microscope stage for optical study. The device can be assembled using either chemically synthesized nanowires or electron beam lithographed polycrystalline nanowires. The advantages of top-down fabricated techniques lie on the precise control over the geometry of the device whereas chemically grown nanowires provide a robust and reliable fabrication method along with crystalline structure. A combination of both techniques is, perhaps, the most suitable approach. Indeed, e-beam lithography and crystalline nanowires integration has been already developed by the group [START_REF] Song | Evaluating plasmonic transport in current-carrying silver nanowires[END_REF] and may constitute a plausible technological approach for the problem.

The basic concept is applicable to more complex 2D structures and their intrinsic plasmonic modes which would bring a whole new set of sophisticated functionalities. Reconfigurable logic gates based in the nonlinear emission of plasmonic crystalline metal cavities, for example, would strongly benefit from the extra degree of control provided by the electrical modulation of the intensity. A gating electrode in close proximity to the optical output would activate or deactivate the logical operation. The electronic temperature and therefore the spontaneous emission of hot electrons in electron fed optical antennas is, in principle, also adjustable using the same three-terminal gating configuration. Finally, controlling the hot electrons temperature by electrical means would be also of great importance in many applications concerning photocatalytic effects in chemical reactions. 
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