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Hot carrier-based devices are quite promising for ultrafast photodetection and to set off enhanced physicochemical reactions.

Controlling their generation at the nanoscale within plasmonic devices is a key for the future development of hybrid hot carriers technologies. Indeed, Surface Plasmon-Polaritons (SPPs) can be exploited to confine light and enhance the number of excited hot carriers. We aim at studying the excitation and dynamics of hot carriers, enhanced by plasmonics, with two different approaches. In a first approach, we aim at controlling the delocalized generation of hot carriers by a propagative SPP. A plasmonic waveguide with a grating coupler is employed. Hot electrons are indirectly probed by the multi-photon luminescence (MPL) collected in the near-field along with the waveguide propagation axis by hyperspectral nearfield imaging technique. We found that propagative SPPs control the spatial and energy distribution of hot electrons. Moreover, using propagating SPPs to produce hot electrons gives new insight in understanding I am deeply grateful to my supervisors, Dr. Benoît Cluzel, Dr. Olivier Demichel and Pr. Paolo Biagioni for their help at every stage of the research project, continuous support and invaluable advices. All our discussions influenced me to shape my experimental, modeling and simulation methodologies

hot carriers physics. In a second approach, the transfer and dynamics of hot carriers are studied by a plasmonic metal-semiconductor-metal device. Rigorous coupled-wave analysis (RCWA) method simulations demonstrate that Au gratings on SOI (silicon on insulator) wafers can resonantly enhance the absorption of light at 1.55 µm wavelength. With an optimization algorithm, perfect absorption has been reached for given filling factor and periodicity. The outcome is to increase the efficiency of hot carriers generation and thus the number of carriers transferred towards the semiconductor. This plasmonic device shows sub band gap absorption with a responsivity above 15 µA/W. Under pulsed excitation, we have demonstrated that a coexistence between two processes is occurring: a) the plasmonic linear absorption of Au and b) the non linear two-photon absorption (TPA) of Si. It has been shown that the relaxation time of hot carriers is in the ps range. Therefore, harvesting their energy efficiently and faster than their decay is a key challenge to detect photons at THz rates.

Titre : Génération et détection d'électrons chauds dans des dispositifs plasmoniques

Mot clés : plasmonique, électrons chauds, photodétecteurs, luminescence multiphotonique Résumé : Les dispositifs basés sur les électrons chauds sont prometteurs pour la photodétection ultrarapide et le déclenchement de réactions physicochimiques. Contrôler leur génération à l'échelle nanométrique dans des dispositifs plasmoniques est important pour le développement futur de technologies hybrides basées sur les électrons chauds. En effet, les plasmons polaritons de surface (SPPs) peuvent être exploités pour confiner la lumière et accroître le nombre d'électrons chauds excités. Cette thèse a pour but l'étude de l'excitation et de la dynamique des électrons chauds, excités par SPPs, dans deux approches. Dans une première approche, notre but est de contrôler la génération d'électrons chauds à l'aide de plasmons de surface propagatifs. Un guide d'onde plasmonique avec un réseau coupleur est employé. Les électrons chauds sont indirectement sondés par la luminescence multiphotonique (MPL) collectée par champ proche le long du guide d'onde par imagerie hyperspectrale de champ proche. Nous avons trouvé que le plamon propagatif contrôle la distribution spatiale et énergétique des électrons chauds.

De plus, produire des électrons chauds par plasmons propagatifs offre de nouvelles perspectives dans l'étude de la physique des électrons chauds. Dans une seconde approche, le transfert et la dynamique des électrons chauds sont étudiés à l'aide d'un dispositif hybride plasmonique métalsemiconducteur-métal. Des simulations basées sur l'analyse rigoureuse des ondes couplées (RCWA) ont démontré qu'un réseau d'or sur SOI (silicium sur isolant) peut augmenter de manière résonante l'absorption de la lumière à 1,55 µm. Avec des algorithmes d'optimisation, l'absorption totale par le réseau d'or a été obtenu pour certains paramètres du réseau. L'objectif est d'accroître l'efficacité de génération des électrons chauds et donc le nombre d'électrons transférés vers le semiconducteur. Ce dispositif plasmonique a présenté une absorption en dessous de la bande interdite du Si avec une responsivité de 15 µA/W. À l'aide d'excitations pulsées, nous avons démontré la coexistence de deux processus : a) l'absorption linéaire plasmonique et b) l'absorption non linéaire à deux photons (TPA) du Si. Il a été montré que le temps de relaxation des électrons chauds est de l'ordre de la ps. Ainsi, collecter l'énergie des électrons chauds plus rapidement que leur relaxation permettrait de développer des photodétecteurs avec une bande passante de l'ordre du THz. v Titolo : Generazione e rivelazione di elettroni caldi in dispositivi plasmonic Parole chiave : plasmonica, elettroni caldi, fotorivelatori, luminescenza multi-fotone Abstract : I dispositivi basati su elettroni caldi rappresentano una promettente opportunità per la rivelazione di fotoni ultraveloce e per l'accrescimento dell'efficienza nelle reazioni fisico-chimiche. Controllare la generazione di elettroni caldi alla nanoscala in dispositivi plasmonici è un elemento chiave per lo sviluppo di future tecnologie ibride basate su tali fenomeni. I plasmoni di superficie possono essere sfruttati per confinare la radiazione elettromagnetica e aumentare l'efficienza di eccitazione di portatori caldi. L'obiettivo del lavoro di tesi è studiare l'eccitazione e la dinamica di tali portatori con due diversi approcci plasmonici. In un primo approccio, puntiamo a controllare la generazione delocalizzata di portatori caldi da parte di un plasmone di superficie propagante. Utilizziamo a questo scopo una guida plasmonica unita a un accoppiatore basato su un reticolo plasmonico. Gli elettroni caldi vengono rivelati indirettamente attraverso la luminecsenza multi-fotone raccolta nel campo vicino lungo l'asse di propagazione della guida con una tecnica di microscopia a campo prossimo iperspettrale. Otteniamo evidenza che la distribuzione spaziale ed energetica degli elettroni caldi è governata dal plasmone propagante. Inoltre, la possibilità di utilizzare plasmoni propaganti per produrre elettroni caldi dà accesso a nuovi aspetti nella comprensione della fisica dei portatori caldi. In un secondo approccio, il trasferimento e la dinamica degli elettroni caldi sono studiati mediante un dispositivo plasmonico metallosemiconduttore-metallo. Utilizziamo il metodo RCWA (rigorous coupled wave analysis) per verificare numericamente che un reticolo di oro su substrato SOI (silicon on insulator) può accrescere in maniera risonante l'assorbimento di luce a una lunghezza d'onda di 1.55 mm. Mediante un algoritmo di ottimizzazione, raggiungiamo assorbimento perfetto per specifici valori di periodicità e fattore di riempimento. Il risultato è un accrescimento dell'efficienza di generazione di portatori caldi e dunque del numero di portatori trasferito verso il semiconduttore. Il dispositivo plasmonico investigato mostra assorbimento per energie al di sotto della gap con una responsività di 15 mA/W. Mediante eccitazione con impulsi ultrabrevi, dimostriamo la coesistenza di due processi: a) assorbimento lineare plasmonico nell'oro e b) assorbimento nonlineare a due fotoni nel substrato di silicio. E' stato dimostrato che il tempo di rilassamento dei portatori caldi è dell'ordine dei picosecondi. Di conseguenza, raccogliere la loro energia efficientemente e più rapidamente del loro decadimento è una sfida chiave per raggiungere la possibilità di rilevare fotoni con tassi nei THz.
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Introduction

The nature of light, matter and their interactions intrigue humans since ancient time. In the mid-19th century, the classical electromagnetic theory of J. C. Maxwell supposed a continous exchange of energy between light and matter [1]. Such theory was questioned by the discovery of the photoelectric effect by H. Hertz in 1887 [2] when he found that kinetic energy of emitted carriers depends on the incident light frequency after a certain threshold. An explanation was yielded by A. Einstein in 1905: a quantized exchange of energy due to discrete packets of light (i.e. photon) produces excited "hot" carriers [3]. Hot carriers are carriers with kinetic energy that is higher than thermal fluctuations. Their production could eventually result in photoemitted carriers if their energy excess the work function. In the first quarter of 21st century, light-mater interactions still fascinate and the properties of such hot carriers in terms of energy, lifetime, photoemission and heat are explored.

Another facet of light matter interaction was discovered by R. Wood in 1902: reflection spectra of sub-wavelength metallic grating is anomalously attenuated for specific angle of incidence [4]. Such observation, known as Wood anomaly, led to enthusiastic debates started from J. W. Lord Rayleigh in 1907 [START_REF] Lord Rayleigh | Note on the remarkable case of diffraction spectra described by prof[END_REF] which first tried to solve it with the diffraction theory. In 1952, D. Pines and D. Bohm introduced the plasmons as the quantized collective oscillation of electrons [6] and, in 1956, U. Fano developed the concept of polaritons due to the coupling between electromagnetic fields and electric dipole-carrying excitations [7]. Those discussions led to discover the nature of Wood's observations by R. H. Ritchie in 1957 [START_REF] Ritchie | Plasma losses by fast electrons in thin films[END_REF]: plasmon surface waves. Incident light can strongly couple at the interface between metallic structures and a dielectric called surface plasmon polariton (SPP) [START_REF] Maystre | Plasmonics -From Basics to Advanced Topics -In Chapter 2 : Theory of Wood's Anomalies[END_REF]. SPPs permit strong confinement of light and thus to enhance light matter interactions at the nanoscale. Such surface effect can then be used to highly produce hot carriers at nanoscale refering plasmon-induced hot carriers [START_REF] Mark | Plasmon-induced hot carrier science and technology[END_REF].

Moreover, SPPs oscillate very rapidly at optical frequency. Classical electronic components are small sized below hundred of nanometers but are limited in terms of bandwidth in the GHz and highly consume energy due to Joule heating. On the other hand, photonic components propagate light and permit very high bandwidth transmission above THz but are very bulky. Plasmonics permits to miniaturize components and to keep a high bandwidth [START_REF] Zia | Plasmonics: the next chip-scale technology[END_REF]. Nanoobjects presenting SPP are thus very attractive for ultrafast phenomenon studies. Combined with the ultrashort lifetime of hot carriers in ps, ultrashort timescales are inverstigated. Engineering plasmonic circuitry offers remarkable perspectives to substitute classical electronic chips.

However, hot electrons excitation, relaxation and extraction mechanisms are still under debate. Indeed, after hot carriers are excited and relaxed, nonlinear photoluminescence is being measured. Such photoluminescence of gold nanoparticules is still under discussions and needs further insight to be understood.

Plasmon-induced hot carrier devices are impressive opto-electronic couplers which could also be employed in ultrafast photodetection. Indeed, classical photodetectors Introduction made of semiconductors, are usually speed bandwidth limited by the time transit of carriers within a thick layer of semiconductor. Reducing the thickness of such semiconductor absorption layer increases the speed bandwidth but reduces the quantum efficiency. Usually, a trade-off is done depending on the photodetector application field (from fast to efficient photodetector). Plasmonic permits to cut down the size of the absorption layer: the carriers diffusion time is strongly reduced and the device keeps a high absorption. Furthermore, ultrashort lifetime of hot carriers within metals could be employed for photodetection if one can harvest them faster than their relaxation decay.

In addition, enhancing the informations processing and exchange in terms of speed, quantity from short to high distance becomes a social and ecological challenge. Such advances should be done to keep as low as possible electrical power consumption for ecological issues that we are already nowadays facing.

The Chapter 1 presents the motivations and the context of this manuscript. I will present surface plasmons and define how they can be used to enhance hot carriers generation. I will also develop the dynamics of hot carriers: their spatial diffusion and temporal relaxation. Lastly, I will present plasmonic photodetectors and the state of the art strategies to enhance the speed of photodetectors.

The Chapter 2 presents the remote generation of hot carriers at a distance from the excitation in gold plasmonic waveguide. Hyperspectral near-field imaging technique is being employed to determine the nonlinear photoluminescence emitted along the waveguide. In fact, such photoluminescence yields crucial information by indirectly probing hot carrier properties.

The Chapter 3 presents the optimized incident light absorption by Au grating on top of silicon on insulator (SOI) substrate for photodetection applications. The SOI substrate enhances the field within the grating. The grating parameters are calculated to maximize the field absorption by Finite Element Method (FEM) and Rigourous Coupled Wave Analysis (RCWA) simulations. Perfect absorption within such structures is found by global optimization. The nanofabrication process will also be described within this chapter.

The Chapter4 presents the opto-electronic characterization of the hot carriers Schottky photodetector. Confocal microscopy, with supercontinuum source and pulsed laser, permits photocurrent mapping technique to probe the yielded current. Autocorrelation technique is employed to explore the nonlinear photocurrent and the time dynamic of such photodetector.

The manuscript ends with conclusion and perspectives. This PhD project has been supported by the VINCI program of the Franco-Italian University. The first year was done in the ICB laboratory in Dijon, France, the second year in Politecnico di Milano in Italy, and the two last years in the ICB laboratory. Strong interactions among the teams have been done to well carry on the project between the different stays.

Chapter 1. Ultrafast photodetection, hot electrons and plasmonic of the International Data Group and Seagate [12]. Furthermore, the number of internet users increases everyday. In 2020, they were 4.7 billions users [14] and they are expected to be 5.3 billions in 2023 [15]. The objects connected together (Machine-to-Machine) and to internet (Internet of Thing) are expected to grow exponentially (3.8 billions devices in 2018, 21.5 billions expected in 2025) [16]. An expansion of datas will most probably follow with all of the related applications: connected and self-driving vehicules, automated drones, biometrics, robotics, smart home devices and surveillance [15]. All the users and objects are or will be connected together or to data centers in a complex network via wireless (WiFi, 4-5G) and wire-based networks (Ethernet twisted pair wire, fiber optic). The internet data traffic, which represents the quantity of information exchanged, will increase to almost 400 exabytes 3 (EB) per month in 2022 [17] (Fig. 1.1). Thus, there is a strong social need to increase the network capacities. To face this rapid growth, the challenge is to transmit and process a maximal quantity of information over a long distance, with a low error rate, to keep the message safe (not be intercepted), and to be cost efficient. [17]).

Nowadays, fiber optics communication is the highest capacity and fastest technology to transfer information [START_REF] Peter | Fiber-optic transmission and networking: the previous 20 and the next 20 years [invited[END_REF]. Indeed, the use of light as carrier wave allows one to modulate at high frequency. Optical communication is composed of an optical transceiver or source, a guided medium for light and an optical receiver, plus optical amplifiers if needed. The optical sources are mainly solid-state semiconductor lasers. The datas are coded by direct modulation of the optical source varying the current injection or by electrooptical modulation (EOM) through fiber optics [START_REF] Suematsu | Single-mode semiconductor lasers for long-wavelength optical fiber communications and dynamics of semiconductor lasers[END_REF]. The coded light is then guided into a silica glass fiber [START_REF] Govind | Fiber-Optic Communication Systems[END_REF] and is received by a high-speed photodetector usually made of semiconductor [START_REF] Zhao | High-speed photodetectors in optical communication system[END_REF]. The demodulated information is then electronically processed. The infrared frequency domain around 1.55 µm is chosen because it corresponds to the lowest losses in silica glass (0.2 dB/km) (physical limit due to Rayleigh scattering and infrared absorption) [START_REF] Miya | Ultimate low-loss single-mode fibre at 1.55 um[END_REF]. Thus, the bandwidth-distance product 4 increases tremendously compared 1 Global DataSphere: quantifies and analyzes the amount of data created, captured, and replicated in any given year across the world. It also looks at how much of that data is stored across various storage media (HDD, SSD, NVM-NAND, NVM-other, optical, and tape) in the Global StorageSphere [13]. 2 10 21 bytes 3 10 18 bytes 1.1. Interest for high-speed optical communications to electrical or radio wave communication. Strong effort has been made to develop components working at 1.55 µm: laser sources with sharp lineshape [START_REF] Suematsu | Single-mode semiconductor lasers for long-wavelength optical fiber communications and dynamics of semiconductor lasers[END_REF], dispersion-shifted Single Mode Fibers (SMF) [START_REF] Cohen | Tailoring zero chromatic dispersion into the 1.5-1.6 um low-loss spectral region of single-mode fibres[END_REF] and optimized photodetectors [START_REF] Zhao | High-speed photodetectors in optical communication system[END_REF].

In 2004, Edholm's Law (represented Fig. 1.2 [START_REF] Cherry | Edholm's law of bandwidth[END_REF]) updated in 2014 by Ref. [START_REF] Kurner | Towards thz communications -status in research, standardization and regulation[END_REF], predicted that bit rate technologies will double every 18 months. The Edholm's Law is following the famous Moore's law and those laws are linked together. Fig. 1.2 depicts the outstanding technological efforts made in optical components and communication protocols since the 1970's. Figure 1.2: Edholm's law of increasing bandwidth as a function time ( [START_REF] Cherry | Edholm's law of bandwidth[END_REF][START_REF] Kurner | Towards thz communications -status in research, standardization and regulation[END_REF] In fiber-optic communications, the bandwidth and data transfer rate naively seem to have an infinite growth. However, they are physically limited by the Shannon theory of information [START_REF] Shannon | A mathematical theory of communication[END_REF]. Indeed, the quantity of transmitted information through a channel for a certain bandwidth is limited by the Signal-to-Noise Ratio (SNR). In an optical fiber, if the information to be transmitted increases, then the power input has to increase (to keep a good SNR), increasing also the non linear effects. This effect is called the "nonlinear Shannon limit", reducing the bandwidth by Kerr-nonlinearity, noise and fiber chromatic dispersion [START_REF] Essiambre | Capacity limits of optical fiber networks[END_REF]. The spectral efficiency 5 is thus reduced from the predicted value by Shannon. For instance, Ref. 28 estimated at 200 Tb/s the physical capacity limit within a single core fiber (for a bandwidth of 12.5 THz and a spectral efficiency of 16 bit/s/Hz). However, until now, the bandwidth remains limited by the laser modulation and the speed of the photodetector, not by the fiber itself.

In order to overcome the bandwidth limitations, the main popular technique is multiplexing. Since the 1990s, Wavelength Division Multiplexing (WDM) is adopted by slightly separating the wavelengths around 1.55 µm, each one of them being considered as a channel. In 1996, 1 Tb/s data transfer rate was reached by the WDM technique [START_REF] Morioka | 1 tbit/s (100 gbit/s/spl times/10 channel) otdm/wdm transmission using a single supercontinuum wdm source[END_REF]. After 2000, the development of coherent receivers (heterodyne detection) has enabled more complex modulation formats with the constellation diagram: Amplitude-Shift Keying (ASK), Phase-Shift Keying (PSK), Quaternary PSK and later using digital processes and polarization, Quadrature Amplitude Modulation (QAM) [START_REF] Peter | Fiber-optic transmission and networking: the previous 20 and the next 20 years [invited[END_REF][START_REF] Mohammad | Optics in Our Time, chapter 8 : Optical Communication: Its History and Recent Progress[END_REF]. In 2011, Ref. 30 has reached 64 Tb/s using Polarization Division Multiplexing (PDM) coupled with QAM. To get over the bit rate capacity limit of SMF, since 2010 the strategy is to increase the number of cores per fiber (Multicore fiber, MCF) or to have several modes per fiber (Multimode Chapter 1. Ultrafast photodetection, hot electrons and plasmonic fiber, MMF). The optical signals are then modulated/demodulated spatially by Space Division Multiplexing (SDM) [31]. The NICT in Japan have announced 172 Tb/s using SDM in 2020 [START_REF]World record transmission of 172 terabit/s over 2,040 km distance coupled-3-core multi-core fiber[END_REF]. Another argument for SDM is to reduce the energy cost per bit when using a parallel transport (100 times more energy-efficient according to Ref. [START_REF] Peter | Energy-efficient optical transport capacity scaling through spatial multiplexing[END_REF].

A second strategy is to increase the speed of the photodetector to demodulate faster with a single channel (or wavelength). This approach is a Single-Input-Single-Output (SISO) without multiplexing and will be further developed in Sec. 1.3. Within optical communication chains, improving each key components (optical transceiver, optical fiber, optical receiver and optical amplifer) is one of the key to increase data exchange between network nodes. Photodetectors need to reach a bandwidth above THz in order to demodulate at the state of the art of multiplexing approach and this is where this PhD thesis aims at contributing to the field. The literature, advantages/disadvantages and physical limits of the photodetector approach will be further developed later.

Chip-to-chip connection and photonics

Presently, tremendous quantities of data are exchanged and need to be treated by data centers. This has as a consequence that the energy power cost is becoming higher and higher. Indeed, in 2015, the data centers energy consumption was estimated at 3% of the world total electrical power supplied [34]. Computers used in data centers need to be cooled down because of Joule heating. Indeed, chips and other components in computers are interconnected by wires made of copper in which losses are significant. Moreover, electrical (metallic) interconnects can transmit signals with a limited bandwidth which reduces the parallelization computing capabilities. It is thus a serious challenge to overcome these limitations and optimize the data treatment.

Photonics interconnects are a strategy to reduce Joule heating and bandwidth limitations compared to electrical wire interconnects. Indeed, photonic waveguides or fiber optics don't produce heat during the propagation of light and possess almost no bandwidth limitation (compared to classical electrical interconnects). However, electrical outputs (or inputs) from a CPU or a motherboard need to be converted into light (or electrical signal). For that, one needs a ultrafast laser modulation and an opto-electronic convertor i.e. a photodetector.

In this area, Intel® has developed interconnects made of integrated silicon photonic components with optical fiber channels (Fig. 1.3.a). The output electrical signal from a classical circuit board is converted into light by four hybrid silicon lasers and optically multiplexed by wavelength division multiplexing (WDM). The optical signal then passes through a multimode fiber. The signal is received and optically demultiplexed by another circuit board made of four integrated high speed SiGe photodetectors converting the light to an electrical signal [START_REF] Liu | Integrated silicon photonics links for high bandwidth data transportation[END_REF]. This interconnect is already on the market and works at 50 Gb/s.

Another strategy for communication between two chips is by directly integrating photonic connections on the same circuit board. Silicon photonics is quite promising due to the already developed capabilities offered by silicon on insulator (SOI) technologies [START_REF] Ye | Review of silicon photonics: history and recent advances[END_REF][START_REF] Dhiman | Silicon photonics: A review[END_REF]. An array of processors are connected by silicon photonic waveguides (also called photonic bus) and permits new complex parallel computing [START_REF] Bergman | On-chip photonic communication for high-performance multi-core processors[END_REF]. Such a design is sometimes called photonic Networks-on-Chip (NoC). Bergman et al. [START_REF] Bergman | On-chip photonic communication for high-performance multi-core processors[END_REF] studied such NoC by the optical modulation made of ring resonators (Fig. 1.3.b). The conversion to electronic is done by a lateral Ge PIN photodetector. Silicon bus interconnect is one of the most advanced technology in terms of low energy cost, efficiency and cost effectiveness. Fukuda 1.1. Interest for high-speed optical communications Figure 1.3: a) Intel's® Si photonics link working at 50 Gb/s (integrated lasers, wavelength division multiplexing and photodetectors) [START_REF] Liu | Integrated silicon photonics links for high bandwidth data transportation[END_REF]. b) Integrated multi-core processors with photonic interconnects [START_REF] Bergman | On-chip photonic communication for high-performance multi-core processors[END_REF]. et al. [39] proposed to use plasmonic waveguides as interconnects between on-chip components. With less losses and higher speed than electrical wires, plasmonic buses present interesting perspectives [40].

All optical processing is also an encourageous field [START_REF] Koos | All-optical highspeed signal processing with silicon-organic hybrid slot waveguides[END_REF] to make all operations with optical switches and optical interconnects without the need of energy cost electrical components. Indeed, the converting operation of Eletrical / Optical / Electrical signals needs optical converters (transceiver, receiver and multiplexing elements) which adds system complexity and energy cost. The optical switches are mainly based on Mach-Zehnder interferometers, micro-ring resonators, liquid crystals on silicon (LCOS), Lithium niobate waveguides, III-IV semiconductor optical amplifiers (SOA) and micro-electro-mechanicalsystems (MEMS) [42] or even with third-order nonlinearities [43]. Such devices would reduce the energetic cost of today's computers. Another alternative is integrating plasmonic chip processing that takes advantage of the low size of electronic components and the high speed of photonics [START_REF] Zia | Plasmonics: the next chip-scale technology[END_REF].

For on-chip communication, enhancing the bandwidth, efficiency and reducing the power consumption is essential to improve data processing efficiency and environmental impact.

THz and high frequency current generation

Photodetectors are not only used to sense light but also to generate stable high frequencies such as THz or high frequency currents. THz waves are electromagnetic waves at frequencies between 0.3 THz (1 mm) and 30 THz (100 µm). These waves can penetrate through a lot of materials (wood, wall, cloths) and even slightly in bodies (without being ionizing rays). Tremendous applications emerge from THz waves: wireless communication, sensing in biology, food quality and non destructive testing, spectroscopy and imaging to cite a few [START_REF] Guillet | Review of terahertz tomography techniques[END_REF].

The main drawback is that THz waves are difficult to generate. Plenty of strategies have been used to create them efficiently usually divided into two categories: electronic and optical approaches [45]. The electronic techniques usually suffer from low tunability and low efficiency (electronic up-converters through frequency multiplication, Gunn diodes, resonance tunneling diodes (RTDs), to cite a few). On the other hand, optical Chapter 1. Ultrafast photodetection, hot electrons and plasmonic techniques exhibit low power but are more tunable (THz quantum cascade lasers (QCLs), optical down-conversion by nonlinear or photoconductive mixing, to cite a few).

A promising approach presented in Fig. 1.4.a is to use an ultrafast photodetector connected to a THz antenna [START_REF] Yang | Tunable terahertz wave generation through a bimodal laser diode and plasmonic photomixer[END_REF]. In fact, two continous wave (c.w.) lasers are mixed onto a plasmonic photodetector and generates THz electrical current. This structure is coupled to a THz antenna yielding THz waves. Such a device is referred as a Light-to-THz converter. In 2013, Koenig et al. [START_REF] Koenig | Wireless sub-thz communication system with high data rate[END_REF] used similar principles to make a THz emitter for wireless communication applications (at a distance of 20 m with a data rate of 100 Gbit/s). Nowadays, local oscillators (LO) are commonly used in integrated circuits to generate oscillating currents. Though, generating a stable high electrical frequency above GHz is difficult. For instance, NASA needs to collect a very weak signal from the universe at 4.7 THz for the oxygen line [48]. Using a coherent detection (heterodyne) permits them to collect this weak signal with a proper signal-to-noise ratio. However, coherent detection needs a stable LO to compare the signal comming from the universe. Photomixing the signal and the local oscillator leads to an acceptable detection.

Finally, ultrafast data exchanges are of big interest in various fields: high data rate communications, chip-to-chip interconnects, THz generation, and LO for heterodyne detection.

Plasmonics for ultrafast opto-electronics

We have seen the scientific, technological and societal needs to increase information exchanges at low scale or long distance. Using light as a carrier wave allows to transmit more informations but needs bulky photonic components or optical fibers compared to classical electrical copper wires. On the other hand, electronic components can be smaller but are limited in bandwidth. The plasmonic approach allows one to face those difficulties by lowering the elements' size while maintaining high bandwidth [START_REF] Zia | Plasmonics: the next chip-scale technology[END_REF]. Indeed, surface plasmons are light interactions with oscillations of carriers at the interface between a metal and a dielectric, enhancing light-matter interaction and strongly confining light in a small volume. This allows creating miniaturized photonic and electronic devices. Surface plasmons also present impressive underlying characteristics that allow 1.2. Plasmonics for ultrafast opto-electronics modulation at femtosecond time scales [START_REF] Macdonald | Ultrafast active plasmonics[END_REF]. Because of high light-matter interactions, surface plasmons can transfer their energy to other carriers generating high energy carriers (compared to the Fermi energy), called hot carriers. Surface plasmons and hot carriers present outstanding features in terms of lifetime (tens of fs for the first ones and 1-2 ps for the second ones) and locally available energy. Those hot carriers can be advantageously extracted for ultrafast opto-electronic devices such as photodetectors benefiting from the compactness of plasmonics. The technological issue is to create carriers in small volumes and reduce their transport time (increasing the bandwidth).

This section will present how to define and represent surface plasmons. Then, hot carriers enhanced by surface plasmons will be detailed, followed by their extraction with a Schottky barrier.

Definition of plasmonics and light-matter interaction

Since the first observation in 1902 by Wood [4] of the anomalous diffraction in metallic gratings, an interesting debate emerged to understand the underlying physics. Indeed, for a given angle of incidence and wavelength, Wood anomaly was observed for TM polarization, depending on the metal and its shape. Thus, it could not be fully explained by Rayleigh's theory [START_REF] Lord Rayleigh | On the dynamical theory of gratings[END_REF] until progresses due to Ugo Fano [START_REF] Fano | The theory of anomalous diffraction gratings and of quasi-stationary waves on metallic surfaces (sommerfeld's waves)[END_REF] and Hessel and Holiner [52] who introduced the "leaky waves supported by the grating". Moreover, in 1957, early work of Ritchie recognised the phenomenon in terms of surface waves [START_REF] Ritchie | Plasma losses by fast electrons in thin films[END_REF]. In the 1970's, a more complete analysis was possible due to the development of computers and lasers [START_REF] Maystre | Plasmonics -From Basics to Advanced Topics -In Chapter 2 : Theory of Wood's Anomalies[END_REF], before being revisited by tremendous works since the 1990's permitted by advances in nanofabrication [START_REF] Homola | Surface plasmon resonance sensors: review[END_REF].

Propagative Surface Plasmon Polaritons (SPPs)

Surface plasmons (SPs) are defined as electromagnetic surface waves propagating at the interface between a metal and a dielectric. SPs are excited by the coupling between the far or near field and collective oscillations of free electrons at the metal's surface [START_REF] Ritchie | Plasma losses by fast electrons in thin films[END_REF]. Such coupling between light and plasma oscillations refers as polaritons [7] yielding the term Surface Plasmon Polaritons (SPPs) [START_REF] Cunningham | Effect of a charge layer on the surface-plasmon-polariton dispersion curve[END_REF]. SPPs are inherently lossy by Joule heating that occurs with charge oscillations. Thus, they are damped along their surface propagation within a certain distance length. At the interface along the propagation, the electric field is a longitudinal wave while the magnetic field is a transverse wave. Moreover, by nature, SPPs are evanescent orthogonally to the interface and slightly penetrate into the dielectric and the metal depending on their dielectric functions.

SPPs allow one to highly concentrate electromagnetic waves in subwavelength volumes. Another advantage is to propagate light in subwavelength structures rendering possible nanoscale circuitry based on SPPs and called plasmonics [START_REF] Mark | Plasmonics: Electromagnetic energy transfer and switching in nanoparticle chain-arrays below the diffraction limit[END_REF][START_REF] Ebbesen | Surface-plasmon circuitry[END_REF]. Consequently, plenty of applications emerge from propagating SPPs especially in nano, chemical and bio sensors [START_REF] Homola | Surface plasmon resonance sensors: review[END_REF]. On the contrary, the SPPs' lossy nature limits applications and several strategies are applied to reduce losses [START_REF] Leosson | Optical amplification of surface plasmon polaritons: review[END_REF]: reversible changes media due to heating [START_REF] Lereu | Optical modulation processes in thin films based on thermal effects of surface plasmons[END_REF], quandum dots as a gain medium [START_REF] Pacifici | All-optical modulation by plasmonic excitation of cdse quantum dots[END_REF] or electrical pumping [START_REF] Yu | Semiconductor surface plasmon amplifier based on a schottky barrier diode[END_REF]. Furthermore, additional loss mechanisms are: a) the unwanted SPPs coupling with the far field and b) the interband metal absorption for short wavelength excitation.

From classical Maxwell equations, SPPs emerge at the interface between two semiinfinite metal and dielectric media [START_REF] Maier | Plasmonics -Fundamentals and Applications[END_REF][START_REF] Novotny | Principles of Nano-Optics[END_REF]. The SPP dispersion relation for the k SPP vector Chapter 1. Ultrafast photodetection, hot electrons and plasmonic is then given by

k SPP = D M (ω) D + M (ω) k 0 (1.1)
with D (resp. M ) the dielectric function of the dielectric (resp. the metal which is usually frequency-dependent and complex: M = M + i M with M < 0 and M rendering account of the Joule effect or absorption of the metal) and k SPP is complex (k SPP = k SPP + i k SPP ).

In order to have SPPs at their interfaces, the two media must fulfill the condition such that D M (ω) and D + M (ω) are both real and negative [START_REF] Novotny | Principles of Nano-Optics[END_REF]. Usually, a dielectric medium presents a real and positive value and a metal a complex one with negative real part achieving the above condition.

Applying careful approximations i.e.

| M |«| M | and |k SPP | « |k SPP |
, useful pieces of information can be retrieved: the SPP wavelength λ SPP , the propagation distance along the surface L SPP and the penetration depth (exponential decay) across the interface (D D for dielectric and D M for metal) [START_REF] Maier | Plasmonics -Fundamentals and Applications[END_REF][START_REF] Novotny | Principles of Nano-Optics[END_REF]:

λ SPP = 2π k SPP ≈ M (ω) + D M (ω) D λ 0 (1.2) L SPP = 1 2k" SPP ≈ M (ω) 2 " M (ω) M (ω) + D M (ω) D 3/2 1 k 0 (1.3) D D = 1 |k z,D | =   -2 D M (ω) + D k 0   -1 (1.4) 
D M = 1 |k z,M | = -M (ω) 2 M (ω) + D k 0 -1 (1.5)
For instance, at λ 0 = 820 nm and for a Au-air interface, λ SPP = 804 nm, L SPP 50 µm, D D 649 nm, D M 25 nm. , Fig. 1.5 represents the dispersion curve of a metal at the air and silica interface relative to the plasma frequency ω P = ne 2 0 m with n the electron density, e the elementary charge, 0 the vacuum permittivity and m the electron mass [START_REF] Maier | Plasmonics -Fundamentals and Applications[END_REF]. The dispersion curve of SPP is under the air light cone and thus cannot be excited directly by an incident beam (lack of momentum). To excite SPPs, one should find ways to give additional momentum to the impinging light. A first scheme is to use total internal reflection (TIR) within a prism: a) with a thin air space between the prism and the metal (Otto [START_REF] Otto | Excitation of surface plasma waves in silver by the method of frustrated total reflection[END_REF]) or b) with the metal sticked onto the prism (Kretchschmann [START_REF] Kretschmann | Radiative decay of non-radiative surface plasmons excited by light[END_REF]). For both techniques, the evanescent wave at the TIR excites SPPs at the metal air interface. Those two techniques permitted the developement of intensive studies of SPPs. A second way to generate SPPs is to use a diffraction grating [START_REF] Hooper | Dispersion of surface plasmon polaritons on shortpitch metal gratings[END_REF]. The diffracted beam gives additional momentum to the incident k 0 , achieving phase matching with the SPP. Moreover, this technique was the way Wood was exciting the "anomalous diffraction" (by smooth metallic grating i.e. not so deep grating compared to the incident wavelength). Third, SPPs can be excited by high angle incidence optical beam provided from an oil immersed high NA objective (NA > 1) [START_REF] Bouhelier | Excitation of broadband surface plasmon polaritons: Plasmonic continuum spectroscopy[END_REF]. In this way, the SPP momentum at the air/metal interface can be matched. Another way is to use scattering from a defect, a nanoparticle or a fluorescent molecule to locally excite SPPs [START_REF] Ditlbacher | Fluorescence imaging of surface plasmon fields[END_REF]. Indeed, the scattering process yields locally large k vectors with one that matches the k SPP . Other techniques exist using electron beams to 1.2. Plasmonics for ultrafast opto-electronics Figure 1.5: Dispersion curve of SPP at the interface: a) between air and metal and b) between silica and metal with their relative light for air and silica (modified from [START_REF] Maier | Plasmonics -Fundamentals and Applications[END_REF]).

excite SPP [START_REF] Van Wijngaarden | Direct imaging of propagation and damping of near-resonance surface plasmon polaritons using cathodoluminescence spectroscopy[END_REF] or by leakage microscopy with a Scanning Nearfield Optical Microscope (SNOM) tip [START_REF] Hecht | Local excitation, scattering, and interference of surface plasmons[END_REF].

SPPs can be generated within different structure types. Thin metal films and smooth metallic gratings were the first strategies to excite SPPs. Another type are nanowaveguides or nanowires [START_REF] Ditlbacher | Silver nanowires as surface plasmon resonators[END_REF][START_REF] Weeber | Near-field observation of surface plasmon polariton propagation on thin metal stripes[END_REF]. A SPP is excited and propagates along the nanowaveguide and is confined within two dimensions. This scheme allows a stronger confinement and guides the light into subwavelength structures (superlocalization [START_REF] Sergey | Plasmonic -Nanoguides and Circuits[END_REF]). Other strategies are used to excite SPPs: V-grooves and gap SPPs [START_REF] Smith | Gap and channeled plasmons in tapered grooves:a review[END_REF], uniform and tapered plasmonic fibers (for nanofocusing) [START_REF] Vogel | Adiabatic nano-focusing of plasmons by metallic tapered rods in the presence of dissipation[END_REF], to cite a few. Work has been done for achieving long range propagation of SPP (∼ mm, ∼ cm [START_REF] Berini | Long-range surface plasmon polaritons[END_REF]) within nanowire with the purpose of plasmonic circuitry [START_REF] Ebbesen | Surface-plasmon circuitry[END_REF]. Moreover, some approaches permit the coupling between SPP modes. For example, a thin layer is sandwitched between two materials: a) metal-insulator-metal (MIM) [START_REF] Collin | Waveguiding in nanoscale metallic apertures[END_REF] or b) insulator-metal-insulator (IMI) configurations [START_REF] Berini | Plasmon-polariton waves guided by thin lossy metal films of finite width: Bound modes of symmetric structures[END_REF]. An interesting phenomenon is obsereved when the nanowire is shorter than the propagation length L SPP : backreflection occurs at the end of the wire. Then, a standing wave with interferences is observed all along the waveguide and resonances can be observed (nanoantenna) [START_REF] Ditlbacher | Silver nanowires as surface plasmon resonators[END_REF][START_REF] Weeber | Near-field observation of surface plasmon polariton propagation on thin metal stripes[END_REF].

Localized Surface Plasmons (LSP)

Contrarily to propagative SPPs, some geometrical configurations of the metals confine the propagation of plasmons: producing so-called Localized Surface Plasmons (LSPs). LSPs are electromagnetic surface modes oscillating inside a metallic nanoparticle (NP) embedded in a dielectric media [START_REF] Maier | Plasmonics -Fundamentals and Applications[END_REF][START_REF] Aizpurua | Plasmonics -From Basics to Advanced Topics -In Chapter 6 : Localized Surface Plasmons: Basics and Applications in Field-Enhanced Spectroscopy[END_REF]. Those surface modes are resonantly oscillating at optical frequency. The LSP mode locally oscillates, unlike propagating SPP, and is tightly confined in 3 dimensions even more than SPP, highly improving light-matter interactions. Moreover, there is a strong electromagnetic field enhancement in the near field of NPs, yielding higher sensitivity to tiny refractive index variations. As a consequence, lot of applications emerge from LSPs: nano to molecular sensing [START_REF] Lal | Nano-optics from sensing to waveguiding[END_REF], Surface Enhanced Raman Scattereing (SERS) spectroscopy [START_REF] Itoh | Surface-enhanced resonance raman scattering and background light emission coupled with plasmon of single ag nanoaggregates[END_REF], fluorescence enhancement [START_REF] Anger | Enhancement and quenching of single-molecule fluorescence[END_REF], photovoltaics [START_REF] Pillai | Surface plasmon enhanced silicon solar cells[END_REF], chemical Chapter 1. Ultrafast photodetection, hot electrons and plasmonic reaction activation [START_REF] Mukherjee | Hot electrons do the impossible: Plasmon-induced dissociation of h2 on au[END_REF], photoemission [START_REF] Phillip | Surface plasmon assisted electron acceleration in photoemission from gold nanopillars[END_REF], to cite a few.

A full analytical derivation of LSP can be done starting from the classical electromagnetic Mie theory [START_REF] Maier | Plasmonics -Fundamentals and Applications[END_REF]. The expressions are usually simplified under the quasi-static approximation by considering NPs much smaller than the incident wavelength. Under this approximation, the field is supposed to be uniform throughout the NP giving no dephasing time or spatial retardation effects. Part of the incident light is absorbed yielding hot electrons, heat or luminescence and the other part is scattered in all directions. Those phenomenons are expressed by the absorption and scattering cross sections. It is remarkable that a LSP at resonance will strongly enhance the absorption cross section to values even higher than its geometrical cross section [START_REF] Bohren | How can a particle absorb more than the light incident on it?[END_REF]. Light-matter interaction is then increased below the diffraction limit by shaping the metal in a particular shape [START_REF] William | Surface plasmon subwavelength optics[END_REF]. In the quasi-static approximation, the fundamental LSP mode yields scattered fields identical to an electrical dipole (also called dipolar approximation). The polarizability is the same as for the Clausius-Mossotti formula and the resonance is maximized under the Fröhlich condition: Re[ M (ω)] = -2 D [START_REF] Maier | Plasmonics -Fundamentals and Applications[END_REF]. Under those approximations, the wavelength resonance depends only on the media refractive indices and the dimensions. Thus, a slight refractive index modification in the near-field will shift the resonance yielding plenty of applications in sensing [START_REF] Chen | Review of surface plasmon resonance and localized surface plasmon resonance sensor[END_REF]. An increase (resp. a decrease) of D will red shift (resp. blue shift) the wavelength resonance. For a metallic nanosphere within a dielectric, the scattering and absorption cross sections under quasi-static approximation are expressed as [START_REF] Bohren | Absorption and Scattering of Light by Small Particles[END_REF][START_REF] Olson | Optical characterization of single plasmonic nanoparticles[END_REF],

σ scatt (ω) = 24π 3 a 6 2 D λ 4 0 ( M (ω) -D ) 2 + " M (ω) 2 ( M (ω) + 2 D ) 2 + " M (ω) 2 ∝ a 6 λ 4 0 (1.6) σ abs (ω) = 18πa 3 3/2 D λ 0 " M (ω) ( M (ω) + 2 D ) 2 + " M (ω) 2 ∝ a 3 λ 0 (1.7)
with a the nanosphere diameter. For small NPs (< 30 nm), the absorption is dominant while for bigger NPs (> 100 nm) scattering dominates. Fig. 1.6, extracted from Ref. [START_REF] Novotny | Principles of Nano-Optics[END_REF], shows the full output calculation for the scattering cross section for different metals and dielectric media. If D increases, the scattering cross section is enhanced and the resonance wavelength redshifts. Moreover, the metal absorption due to its complex dielectric function yields a LSP damping and a resonance broadening. Beyond these approximations for increased NP size, one should use the full solution of the Mie theory for a nanosphere (expansion of the fields in spherical harmonics) [START_REF] Maier | Plasmonics -Fundamentals and Applications[END_REF][START_REF] Bohren | Absorption and Scattering of Light by Small Particles[END_REF]. Within this calculation, retardation effects are taken into account. If the NP size increases, the resonance is red shifted and broadened due to much larger radiation losses. One could develop analytical solutions for other geometries than nanospheres: nanoellipsoids (known as Gans theory) and nanowires / nanogratings [START_REF] Bohren | Absorption and Scattering of Light by Small Particles[END_REF]. In order to overcome the limitations of analytical calculations, numerical simulations are typically used to compute LSP resonances: Finite Element Method (FEM), Finite Difference Time Domain (FDTD), Rigourous Coupled-Wave Analysis (RCWA) and Green Dyadic Method (GDM) are the most commonly used.

NPs exhibiting LSPs permit direct coupling with incident resonant wavelength. LSP can be easily observed by far field broadband excitation with dark-field scattering techniques or extinction microscopy [START_REF] Olson | Optical characterization of single plasmonic nanoparticles[END_REF]. The dark-field scattering technique consists in the excitation of a LSP structure at low (resp. large) incident angle and the collection of the scattered light only at large (resp. low) angles thanks to a dark field condenser [START_REF] Schultz | Single-target molecule detection with nonbleaching multicolor optical immunolabels[END_REF]. Extinction microscopy directly excites the NP LSP resonances and yields the extinction spectra by careful normalization between the incident field and the specular reflection/transmission spectra [START_REF] Lindfors | Detection and spectroscopy of gold nanoparticles using supercontinuum white light confocal microscopy[END_REF]. Depending on the NP shape, size and orientation (e.g. nanoantenna), there is a dependance on the incident polarization and direction. Near-field optical spectroscopy has also been explored. In this scheme, a Scanning Nearfield Optical Microscope (SNOM) probe excites or collects the near-field light in the nearfield [START_REF] Markel | Near-field optical spectroscopy of individual surface-plasmon modes in colloid clusters[END_REF]. The dark-field scattering technique and the near-field optical spectroscopy allow one to investigate single particle LSP properties while extinction microscopy is more tricky because of a lower signal to noise ratio (lower contrast of specular reflection/transmission) [START_REF] Maier | Plasmonics -Fundamentals and Applications[END_REF]. Moreover, LSP can be generated within plenty of geometries [START_REF] Aizpurua | Plasmonics -From Basics to Advanced Topics -In Chapter 6 : Localized Surface Plasmons: Basics and Applications in Field-Enhanced Spectroscopy[END_REF][START_REF] Yu | Plasmon-enhanced light-matter interactions and applications[END_REF] presenting their own properties: nanospheres [START_REF] Muskens | Single metal nanoparticle absorption spectroscopy and optical characterization[END_REF], nanoantennas [START_REF] Biagioni | Nanoantennas for visible and infrared radiation[END_REF], long nanorods and gratings [START_REF] Sonnichsen | Drastic reduction of plasmon damping in gold nanorods[END_REF], nanocubes [START_REF] Sherry | Localized surface plasmon resonance spectroscopy of single silver nanocubes[END_REF], bowtie nanoantennas [START_REF] Schuck | Improving the mismatch between light and nanoscale objects with gold bowtie nanoantennas[END_REF] or even rough films [START_REF] Markel | Near-field optical spectroscopy of individual surface-plasmon modes in colloid clusters[END_REF], to cite a few. Au and Ag are the main materials used in plasmonics because they present resonances in the near IR and visible range while Al is advantageous for UV applications.

Approaching two or more LSP NPs (distance < 5 nm) can yield a near-field coupling between LSP modes with hybridizations (as in Linear Combination of Atomic Orbitals, LCAO). This more complex structures involve higher-order modes. If two LSP NPs are coupled, bonding and antibonding modes arise [START_REF] Prodan | A hybridization model for the plasmon response of complex nanostructures[END_REF]. In this scheme, because NPs are very close to each other, within the gap they exhibit a high field enhancement (called Bonding Dimer Plasmon, BDP) [START_REF] Perez-Gonzalez | Optical characterization of charge transfer and bonding dimer plasmons in linked interparticle gaps[END_REF]. Nanotructures presenting coupled LSPs can be dimers, nanoshells and nanovoids, or nanobowties. Furthermore, if broadband radiant modes couple with narrow subradiant modes, Fano resonances arise, as studied e.g. in nanodolmens [START_REF] Chen | Plasmonic sensing and modulation based on fano resonances[END_REF]. Moreover, SPPs and LSPs can also be coupled [START_REF] Maurer | Coupling between plasmonic films and nanostructures: from basics to applications[END_REF], e.g. with nanodisks onto a thin metal film [START_REF] Cesario | Coupling localized and extended plasmons to improve the light extraction through metal films[END_REF]. This strategy of coupling modes allows for more complex absorption and scattering spectra depending on the desired application.

Lastly, propagative SPPs and LSPs are strategies to enhance light-matter interactions in small volumes and are thus used to enhance low-efficiency processes. Surface plasmons increase the absorption and scattering cross sections permitting light harvesting applications. The NP shaping and careful material choice permit to control the high local field enhancement. Their resonant nature permits to selectively control processes such as Raman scattering and non linear processes [START_REF] Kauranen | Nonlinear plasmonics[END_REF]. Plasmonics also allows low scale components oscillating at optical frequency, thus, the advantage of ultrafast time characteristic (photonics) and at lower scale (electronics) [START_REF] Zia | Plasmonics: the next chip-scale technology[END_REF], as already discussed.

Chapter 1. Ultrafast photodetection, hot electrons and plasmonic

Hot electrons physics and surface plasmons relaxation

As presented in the last section, propagative SPPs or LSPs confine strongly light within small volumes, enhancing light-matter interactions in favor of low efficiency processes. If a photon is impinging on a plasmonic metal structure: two absorption phenomena can arise. The first phenomenon is by direct photon absorption: the photon is absorbed and generates hot carriers. This process is usually very low in metal due to the short penetration length of the photons [START_REF] Zheng | Distinguishing between plasmon-induced and photoexcited carriers in a device geometry[END_REF]. The second phenomenon occurs when light couples to SPs. Then, different scenarios can occur: a) SPs can either recouple to far-field and reemit a photon at the same wavelength (radiative decay), b) excite hot carriers by transferring SPs energy to electrons by Landau damping (non radiative decay) [START_REF] Sundararaman | Theoretical predictions for hot-carrier generation from surface plasmon decay[END_REF] or c) be dissipated via Joule heating and the production of phonons. "Hot" carriers refer to a non thermal energy distribution compared to a thermal energy distribution of carriers. If these hot carriers have energy sufficiently high compared to the work function of the metal, carriers are photoemitted (in the vacuum). But, if hot carriers have energy below the work function but sufficiently high compared to the Fermi level, they yield to plenty of applications in light harvesting (photovoltaic solar cell, photodetection), local heating or photocatalysis [START_REF] Mark | Plasmon-induced hot carrier science and technology[END_REF]. Moreover, hot electrons are very attractive because of their short lifetime (∼ ps range) [START_REF] Biagioni | Dynamics of four-photon photoluminescence in gold nanoantennas[END_REF][START_REF] Mejard | Energy-resolved hot-carrier relaxation dynamics in monocrystalline plasmonic nanoantennas[END_REF].

To calculate the electromagnetic field within or surrounding a plasmonic structure, usually classical Maxwell's equation are sufficient. Then, to describe hot carriers behaviour, Time-dependent density functional theory (TD-DFT) in the jellium approximation (or free electron limit) are more appropriate [START_REF] Sundararaman | Theoretical predictions for hot-carrier generation from surface plasmon decay[END_REF]. A fully ab inito calculation with band structure can be used but will be limited by the plasmonic NP size (∼ nm). Thus, the chosen model needs to be adapted to the studied structure i.e. a large structure (> 10 nm) will use classical electromagnetic wave model (so quantum effects cannot be predicted) and low dimension structures (∼ nm) will use ab inito models.

In the next sections, I will present the behaviour of hot carriers, from their excitation to relaxation.

Generation of hot electrons by surface plasmons

In order to absorb light within a metal and create hot-carriers, one needs to find a way to increase the absorption. Indeed, by nature metal poorly absorbs light at optical frequencies, thus generating low amount of carriers. If a photon with an energy hν is impinging onto a bulk metal with a photon energy below any interband transition, the photon will be largely reflected by the metal and only a small part will enter in the metal by skin effect. For a wavelength excitation λ, the entering field will be reduced by 1/e at the skin depth δ, given by

δ = λ πcµσ c (1.8)
where c is the speed of light in vacuum, µ is the permeability (µ = µ r µ 0 ) and σ c is the conductivity of the material. For instance, Au with an excitation wavelength of 1.55 µm (σ c = 0.41 × 10 8 S/m) gives a skin depth δ Au = 5.6 nm and a small amount of hot carriers will be created because the absorption probability is low (no direct transition available). Surface plasmons (SPs) are a strategy to enhance light absorption and hot carriers generation in metal. Of course, SPs involve collective oscillations of electrons in the conduction band and will excite other electrons in the metal conduction band not involved in the SPs. A direct photon absorption or a nonradiative decay gives an energy E e = hν to an 1.2. Plasmonics for ultrafast opto-electronics electron which passes from its fundamental state E 0 to an excited state E 1 . This excitation creates also a hole i.e. also called hot hole. The excess of energy E r is the relative energy compare to the Fermi energy E F : E r = E 1 -E F .

To go further, during hot carrier generation, there is a large mismatch between the low momentum of photons/surface plasmons and electrons in the metal. Hence, the direct photon absorption and the nonradiative decay of surface plasmon excite carriers with no momenta. Within the band diagram, if the incident photon energy is sufficiently high, a direct interband transition can be permitted by hot carriers. If not, the intraband transition can be permitted by an additional momentum given by phonon-assited decay (absorption or emission). But, in nanoscale structures, the additional momentum is given due to nanoscale size [START_REF] Michael | Continuum generation from single gold nanostructures through near-field mediated intraband transitions[END_REF][START_REF] Narang | Plasmonic hot carrier dynamics in solid-state and chemical systems for energy conversion[END_REF]. Indeed, in nanostructures, electronic wave functions are more localized giving an uncertainty over the momentum. This is called geometryassisted intraband transition [START_REF] Narang | Plasmonic hot carrier dynamics in solid-state and chemical systems for energy conversion[END_REF]. There is then a non zero probability of transition below the interband energy threshold.

Moreover, it is usually tricky to dissociate hot carriers generated by the direct photon absorption or by the nonradiative decay of SPs (either by direct, phonon-assisted or geometry-assisted transition) because the probabillitiy of hot carriers generation depends on the sum of the electric field within the metal (photon and surface plasmon) [START_REF] Narang | Plasmonic hot carrier dynamics in solid-state and chemical systems for energy conversion[END_REF]. To calcultate the allowed transitions, Sundararaman et al. [START_REF] Sundararaman | Theoretical predictions for hot-carrier generation from surface plasmon decay[END_REF] used from first principle DFT calculations to retreive the band diagram of metals (Fig. 1.7.a for Au). It turns out that in Au (Fig. 1.7.b) direct interband absorption exists at 2.6 eV (478 nm) due to d-band, producing mainly high hot holes and low energy hot electrons. Depending on the nanostructure size, material and shape, there is a competition between processes for the generation of hot carriers. Though, if an interband transition is feasible, almost only direct transition occurs [START_REF] Brown | Nonradiative plasmon decay and hot carrier dynamics: Effects of phonons, surfaces, and geometry[END_REF]. The plasmon decay excites and generates a (hot) EHP in the metal. Higher number of hot electrons will be created from the s-p and d-band depending on the wavelength of excitation. The excitation probability of an electron by SPs is proportional to their intensity [START_REF] Goykhman | Model for quantum efficiency of guided mode plasmonic enhanced silicon schottky detectors[END_REF]. For instance, with a propagative SP, the probability of an electron to be excited at a posi-Chapter 1. Ultrafast photodetection, hot electrons and plasmonic tion x along the propagation is proportional to the intensity of the SPP

P g (x) = 1 L SPP e -x L SPP
(1.9)

In fact, the generation of hot carriers is higher close to the surface where the electric field is stronger. Moreover, if the impinging light has high irradiance, Two Photon Absorption (TPA) in Au NPs can arise [START_REF] Olesiak-Banska | Two-photon absorption and photoluminescence of colloidal gold nanoparticles and nanoclusters[END_REF]. Indeed, with TPA, interband transitions to a real state happen with LSP NPs or nanoclusters. TPA is related to the third order nonlinear susceptibility of NPs and can be modified by the surrounding [START_REF] Trejo-Valdez | Contribution of the two-photon absorption to the third order nonlinearity of au nanoparticles embedded in tio2 films and in ethanol suspension[END_REF].

Transport of hot carriers within a metal

After hot carriers have been generated, they will be transported within the NPs and experience drift and diffusion. Predicting carrier transport is a challenge because carriers are far from equilibrium and their spatial distribution and temporal dynamics have to be known. Furthermore, in certain conditions, carriers can experience transport over a much longer distance than the NP's size, thus, reflection of carriers onto the boundaries have to be taken into account. To model such hot carrier transport, first principle calculations with TD-DFT or non-equilibrium Green functions can be used up to sizes of tens of nanometers and lead to highly demanding computation. Since plasmonic NPs are bigger (∼ 100 nm), the semiclassical Boltzmann equation provides a complete model to out of equilibrium carrier transport [START_REF] Jermyn | Transport of hot carriers in plasmonic nanostructures[END_REF] and is usually approximate to drift-diffusion equation [START_REF] Nag | Diffusion equation for hot electrons[END_REF]. Here, we will detailed some works on this topic but the thesis will not be focused on this specific behavior of hot carriers. a) Spatial transport Carriers are created at a certain distance from the boundaries with an isotropic initial distribution of momenta. Along the transport towards an interface, carriers can experience scattering events: electron-electron (e-e), electron-phonon (e-p) scattering, impurities, defects and boundaries. The mean free path (or hot carrier attenuation length) l MFP is the average distance before a collision event occurs. Indeed, l MFP takes into consideration all scattering events that occur within the bulk metal. Through scattering events, carriers thermalize and get closer to the Fermi level. Hot carriers travel with two modes of transport [START_REF] Narang | Plasmonic hot carrier dynamics in solid-state and chemical systems for energy conversion[END_REF]: ballistic, where carriers have low probability to scatter within the typical length of the nanostructure l (high l MFP ), and diffusive, in which carriers have a high probability to scatter within a length l (low l MFP ). Plasmonic nanostructures usually present both ballistic and diffusive transport (l ≈ l MFP ), complexifying the models. If only inelastic collisions occur [START_REF] Goykhman | Model for quantum efficiency of guided mode plasmonic enhanced silicon schottky detectors[END_REF] with propagative SPP, the probabillity of an excited electron at a distance x from the interface to reach it (without experiencing a collision and thermalize) is

P t (x) = e -x l MFP (1.10)
The transport behaviour depends on the hot carriers energy [START_REF] Quinn | Range of excited electrons in metals*[END_REF] and thus is linked to the excitation energy and the irradiance. Moreover, there is a l MFP discrepancy between electrons and holes [START_REF] Scales | Thin-film schottky barrier photodetector models[END_REF].

For electrons, an ab initio model estimates the l MFP at 37.7 nm in Au with a 5.4 eV electron energy [START_REF] Gall | Electron mean free path in elemental metals[END_REF]. l MFP has been measured by photoelectric effect, to be 74 nm with a 0.81 eV electron energy [START_REF] Crowell | Attenuation length measurements of hot electrons in metal films[END_REF], by point-contact emitter 52 nm with a 0.85 eV electron energy [START_REF] Crowell | Ballistic mean free path measurements of hot electrons in au films[END_REF] while BEEM techniques gave a value between 10 to 20 nm with from 1 to 2 eV electron energy [START_REF] Girardin | Study of the electron mean free path by ballistic electron emission microscopy[END_REF]. Those values are very interesting because they are of the order of 1.2. Plasmonics for ultrafast opto-electronics magnitude of LSP NPs and hot carriers could be used for applications at the NPs boundary. Thus, such parameters are important to be taken into account for the design of hot carrier devices b) Temporal dynamics The hot carrier lifetime (or mean-free-time) is the average time for carriers to thermalize or recombine. The longer the hot carrier lifetime, the higher the probability to reach the NP interface. Then, hot carriers can be utilized for other processes. Though, if the carrier lifetime is too long, then the bandwidth of the photodetector will be reduced except if they are extracted faster than their lifetime. Carriers need to be extracted faster than their relaxation time decay. Hence, there is a balance between carriers lifetime and efficiency of carrier extraction.

Fig. 1.8 illustrates the order of magnitude of the processes occuring in metallic NPs (extracted from [START_REF] Mark | Plasmon-induced hot carrier science and technology[END_REF]). In plasmonic LSP Au nanostructures, after Landau damping, the generated non-thermal hot electron distribution experiences electron-electron scattering and equilibrates within 10 to 100 fs [START_REF] Gregory | Optical studies of dynamics in noble metal nanostructures[END_REF] yielding a Fermi-Dirac like distribution. After 100 fs, the hot electron distribution can be represented through the two temperature model (TTM) in which an effective temperature is associated to the lattice T l and to the electrons T e [START_REF] Bauer | Hot electron lifetimes in metals probed by time-resolved two-photon photoemission[END_REF][START_REF] Del Fatti | Nonequilibrium electron dynamics in noble metals[END_REF]. Below 100 fs, T e is not well defined. From 100 fs to 1 ps, the hot electrons encounter electron-phonon scattering. From 100 ps to 10 ns, the electron distribution experiences heat dissipation and environment coupling [START_REF] Baffou | Femtosecond-pulsed optical heating of gold nanoparticles[END_REF]. Each electron-electron scattering results in a much higher energy loss for hot carriers than electron-phonon scattering [START_REF] Scales | Thin-film schottky barrier photodetector models[END_REF]. Moreover, [START_REF] Ladstadter | First-principles calculation of hot-electron scattering in metals[END_REF] showed that the higher the carrier energy, the lower their lifetime. The electron-phonon coupling is experimentally studied by pump-probe experiments in transient absorption scheme [START_REF] Razdolski | Ultrafast transport and relaxation of hot plasmonic electrons in metaldielectric heterostructures[END_REF][START_REF] Block | Tracking ultrafast hot-electron diffusion in space and time by ultrafast thermo-modulation microscopy[END_REF]. On Au plasmonic NPs, ∼ ps timescale are obtained for electron-phonon scattering [START_REF] Gregory | Optical studies of dynamics in noble metal nanostructures[END_REF]. Thus, the 1st condition to be satisfied to use hot carriers for applications is for carriers not to collide and thermalize before reaching the boundary. It has been shown that a small metal thickness compared to the mean free path leads to multiple reflections of hot carriers increasing the device efficiency [START_REF] Scales | Thin-film schottky barrier photodetector models[END_REF]. However, a low metal thickness will Chapter 1. Ultrafast photodetection, hot electrons and plasmonic decrease the absorbance, leading to a small quantum efficiency. A trade-off has to be set between the metal thickness and a correct volume of absorbance.

Photoluminescence (PL) of Au

In the following discussion, only Au will be considered. In fact, in other metals with visible and IR excitation, e.g. Ag, the d-band is at ∼ 4 eV (310 nm) below the Fermi level, the interband transition from d to sp-band can be neglected and only intraband in the spband can be considered (yielding a more convenient predictible emission spectra). After being generated, hot carriers can recombine emitting photons with energies depending on the incident photons/plasmons energy and power. Indeed, two cases emerge depending on the incident photon/plasmon energy and whether interband transitions are available or not in a material. Moreover, if the incident power increases, other phenomenons can arise e.g. carrier energy redistribution followed by recombination and broadening of the emission spectrum. With incident photon energy below interband transitions, intraband absorption and TPA can occur yielding a PL with mixed underlying processes. To date, a debate in the community still exists about the underlying nonlinear PL physics. In Au LSP NPs and rough films, this broadband PL has been observed in many experiments [START_REF] Michael | 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 nearinfrared excitation: Thermal radiation, inelastic light scattering, or multiphoton luminescence?[END_REF]. This nonlinear PL is broadband and is composed both of wavelengths longer than the laser excitation (lower energy, called Stokes) and shorter than the laser (higher energy, called anti-Stokes).

Fig. 1.9 depicts four photoluminescence processes explaining the non linear photoluminescence (extracted from [START_REF] Roloff | Light emission from gold nanoparticles under ultrafast nearinfrared excitation: Thermal radiation, inelastic light scattering, or multiphoton luminescence?[END_REF] and [START_REF] Cai | Photoluminescence of gold nanorods: Purcell effect enhanced emission from hot carriers[END_REF]) while Fig. 1.7 illustrates the excitation of hot carriers within the band diagram. Fig. 1.9 (i) is the interband luminescence i.e. the recombination from the sp-band to the d-band. Fig. 1.9 (ii) is the inelastic scattering based on Raman process. Fig. 1.9 (iii) is the intraband luminescence. Indeed, at nanoscale, the intraband transition are not forbidden because of selection rules (allowed by geometryassisted, Sec. 1.2.2 [START_REF] Michael | Continuum generation from single gold nanostructures through near-field mediated intraband transitions[END_REF][START_REF] Narang | Plasmonic hot carrier dynamics in solid-state and chemical systems for energy conversion[END_REF]). Fig. 1.9 (iv) is the Auger process due to hot holes in the d-band (Auger scattering) yielding hot electron in the sp-band followed by an intraband recombinantion in the sp-band. Figure 1.9: Schematic representation of the four processes explaining the origin of the broadband photoluminescence of Au : (i) interband PL, (ii) inelastic scattering, (iii) intraband PL and (iv) Auger process followed by intraband emission (extracted from [START_REF] Roloff | Light emission from gold nanoparticles under ultrafast nearinfrared excitation: Thermal radiation, inelastic light scattering, or multiphoton luminescence?[END_REF] and [START_REF] Cai | Photoluminescence of gold nanorods: Purcell effect enhanced emission from hot carriers[END_REF]). a) Photon energy excitation above the interband transition If the photon energy excitation is above ∼ 1.8 eV (wavelength is below 690 nm) in Au NPs (with LSP energy res-1.2. Plasmonics for ultrafast opto-electronics onance above the interband transition), the interband absorption from the d to the spband comes into play and the intraband absorption can be negleted (see Fig. 1.7). Once hot electrons have been excited, they are scattered by e-e and e-p interactions leading to an energy redistribution which is broadened and closer to the Fermi level. They then recombine from the sp (close to the Fermi level) to the d-band at lower energy either radiatively (Fig. 1.9 (i)) or non radiatively. The radiative recombination of hot electrons is possible only if there is a hole available in the sp or d-band [START_REF] Sze | Physics of Semiconductor Devices[END_REF] and its efficiency is proportional to the Photonic Density of States (PDoS) of the LSP [START_REF] Cai | Photoluminescence of gold nanorods: Purcell effect enhanced emission from hot carriers[END_REF].

The PL produced spans from the laser excitation to the lowest permitted interband recombination energy (∼ 1.8 eV, ∼ 690 nm). In bulk metals, the non radiative decay is much faster than the radiative decay leading to a low Quantum Yield1 (QY) on the order of 10 -10 [START_REF] Mooradian | Photoluminescence of metals[END_REF]. A LSP provides another radiative decay channel and enhances the coupling to light, thus increasing the QY [START_REF] Mohamed | The 'lightning' gold nanorods: fluorescence enhancement of over a million compared to the gold metal[END_REF][START_REF] Yin | Recent progress on photoluminescence from plasmonic nanostructures: Phenomenon, mechanism, and application[END_REF]. Moreover in LSP, the direct interband radiative recombination is a very fast process (∼ fs) [START_REF] Cai | Photoluminescence of gold nanorods: Purcell effect enhanced emission from hot carriers[END_REF][START_REF] Varnavski | Femtosecond excitation dynamics in gold nanospheres and nanorods[END_REF]. In 2000, Mohamed et al. [START_REF] Mohamed | The 'lightning' gold nanorods: fluorescence enhancement of over a million compared to the gold metal[END_REF] found a QY of 10 -4 in nanoantennas of Au excited at the plasmonic resonance above the interband excitation.

The Stokes part of the PL was first observed by Mooradian [START_REF] Mooradian | Photoluminescence of metals[END_REF] in 1969 on bulk Au. Such PL was considered as an undesired background in Surface Enhanced Raman Scattering (SERS) experiments, and known as SERS background [START_REF] Itoh | Surface-enhanced resonance raman scattering and background light emission coupled with plasmon of single ag nanoaggregates[END_REF][START_REF] Otto | Surface enhanced raman scattering (sers), what do we know?[END_REF]. The Stokes PL part was first attributed to the interband recombination of carriers from the sp to the d-band because of its maximal intensity non dependence over the excitation wavelength [START_REF] Itoh | Surface-enhanced resonance raman scattering and background light emission coupled with plasmon of single ag nanoaggregates[END_REF][START_REF] Mooradian | Photoluminescence of metals[END_REF].

In order to study the radiative recombination path followed by carriers, Cai et al. [START_REF] Cai | Photoluminescence of gold nanorods: Purcell effect enhanced emission from hot carriers[END_REF] studied the excitations above the interband transition but with a LSP resonance below the interband transition. Indeed, the presence of a LSP enhances the PDoS at the LSP resonance wavelength (Purcell effect). After an interband excitation, part of the carriers directly radiatively recombine but another part radiatively relaxe by intraband transition. In fact, Cai et al. showed that non-radiative decay by Auger scattering can occur followed by intraband relaxation (Fig. 1.9 (iv)). The Auger process path is much longer than interband transitions (∼ ps) [START_REF] Cai | Photoluminescence of gold nanorods: Purcell effect enhanced emission from hot carriers[END_REF]. In this regime the PL peak is dictated by the Au NP LSP resonance.

Lastly, when interband absorption is available, there is a consensus in the PL debate: interband absorption is major compared to other processes which can be neglected. Interband transition is followed by energy carriers redistribution and recombination explaining the yielded PL [START_REF] Yin | Recent progress on photoluminescence from plasmonic nanostructures: Phenomenon, mechanism, and application[END_REF][START_REF] Alluhaybia | Visible photoluminescence from gold nanoparticles: A basic insight[END_REF]. If there is a LSP resonance, due to the PDoS enhancement, the electronic recombination will mainly follow Auger process and the PL maximal intensity will be at the LSP resonance wavelength.

b) Photon energy excitation below the interband transition

If the photon energy excitation is below ∼ 1.8 eV (wavelength is above 690 nm) in Au, the direct interband absorption of photons from the d to the sp-band is not permitted.

First, the photon absorption occurs via intraband absorption (also known as Free Carrier Absorption (FCA)) via geometry-assisted or phonon-assisted process. After their excitation, carriers relaxe via e-e and e-p scattering and their energy redistributes closer to the Fermi level. Then, hot electrons recombine via intraband transitions either radiatively (Fig. 1.9 (iii)) or non radiatively. This one-photon PL refers as the main component of the Stokes emission and is classicaly observed as an almost linear power response [START_REF] Michael | Continuum generation from single gold nanostructures through near-field mediated intraband transitions[END_REF][START_REF] Roloff | Light emission from gold nanoparticles under ultrafast nearinfrared excitation: Thermal radiation, inelastic light scattering, or multiphoton luminescence?[END_REF].

Chapter 1. Ultrafast photodetection, hot electrons and plasmonic Secondly, a direct two photon absorption (TPA) (single step) or an intraband followed by an interband absorption (two-step TPA) [START_REF] Imura | Near-field two-photoninduced photoluminescence from single gold nanorods and imaging of plasmon modes[END_REF] can take place. Jiang et al. [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] showed that there are more arguments in favor of a TPA with a 2 steps process rather than a direct one also as demonstrated by auto-correlation measurements [START_REF] Mejard | Energy-resolved hot-carrier relaxation dynamics in monocrystalline plasmonic nanoantennas[END_REF]. After they relax, hot electrons recombine via interband transition either radiatively producing Multiphoton Photoluminescence (MPL) or non radiatively. Hot electrons can also recombine with an intraband transition via Auger process. This MPL composes the anti-Stokes emission, usually observed as quadratic power response [START_REF] Michael | Continuum generation from single gold nanostructures through near-field mediated intraband transitions[END_REF][START_REF] Roloff | Light emission from gold nanoparticles under ultrafast nearinfrared excitation: Thermal radiation, inelastic light scattering, or multiphoton luminescence?[END_REF], and is also part of the Stokes spectrum. The non linear order (here p) does not depend on the photon energy for 0.9 and 4.8 kW/cm 2 but, for 8.7 and 11 kW/cm 2 , p depends on the photon energy hν. Article of Roloff et al. [START_REF] Roloff | Light emission from gold nanoparticles under ultrafast nearinfrared excitation: Thermal radiation, inelastic light scattering, or multiphoton luminescence?[END_REF] The broadband PL is dependent on the irradiance which plays a key role. In Fig. 1.10, Roloff et al. [START_REF] Roloff | Light emission from gold nanoparticles under ultrafast nearinfrared excitation: Thermal radiation, inelastic light scattering, or multiphoton luminescence?[END_REF] studied the non linear PL (intensity as a function of the photon energy, upper plot) and their non linear order as a function of the photon energy (lower plot). It turned out that passing an irradiance threshold (5 kW/cm 2 ) leads to different regime. In fact, below the threshold, the MPL is following linear PL of the Stokes part and second order non linear response of the Anti-Stokes part [START_REF] Michael | Continuum generation from single gold nanostructures through near-field mediated intraband transitions[END_REF]. But, above the irradiance threshold, the non linear order becomes non integer and depends on the photon energy (n(hν)) which is a signature of absorption-induced heating of the conduction band electrons [START_REF] Haug | Hot-electron intraband luminescence from single hot spots in noble-metal nanoparticle films[END_REF]. This regime is reached when the characteristic absorption rate is faster than the decay time of hot electrons (∼ 1 ps) [START_REF] Cai | Photoluminescence of gold nanorods: Purcell effect enhanced emission from hot carriers[END_REF] yielding a hotter cloud of electrons. Thus, the laser excitation is heating the conduction band and leads to a blue shift of the PL compared to the scattered spectrum. Indeed, an effective electronic temperature T e is given to this cloud of hot electrons by fitting with the black-body radiation spectrum. The T e is therefore affecting the photon absorption. The emission within this regime can then be seen as an incandescent source of light [START_REF] Haug | Hot-electron intraband luminescence from single hot spots in noble-metal nanoparticle films[END_REF].

Pulsed duration or c.w. laser excitation play also an important role on the PL. Cai et al. [START_REF] Cai | Anti-stokes emission from hot carriers in gold nanorods[END_REF] showed that a c.w. excitation leads to lower non linearities than 2 and the 1.2. Plasmonics for ultrafast opto-electronics spectrum is less broad compared to pulsed excitation. Biagioni et al. [START_REF] Biagioni | Dynamics of four-photon photoluminescence in gold nanoantennas[END_REF] changed the non linear order PL, from TPL to Four-photon PL (FPL), by increasing the duration of the laser pulses from 100 fs to 700 fs. The shape of the nanoantennas also influences the PL. Indeed, Knittel et al. [START_REF] Knittel | Nonlinear photoluminescence spectrum of single gold nanostructures[END_REF] shaped the MPL spectrum being produced by shaping the Au nanoantennas. Furthermmore, Sakat et al. [START_REF] Sakat | Time-resolved photoluminescence in gold nanoantennas[END_REF] studied the lifetime of such PL and found ∼ 1 ps time relaxation decay. Such lifetime measure, with many others [START_REF] Biagioni | Dynamics of four-photon photoluminescence in gold nanoantennas[END_REF][START_REF] Mejard | Energy-resolved hot-carrier relaxation dynamics in monocrystalline plasmonic nanoantennas[END_REF][START_REF] Demichel | Dynamics, efficiency, and energy distribution of nonlinear plasmon-assisted generation of hot carriers[END_REF], gives arguments to a hot electron origin of the MPL with real states being excited.

Another theory tries to explain the origin of NPs PL by inelastic light scattering (Raman process Fig. 1.9 (ii)) [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]. However, many arguments are in favour of radiative recombination of hot carriers and incandescent theories. First, the phenomenon of PL does not depend on the laser line excitation [START_REF] Itoh | Surface-enhanced resonance raman scattering and background light emission coupled with plasmon of single ag nanoaggregates[END_REF]. Thus, if a Raman process occured the PL should be a wavelength-dependent process. In pulsed regime, anti-Stokes PL behaviour is explained but the model fails to explain the Stokes emission [START_REF] Hugall | Demonstrating photoluminescence from au is electronic inelastic light scattering of a plasmonic metal: The origin of sers backgrounds[END_REF]. Moreover, the PL lifetime should be ∼ fs (the order of pulsed laser excitation), not ps (as observed), in which e-p scattering takes place [START_REF] Heritage | Surface picosecond raman gain spectroscopy of a cyanide monolayer on silver[END_REF]. Though, measurements [START_REF] Biagioni | Dependence of the two-photon photoluminescence yield of gold nanostructures on the laser pulse duration[END_REF] show that a real state come into play and not a virtual state like it should be in Raman scattering (with an ultrashort lifetime). Furthermore, the blue shift of the PL compared to the scattering spectrum cannot be explained in Raman processes.

On the contrary, it is still unclear why the Stokes part is linear and the anti-Stokes part is non linear [START_REF] Roloff | Light emission from gold nanoparticles under ultrafast nearinfrared excitation: Thermal radiation, inelastic light scattering, or multiphoton luminescence?[END_REF]. Indeed, the TPA generates hot electrons that could couples strongly to phonons yielding to a more than one non linear order in the Stokes part which is not clearly observed due to the linear absorption covering such process. Though, according to the incandescent black-body emission, there is no contradiction [START_REF] Haug | Hot-electron intraband luminescence from single hot spots in noble-metal nanoparticle films[END_REF].

Finally, the broadband luminescence of Au NPs still intrigues and most probably further insights are needed to understand the underlying physics. The PL depends strongly on the irradiance, continous wave (c.w.) or pulsed laser excitation, the NPs' material and shape, and care must be taken to the substrate used (should be background free). The non linear PL sensitivity to all these parameters explains why such a number of experiments find disparate results explained by different models. This PL is the convolution of the allowed transitions permitted and the PDoS of the LSP. The emitted PL is then defined by the LSP resonance, not the excitation wavelength, with intraband and interband transitions and Auger process. Finally, hot carriers are efficiently enhanced by surface plasmons compared to bulk metal direct excitation. If one wants to use hot carriers to applications, one needs to extract them at their boundary before any relaxation path is being engaged by such hot carriers.

Extraction of hot electrons by a semiconductor

To build applications, there are several ways to extract hot carriers: either by adding a potential barrier to select a kind of carriers (the hot ones) or with a chemical reaction to be enhanced nearby the NPs surface [START_REF] Mark | Plasmon-induced hot carrier science and technology[END_REF]. In this study we will focus only on the potential barrier. By carefully choosing a metal and a semiconductor or an insulator (e.g. an oxide), a potential barrier is formed at their interface. Furthermore, when a photon, with an energy hν, is impinging on a metal-semiconductor junction, if the semiconductor has an energy bandgap E g > hν the photon will not be absorbed by the semiconductor. Since we only want the metal to absorb photons and not the semiconductor (or at least not by direct one photon absorption), the energy bandgap E g of the semiconductor has to be higher than the photon energy. However, once carriers have been generated within the metal and transported, they need to fulfill certain conditions to overcome the potential Chapter 1. Ultrafast photodetection, hot electrons and plasmonic barrier. In order to increase the capacities of the device, the probability for hot carriers to get over the barrier has to be maximized. This approach permits the integration in optoelectronic miniaturized devices.

Schottky barrier

In order to design applications exploiting metallic plasmonic structures, those are brought nearby a semiconductor. A metal-semiconductor interface yields a Schottky barrier and I will present the main characteristics in this section.

The metal is characterized by its work function W m [START_REF] Derry | Recommended values of clean metal surface work functions[END_REF] and the semiconductor by its electron affinity χ sc (Figure 1.11). When a metal and an n-type semiconductor are in contact, the Fermi levels equilibrate and a potential barrier is created, also called the Schottky barrier [START_REF] Sze | Physics of Semiconductor Devices[END_REF][START_REF] Grundmann | The Physics of Semiconductors -An Introduction Including Nanophysics and Applications[END_REF]. If the semiconductor is a p-type semiconductor, an Ohmic contact is created (contact with a small resistance). At first order, for the case of W m > χ sc and E F,m < E F,sc , the height of the Schottky barrier is calculated by the Schottky-Mott rule

-eφ B = W m -χ sc .
( 1.11) This model is referred to as the Schottky limit or the abrupt approximation. Within this model the barrier height does not depend on the applied voltage bias. However, if the semiconductor has a high density of surface state, the Fermi level can be pinned and a band bending is present even without the presence of a metal [START_REF] Bardeen | Surface states and rectification at a metal semi-conductor contact[END_REF]. The semiconductor is then insensitive to the metal. This effect is called Fermi level pinning and modify the barrier height. Fermi level pinning can also arise via metal-induced gap states (MIGS) when the metal is in contact with the semiconductor [START_REF] Volker Heine | Theory of surface states[END_REF][START_REF] Monch | 125 years of metal-semiconductor contacts: Where do we stand? Advances in[END_REF]. Moreover, the barrier height can be predicted more accuratly using a model based on interface dipoles [START_REF] Tung | Formation of an electric dipole at metal-semiconductor interfaces[END_REF]. This model is referred to as the Bardeen limit.

Another point to take into consideration is if an electron in the semiconductor is facing the metal. The equipotential metal surface acts as if there was a miror charge -q inside the metal. This effect is called the Shottky (or Image-force) effect and is lowering the Schottky barrier height [START_REF] Grundmann | The Physics of Semiconductors -An Introduction Including Nanophysics and Applications[END_REF][START_REF] Meyerhof | Contact potential difference in silicon crystal rectifiers[END_REF] by

eδφ if B = e eE 4π S , (1.12) 
1.2. Plasmonics for ultrafast opto-electronics where e is elementary charge, E is the electric field and S is the relative permittivity of the semiconductor. The barrier height depends then on the applied voltage bias.

There are mainly four techniques used to measure the Schottky barrier height [START_REF] Sze | Physics of Semiconductor Devices[END_REF]: current-voltage, activation-energy, capacitance-voltage, and photoelectric methods. According to a review [START_REF] Sze | Physics of Semiconductor Devices[END_REF], using these main techniques, the Schottky barrier height in a Au-Si junction is ≈ 0.83 eV. The Ballistic-Electron-Emission microscopy (BEEM) technique is being used found a barrier height more accurately. Ref. 157 measured a value of 0.83 ± 0.02 eV using BEEM techniques in a Au-Si junction. All the measurements are specifying that the barrier height is strongly dependent on the pre and post surface treatment [START_REF] Saltich | Effects of pre-and post-annealing treatments on silicon schottky barrier diodes[END_REF][START_REF] Tung | Schottky barrier height-do we really understand what we measure[END_REF].

The width w of the depletion layer (or space-charge region) is solved from the Poisson equation considering a constant charge density within the depletion layer [START_REF] Sze | Physics of Semiconductor Devices[END_REF][START_REF] Grundmann | The Physics of Semiconductors -An Introduction Including Nanophysics and Applications[END_REF]. In the Schottky-Mott model, the width of the depletion layer is

w = 2 S eN D (V bi -V ext -β -1 ), (1.13) 
where N D is the doping density, V bi is the built-in voltage, V ext is the external voltage bias applied and β = e/k B T. Within the abrupt approximation, the width w depends on the doping and voltage bias being applied. By thoroughly choosing a metal and a semiconductor, one can tune the potential barrier depending on its application and wavelength. These pieces of information about Schottky barriers will be used to engineer a Schottky-based device later.

Emission over the Schottky barrier

When carriers reach the Schottky interface, only the ones with an excess of energy (2nd condition to be satisfied)

E r > eφ B (1.14)
have a probability to overcome the Schottky barrier (we neglect the tunnel effect across the barrier). The excess of energy E r will be framed between: 0 < E r < hν. If a high number of photons are impinging onto the metal, one can fairly assume that a uniform energy distribution E d of carriers is created. Moreover, we assume that carriers are generated with an isotropic distibution of momenta. However, only the orthogonal component momenta of carriers with an associated kinetic energy higher than φ B can get over the barrier [START_REF] Goykhman | Model for quantum efficiency of guided mode plasmonic enhanced silicon schottky detectors[END_REF][START_REF] Scales | Thin-film schottky barrier photodetector models[END_REF]. [START_REF] Scales | Thin-film schottky barrier photodetector models[END_REF] argues that only the excess of energy E r is kinetic energy. The momentum k r of an electron corresponding to the excess of energy E r with a given angle of incidence α (Fig. 1.12.a) on the Schottky barrier wall have to fulfill (3rd condition to be satisfied)

( k r cos α) 2 2m > φ B .
(1.15)

A sphere of radius k r (Fig. 1.12.b) represents all the possible momenta of hot electrons generated. Only carriers with a momentum greater than k mi n = 2mφ B / , within the solid angle of an angle Ω can overcome the Schottky barrier (grey scaled in Fig. 1.12.b) and maximal momentum k Ω with angle Ω . In the litterature, the condition of momentum is referred to as the escape cone (but should more be described as an escape cap as in Ref. [START_REF] Daboo | Improved surface plasmon enhanced photodetection at an au-gaas schottky junction using a novel molecular beam epitaxy grown otto coupling structure[END_REF]). The probability of emission of carriers towards the conduction band of Chapter 1. Ultrafast photodetection, hot electrons and plasmonic the semiconductor is then given by the ratio between the volume included with the solid angle Ω for E r > φ B and the volume of the k-space sphere Ω k of all possible momenta

P e (x) = Ω S (E r > eφ B ) Ω k . (1.16)
Figure 1.12: Momenta of generated hot electrons (extracted and modified from [START_REF] Scales | Thin-film schottky barrier photodetector models[END_REF]). a) Angle α of the momentum compare to the Schottky barrier wall. b) K-space sphere of radius k r .

This model allows one to know, for a plasmonic Schottky device, the probability of an electron in the metal to be emitted over the Schottky barrier. The external quantum efficiency (EQE) 1 of such a device can then be estimated depending on the geometry of metal (film, NPs, grating or waveguide) and taking into account the multiple reflections over the walls. The same process can be depicted with a p-type semiconductor with hot holes generation and emission towards the semiconductor. Care must be taken that the mean free path of hot holes can be different than for hot electrons.

Transport of hot carriers within the semiconductor

If a carrier have succeeded in overcoming the Schottky barrier and have reached the conduction band of the semiconductor, carriers will flow through the semiconductor to reach the contact electrode. By applying a voltage bias between metallic electrodes, an electric field is present within the semiconductor. The carriers will flow on a time t drift for a distance between electrodes d elect. :

t drift = d elect µ c E , (1.17) 
where µ c (cm 2 /V/s) is the mobility of the carrier (usually different between electrons and holes), which depends on the doping of the semiconductor and the temperature T, E (V/m) is the electric field applied. For example, for an electron travelling over a distance of 1 µm within a crystalline n-Si (µ Si,e = 1400 cm 2 /V/s) with a voltage bias of 1 V (i.e. E = V/d elect. = 10 6 V/m), we obtain a t drift = 7.14 ps. To sum up, three conditions must be fulfilled for carriers to overcome the Schottky barrier: a) carriers have not to experience any scattering during transport from where 1.3. Photodetectors they are produced to the interface, b) carriers need to have sufficiently high energy to get over the barrier and c) carriers must not have too high angle of incidence or they will be reflected. The semiconductor material could be a drawback due to its low carrier mobility and reduce the device speed in Si. The criterions presented above will be discussed and taken into account for the design of our devices.

Photodetectors

Due to their sub-bandgap absorption and short lifetime properties, hot carriers devices are advantageous in photodetection technologies [START_REF] Mark | Plasmon-induced hot carrier science and technology[END_REF][START_REF] Li | Harvesting the loss: surface plasmon-based hot electron photodetection[END_REF]. Indeed, photodetectors are one of the key components in communication chains. Photodetectors convert an incident electromagnetic wave into a current. Nowadays, optical communications use mainly Near-Infrared (NIR) light from 1.3 to 1.65 µm. Hence, I will focus in this section onto highspeed photodetectors in the NIR. The ideal photodetector would have a high responsivity (∼A/W), a fast response (>100 GHz), low noise (<nA), and small active area for integration purposes (∼ µm). It would also be easy to fabricate at low cost, low power consumption, high reliability, CMOS-compatible and not bulky. Combining all these qualities in solely one photodetector is a real technological and scientific challenge. The best specifications depend on the application one wants to achieve.

The main challenge of nowadays photodetectors is to generate carriers wih high efficiency and keep a high speed, leading to a trade-off between quantum efficiency and bandwidth. Indeed, classical photodetectors present a bulky absorption part (enhancing their quantum efficiency) but drift-diffusion of carriers slows down the device. Therefore, reducing the absorption volume, e.g. in surface plasmon devices, is a very attractive strategy for speed enhancement. For such an aim, plenty of strategies are set: different materials, creative designs, multilayered effects just to mention a few. Rogalski in its infrared photodetector review [START_REF] Rogalski | History of infrared detectors[END_REF] presents the Norton theorem [START_REF] Norton | Infrared detectors in the next millennium[END_REF]: "All physical phenomena in the range of about 0.1-1 eV (1.24-12.4 µm) will be proposed for IR detectors".

A classical way to compare photodetectors is by using the responsivity, i.e. the electrical current generated compared to the incident optical power. The Internal Quantum Efficiency (IQE) is the ratio between the quantity of generated electrons and the quantity of photons actually absorbed by the device whereas the External Quantum Efficiency (EQE) is normalized by the quantity of impinging photons. To compare the speed of photodetectors, the -3 dB cut-off frequency is the main used parameter, i.e. the frequency at which, for an amplitude modulated incident optical signal, the oscillating output current amplitude is divided by a factor of two.

Plasmon-enhanced hot electron metal components coupled with a Schottky barrier yield a valuable scheme to photodetectors and I will present the state of the art in the following. Later, I will compare such a strategy to commercially available photodetectors and current research approaches to push their speed further.

Plasmon-enhanced hot electrons Schottky photodetectors

Historically, the first idea to use hot carrier-based photodetectors was with a thin metallic film [START_REF] Chenson | Ultraviolet, visible, and infrared response of ptsi schottky-barrier detectors operated in the front-illuminated mode[END_REF] in order to enhance the probability of carriers to overcome the Schottky barrier. Within the skin depth of the metallic film, photons are absorbed and hot carriers are created. The mean free path l MFP of generated hot electrons is much longer than the thickness t of the film. A high number of reflections on the film interfaces increases the probability of an electron to be extracted by the semiconductor. [START_REF] Scales | Thin-film schottky barrier photodetector models[END_REF]. These carriers are Chapter 1. Ultrafast photodetection, hot electrons and plasmonic usually treated as ballisitic with Monte-Carlo simulations [START_REF] Stuart | Monte carlo calculations pertaining to the transport of hot electrons in metals[END_REF]. This kind of device is referred to as a thin-film Schottky barrier detector. However, a thin layer also possesses poor absorption properties, limiting the number of generated carriers and the photodetector efficiency.

Surface plasmons are then a valuable approach to enhance the absorption in the metal. Plasmon-enhanced hot electrons Schottky photodetectors are composed of a plasmonic metallic junction close to a collection part (a semiconductor or an oxide/insulator). Following the previous explanations, I present here the most common one with a semiconductor. Fig. 1.13 depicts the photocurrent generation of a plasmon-enhanced hot electron device in a 3 steps process: 1) the generation of hot electrons, 2) their transport from the metal towards the Schottky interface and 3) their emission over the barrier. If the absorption is not enhanced by surface plasmon, the phenomenon is referred to as Internal Photon Emission (IPE). The modified Fowler theory [START_REF] Fowler | The analysis of photoelectric sensitivity curves for clean metals at various temperatures[END_REF] estimates the efficiency of such IPE process as [START_REF] Knight | Photodetection with active optical antennas[END_REF][START_REF] Young Keun Lee | Surface plasmon-driven hot electron flow probed with metal-semiconductor nanodiodes[END_REF] 

η ≈ C (hν -eφ B ) 2 hν , (1.18)
where hν is the incident photon energy, φ B is the Schottky barrier height and C is the quantum emission coefficient (empirical parameter). The emission of carriers depends only on their photon energy compared to the Schottky barrier height. With a surface plasmon resonance, the output spectral response based on the Fowler theory is modulated by such a resonance. A fourth step is the carriers drift through the semiconductor towards the electrode of collection (Ohmic contact). For this electrode, the carriers are electrons.

As presented in the last sections, when surface plasmons decay, hot carriers can be excited. If a Schottky barrier interface is not too far from the generated carriers (< 70 nm, see Sec. 1.2.2) and if they satisfy the conditions to overcome the barrier, carriers can be injected and collected by the semiconductor. The main advantage of such a process is to permit sub-bandgap absorption and has been extensively studied. Indeed, in this kind of detector, the absorption wavelength is limited by the Schottky barrier height and not anymore by the semiconductor's bandgap.

Photodetectors

Furthermore, the low absorption volume highly reduces the drift-diffusion of carriers allowing for high speed schemes. Such a process can also be applied to photovoltaic solar cells in order to enhance their photocurrent [START_REF] Pillai | Surface plasmon enhanced silicon solar cells[END_REF]. Plenty of strategies have been explored: different materials, geometries, wavelengths. I present here a classification based on the physical process involved: with propagative SPPs, LSPs, grating, metamaterials, tunneljunctions and with graphene coupling.

SPPs

In order to confine the incident light, a propagative SPP is used and excited carriers are collected by the nearby semiconductor. Early works by the end of the 1980s [START_REF] Torosian | Surface plasma-enhanced internal photoemission in gallium arsenide schottky diodes[END_REF][START_REF] Daboo | Improved surface plasmon enhanced photodetection at an au-gaas schottky junction using a novel molecular beam epitaxy grown otto coupling structure[END_REF] excited a SPP with a prism coupler on a thin metal film on GaAs. Selecting the angle of incidence under Otto configuration [START_REF] Otto | Excitation of surface plasma waves in silver by the method of frustrated total reflection[END_REF], at which SPPs were launched, Ref. 170 found a 10 to 20 times increased IPE.

A patent deposited in 2006 by Scales and Berini [START_REF] Scales | Schottky barrier photodetectors[END_REF] describes the plasmonic Schottky barrier detector followed by an article in 2010 [START_REF] Scales | Surface-plasmon schottky contact detector based on a symmetric metal stripe in silicon[END_REF]. Scales and Berini developed a plasmonic CoSi 2 waveguide embedded into p-Si to support propagative SPP and enhance IPE (symmetric geometry). In 2010 in the same team, Akbari et al. developed a Au plasmonic waveguide on top of n-Si in order to confine light further and enhance light-matter interactions [START_REF] Ali Akbari | Surface plasmon waveguide schottky detector[END_REF]. A responsivity R p = 1 mA/W at 1280 nm was obtained. A further improvement was made by Berini et al. [START_REF] Berini | Thin au surface plasmon waveguide schottky detectors on p-si[END_REF] with Au plasmonic waveguides on p-type Si by using hot holes injection instead of hot electrons (Fig. 1.14.a). There are two Schottky barrier interfaces (because of embedding), increasing thus the emission probability of hot carriers above the barrier. These tips rise the responsivity to R p = 1 mA/W at 1550 nm for telecom applications.

Goykhman et al. [START_REF] Goykhman | Locally oxidized silicon surface-plasmon schottky detector for telecom regime[END_REF] used a plasmonic Au waveguide with the Local-oxidation of silicon (LOCOS) technique on silicon on insulator (SOI) (R p = 0.25 mA/W at 1550 nm). This device has the strong advantage to be easily implemented in CMOS chains. They further improved their device by smoothing the rough surface at the Schottky barrier interface [START_REF] Goykhman | Waveguide based compact silicon schottky photodetector with enhanced responsivity in the telecom spectral band[END_REF] reaching interesting responsivity of 12.5 mA/W at 1550 nm.

Finally, Muehlbrandt et al. used a plasmonic waveguide with Au and Ti with a 100 nm width nanostripe of Si in between [START_REF] Muehlbrandt | Siliconplasmonic internal-photoemission detector for 40 gbit/s data reception[END_REF]. This device yields a bandwidth > 40 GHz and R p = 0.12 A/W at 1550 nm, which is competitive compared to existing photodetectors.

LSPs For the purpose of increasing light-matter interactions, LSP resonances confine even more light than in SPP and Au nanoantennas have been an attractive approach. The absorption cross section is then increased above the geometrical cross section of nanoantennas. Furthermore, shaping the width, length and thickness of nanoantennas, one can tune the absorption resonance of LSPs. Nishijima et al. [START_REF] Nishijima | Plasmon-assisted photocurrent generation from visible to near-infrared wavelength using a au-nanorods/tio2 electrode[END_REF] have used Au nanoantennas on top of TiO 2 with reponsivity R p = 71 mA/W (at 1100 nm). Au nanoantennas on Si were studied by Knight et al. [START_REF] Knight | Photodetection with active optical antennas[END_REF] (Fig. 1.14.c) and reached a R p = 3 µA/W (at 1550 nm). Other types of LSPs have been used like Au spherical NPs embedded into TiO 2 increasing the photoconductance (R p = 9 µA/W at 600 nm) [START_REF] Syed Mubeen | Plasmonic photosensitization of a wide band gap semiconductor: Converting plasmons to charge carriers[END_REF], a plasmonic Au pyramidal shape [START_REF] Desiatov | Plasmonic enhanced silicon pyramids for internal photoemission schottky detectors in the near-infrared regime[END_REF] (R p = 30 mA/W at 1064 nm) or Au nanoislands on TiO 2 (R p = 10 mA/W at 600 nm) [START_REF] Young Keun Lee | Surface plasmon-driven hot electron flow probed with metal-semiconductor nanodiodes[END_REF].

In order to increase the probability of hot carriers to overcome the Schottky barrier, Au nanostripes with a LSP resonance have been fully embedded into Si (increasing the extension of the Schottky barrier interface) [START_REF] Knight | Embedding plasmonic nanostructure diodes enhances hot electron emission[END_REF]. 25 times higher responsivity has been observed compared to non-embedded nanostripes. Other improvements have been made by adding SPP, cavity enhancement and by increasing the area of the photodetector [START_REF] Lin | Silicon-based broadband antenna for high responsivity and polarization-insensitive photodetection at telecommunication wavelengths[END_REF] (R p = 150 µA/W at 1550 nm).

Chapter 1. Ultrafast photodetection, hot electrons and plasmonic To my knowledge, there is no bandwidth measure of hot electrons LSP Schottky photodetectors in the literature.

Plasmonic gratings A plasmonic grating is composed of nanostripes close together yielding a coupling between them. Indeed, by shaping the width and the periodicity, one can enhance the absorption resonance at a selected wavelength in Au by coupling LSPs and grating effects. Initial works in 1985 by Brueck et al. [START_REF] Brueck | Enhanced quantum efficiency internal photoemission detectors by grating coupling to surface plasma waves[END_REF] developed a grating of Au on InP for enhancing the IPE process. Such a device, at resonant angle and wavelength, gives 30 times higher responsivity. Sobhani et al. [START_REF] Sobhani | Narrowband photodetection in the near-infrared with a plasmon-induced hot electron device[END_REF] used a Au grating on top of n-Si in an Extraordinary Optical Transmission (EOT) scheme (deep high filling factor grating with vertical resonance [START_REF] Ebbesen | Extraordinary optical transmission through sub-wavelength hole arrays[END_REF]) strongly enhancing the responsivity (R p = 0.6 mA/W at 1500 nm) of a surface plasmon Schottky photodetector.

Further improvements with plasmonic metal-insulator-metal (MIM) gratings [START_REF] Chalabi | Hot-electron photodetection with a plasmonic nanostripe antenna[END_REF][START_REF] Wu | Strong and highly asymmetrical optical absorption in conformal metal-semiconductor-metal grating system for plasmonic hot-electron photodetection application[END_REF] provide better absorption in the metal compared to conventional gratings. Indeed, here a plasmonic grating is placed onto a thin layer of insulator giving a potential barrier (of Al 2 O 3 or ZnO) for the extraction of hot carriers. [START_REF] Chalabi | Hot-electron photodetection with a plasmonic nanostripe antenna[END_REF] reached a high responsivity of R p = 6 A/W at 400 nm (Fig. 1.14.d). Other progresses have been made by integrating a metallic grating in between Si channels, increasing the probability of emitted carriers [START_REF] Xiao | Hot electron photodetection with spectral selectivity in the c-band using a silicon channel-separated gold grating structure[END_REF] and producing a responsivity of ∼ 0.1 mA/W. In such a structure the grating is highly spectrally selecting compared to conventional gratings. Tanzid et al. [START_REF] Tanzid | Combining plasmonic hot carrier generation with free carrier absorption for high-performance near-infrared silicon-based photodetection[END_REF] combined the enhancement of IPE due to the grating and Free Carrier Absorption (FCA). Such a device made of a Pd grating on p-Si yields a R p = 1 A/W at 1375 nm.

Metamaterials If plasmonic elements are sufficiently close with each other and interact together, such structures are referred to as metamaterials or metasurfaces. Metamaterials can reach perfect absorption (near unity EQE) and can be tuned to a selected wavelength. Li et al. [START_REF] Li | Metamaterial perfect absorber based hot electron photodetection[END_REF] fabricated a metamaterial of 2D Au square resonators on n-Si (see Fig. 1.14.e). The advantage of this device is to be insensitive to polarization and yields R p = 1.8 mA/W from 1200 to 1500 nm. The same team has developed a plasmonic Schottky metamaterial capable to detect circularly polarized light [START_REF] Li | Circularly polarized light detection with hot electrons in chiral plasmonic metamaterials[END_REF].

Tunnel junction Hot carriers excited within a surface plasmon NP can be emitted through an insulator. Indeed, if the insulator is sufficiently thin, carriers can tunnel through it. Wang et al. [START_REF] Wang | Plasmonic energy collection through hot carrier extraction[END_REF] developed a Au-alumina-Au photodetector and demonstrated a power conversion efficiency 40 times higher compared to conventional MIM. This device was first demonstrated for photovoltaic solar cell applications and MIM has the advantage of being easy to fabricate. Using this process, Atar et al. [START_REF] Fatih | Plasmonically enhanced hot electron based photovoltaic device[END_REF] have fabricated a Au NP device for light harvesting on an insulator layer of Al 2 O 3 and Au (R p = 8 µA/W at 800 nm).

Plasmonic Graphene photodetector Due to its high mobility carrier property, graphene is a very attractive area for ultrafast applications [START_REF] Mueller | Graphene photodetectors for high-speed optical communications[END_REF]. Fang et al. [START_REF] Fang | Graphene-antenna sandwich photodetector[END_REF] combined the hot carrier emission from Au plasmonic nanoantennas to the conduction band of graphene and plasmon-enhanced excitation of intrinsic graphene electrons (see Fig. 1.14.b). The plasmon resonance is actually determined by a cluster of Au nanoantennas with a Fano resonance. Extracted hot carriers then take advantage of the high transport property of graphene. The device yields 800% enhancement of photocurrent compared to the device without nanoantennas and R p = 13 µA/W at 950 nm. Moreover, Shen et al. [START_REF] Shen | Plasmon resonant amplification of a hot electron-driven photodiode[END_REF] used a metal-insulator-graphene structure. In this structure the IPE is enhanced by plasmonics and carriers jump over or tunnel the insulator layer towards graphene. [START_REF] Berini | Thin au surface plasmon waveguide schottky detectors on p-si[END_REF]. b) Plasmonic gold heptamer sandwiched between two monolayer graphene sheets [START_REF] Fang | Graphene-antenna sandwich photodetector[END_REF]. c) Gold nanoantennas onto n-Si with scanning electron microscope image [START_REF] Knight | Photodetection with active optical antennas[END_REF]. d) Grating metal-insulator-metal (MIM) photodetector [START_REF] Chalabi | Hot-electron photodetection with a plasmonic nanostripe antenna[END_REF]. e) Metamaterial of squared resonators perfect absorber [START_REF] Li | Metamaterial perfect absorber based hot electron photodetection[END_REF].

Strategies to enhance the photodetector speed

In the last section, we have seen that plenty of approaches are exploiting the physical process of palsmon-enhanced hot carriers. However, drawbacks comes into play for the industrialization of such a process, since these devices present generally low quantum efficiency and they are using mainly metals which are expensive and difficult to introduce in semiconductor processes e.g. in chemical vapor deposition. To my knowledge, no such device is using in industry lines for photodetectors at the moment.

Since the discovery of infrared light by Herschel in 1800 [START_REF] Herschel | Xiv. experiments on the refrangibility of the invisible rays of the sun[END_REF], plenty of NIR detectors have been developed with very different physics. Indeed, different processes allow to detect IR light and convert photons towards electronic processing. The first known NIR detectors were based on thermal effects. Indeed, NIR light heats a structure (absorber) and a transducer measures the elevation of temperature, even very accurately. Seebeck's thermocouple (1821), Nobili-Melloni's thermopile (1833), Langley's thermistor bolometer (1880) and up to nowadays research, are long response time devices (µs to ms) [START_REF] Rogalski | History of infrared detectors[END_REF][START_REF] Graf | Review of micromachined thermopiles for infrared detection[END_REF]. One of the main NIR photodetector issue is the low photon energy involved that can compete with thermal noise. Other NIR photodetectors were developed with different physics based on gas expansion (Golay cell) [START_REF] Yamashita | Miniaturized infrared sensor using silicon diaphragm based on golay cell[END_REF] or pyroelectric effect [START_REF] Stewart | Ultrafast pyroelectric photodetection with on-chip spectral filters[END_REF] but still are not able to reach the 100 GHz bandwidth. A very nice work on Superconducting Nanowire Single Photon photodetector (SNSPD) reached ∼ ps response time [START_REF] Korzh | Demonstration of sub-3 ps temporal resolution with a superconducting nanowire singlephoton detector[END_REF]. Though, SNSPDs need to be cryogenically cooled with bulky systems and are very costly.

At present, the main commercially available high speed photodetectors are based on electron-hole pairs (EHP) generation in semiconductors [START_REF] Zhao | High-speed photodetectors in optical communication system[END_REF]. In reasearch, there are other plasmonic strategies, compared to the hot carriers one, mainly by enhancing a nearby Chapter 1. Ultrafast photodetection, hot electrons and plasmonic physical process, usually the EHP generated in a close by semiconductor [START_REF] Dorodnyy | Plasmonic photodetectors[END_REF]. Other remarkable strategies use low-dimensional materials to confine the incident light or quantum dots [START_REF] Leong | Emerging technologies for high performance infrared detectors[END_REF]. This section will compare our approach with those strategies and will be divided into 3 parts: a) the classical strategy commercially available i.e. mainly semiconductors technology, b) the plasmonic strategy enhancing the processes and c) other approaches under reasearch to build ultrafast photodetectors.

a) Semiconductor photodetectors

Infrared (IR) semiconductor photodetectors classically operate by converting incident light wave into a current by the photoelectric effect i.e. the emission of an electron by the absorption of a photon. The first photoelectric effect was discovered in 1873 by Smith in selenium and the photoemission effect in 1887 by Hertz. Up to the end of the second world war, IR detectors have been strongly developed mainly for night vision applications: photocathodes of Cs-O-Ag in vacuum tube (in the US) and photoconductive thin films of PbS (in Germany) [START_REF] Rogalski | History of infrared detectors[END_REF]. Later, in the 1950s, a lot of research was made on shaping the bandgap of semiconductor alloys (HgCdTe, InAsSb and PbSnTe) in order to detect IR light at the desired wavelength. Nowadays, at telecom wavelengths, semiconductor PIN and APD photodiodes are very much used commercially and studied in research. Indeed, they fulfill high speed detection requirements. I will present the PN/PIN and APD photodiodes before the MSM photodetectors. Later, intrinsic and sub-bandgap absorption will be depicted. Last, I will discuss the coherent detection used in telecommunication applications to enhance the bandwidth.

PN and PIN photodiodes PN and PIN photodiodes are based on the direct absorption of photons and are referred to as intrinsic photodetectors. A PN junction is built with a p-doped semiconductor brougth into contact with an n-doped semiconductor, creating a depletion layer in between with a doping dependent width [START_REF] Govind | Fiber-Optic Communication Systems[END_REF]. The depletion layer is empty of free carriers and with a strong built-in electric field. The mechanism is an interband absorption within the depletion layer of the semiconductor creating an electron hole pair (EHP). Generated electrons drift to the n part (inversely to the p part for holes) due to the presence of the electric field [START_REF] Govind | Fiber-Optic Communication Systems[END_REF].

The bandwidth of a PN photodiode is mainly limited by the carrier transit time t trans , which is due to the drift of carriers from where they are created within the depletion layer and their diffusion through the undepleted region towards the electrode of collection. Indeed, under a large electric field, carriers drift at a certain speed v d depending on the electric field and can reach a saturation velocity v sat .

t trans = d elect v d (1.19)
with d elect the distance between electrodes. The diffusion of carriers generated by absorption of photons outside the depletion layer also limits the bandwidth. Carriers can then diffuse and be collected. Though, the diffusion is a very slow process and yields a long tail in the response time. Moreover, the carrier trapping effect reduces the bandwidth when the p and n doped parts are distinct semiconductors with a large bandgap difference i.e. an heterojunction. Carriers are then trapped at the heterojunction interface and are slowed down. Moreover, PN photodiodes have a RC time constant which also gives a bandwidth physical limit [START_REF] Zhao | High-speed photodetectors in optical communication system[END_REF]. PIN photodiodes reduce the diffusion issue by diminishing the width of the p and n parts of a PN junction, and sandwiching an undoped semiconductor in between called 1.3. Photodetectors the i layer (for intrinsic). The depletion layer is then throughout the i layer with a high electric. If the i layer thickness is increased, the responsivity increases as well but the bandwidth diminishes. In fact, depending on the application pursued, a trade off has to be done between responsivity and bandwidth. The bandwidth limitations of PIN photodiodes are also due to the phenomemons presented above for PN photodiodes. For highspeed applications PIN photodiodes are prefered to PN junctions because of lower diffusion outside the depletion layer. In 1995, a PIN photodiode reached 110 GHz bandwidth with a GaInAs/InP double heterostructure [START_REF] Wey | 110-ghz galnaslinp double heterostructure p-i-n photodetectors[END_REF]. To enhance the quantum efficiency, researchers used a Fabry-Perot cavity made of Bragg mirors over the GaAs PIN photodiode (QE ≈ 1) [START_REF] Barron | Resonant-cavity-enhanced pin photodetectorwith 17ghz bandwidthefficiency product[END_REF].

The main advantage of plasmon-enhanced hot carrier Schottky photodetectors compared to PN/PIN photodiodes is the absorption volume in the metal itself. Due to the small volume of NPs, the generated carriers are not limited by drift-diffusion. The bandwidth is highly enhanced while keeping a correct quantum efficiency.

To improve the photodiode capabilities the incident light has been coupled to an optical waveguide (by edge coupling) made of PIN layers (called waveguide photodiode, WGPD). Indeed, light is coupled within a small cross section, which reduces the RC constant while keeping a high quantum efficiency. A mushroom-mesa waveguide photodiode has reached 110 GHz bandwidth with τ RC ≈ 1 ps for a 12 µm long waveguide [START_REF] Kato | 110-ghz, 50a 1.55-um wavelength[END_REF]. In order to avoid impedance mismatch between the photodiode and the load, Travelling Wave (TW) photodiodes have been developed. Indeed, a TW photodiode is a WGPD in which the electrode is designed to match the external load, avoiding electrical reflection and reducing the RC constant. [START_REF] Giboney | Travelling-wave photodetectors with 172-ghz bandwidth and 76-ghz bandwidth-efficiency product[END_REF] reached 172 GHz bandwidth. Last but not least, in 1997 the uni travelling carrier (UTC) PIN photodiode has been developed in which only electrons are used for transport, not holes [START_REF] Ishibashi | Uni-traveling-carrier photodiodes[END_REF]. Electrons are generated in the absorption part (p-type) as minority carriers, and yield non-equilibriuum quasi balistic transport within the collection part. This strongly reduces the carrier transit time t trans . 310 GHz bandwidth has been reached with UTC photodiodes [START_REF] Ito | Inp/lngaas uni-travelling-carrier photodiodewith 310ghz bandwidth[END_REF]. Some works have also mixed UTC and TW photodiode concepts yielding 115 GHz bandwidth [START_REF] Hirota | Traveling-wave photodetector for 1.55 um wavelength fabricated with unitraveling-carrier photodiodes[END_REF].

Due to their versatility and low fabrication cost processes, PN/PIN photodiodes are commonly used in laboratories. Progresses in PN/PIN photodiodes permit to reach above 100 GHz bandwidth and are very attractive in research, industry and telecommunications.

Avalanche Photodiodes (APD)

In order to enhance the responsivity of PIN photodiodes, generated carriers are amplified through an additional part called multiplication layer placed between the i and n parts [START_REF] Govind | Fiber-Optic Communication Systems[END_REF]. The primary EHPs are generated within the i layer and drift towards the multiplication layer (p type) where the secondary EHPs are generated. Moreover, in the multiplication layer, there is a high electic field. Primary carriers give their kinetic energy to carriers in the valence band, which creates many EHPs. This effect is called impact ionization and is represented by its impact-ionization coefficients: α e for electrons and α h for holes (1/cm).

The APD bandwidth is also submitted to the physical limitations of PIN photodiodes. Furthermore, generating secondary electrons leads to additional transit time, hence reducing the bandwidth. The multiplication factor M is usually used to express the increasing number of electrons: a high value of M then limits the bandwidth. Thus, a trade off has to be done between the multiplication factor M and the bandwidth. The APDs process of multiplication is fundamentally noisy. Indeed, secondary generated carriers participate to shot noise while the thermal noise is unchanged since it is due to the external circuit.

In some semiconductors, a tunneling breakdown occurs for an electric field below Chapter 1. Ultrafast photodetection, hot electrons and plasmonic the one for avalanche processes to occur. The tunneling breakdown is reduced by making a heterojunction between the i layer and the multiplication layer, which is referred to as separate absorption and multiplication (SAM) APDs. Though, if the band gap of the nearby heterojunction is too large, carrier trapping effects will slow down carriers, limiting the bandwidth. This effect is reduced by placing a graded layer [START_REF] Kasper | Multigigabit-per-second avalanche photodiode lightwave receivers[END_REF] (100 GHz bandwidth) plus a charged layer [START_REF] Tarof | High-frequency performance of separate absorption grading, charge, and multiplication inp/ingaas avalanche photodiodes[END_REF].

In order to enhance the speed of APDs, a strategy to reduce the aborption layer and keep a high quantum efficiency is to use cavity enhancement (i.e. Fabry-Perot resonances). 290 GHz gain-bandwidth (GB) product was reached with a 60 nm thickness [START_REF] Lenox | Resonant-cavity ingaas-inalas avalanche photodiodes with gain-bandwidth product of 290 ghz[END_REF]. A second strategy is to use an optical waveguide [START_REF] Nakata | 10 gbit/s high sensitivity, low-voltage-operation avalanche photodiodes with thin inalas multiplication layer and waveguide structure[END_REF], which reached 180 GHz GB product. The UTC principle, presented for PIN photodiodes (sec. 1.3.2), has also been applied to APDs [START_REF] Dai | Monolithic germanium/silicon photodetectors with decoupled structures: Resonant apds and utc photodiodes[END_REF] (GB product of 840 GHz). Due to their high sensitivity, APDs are used as single photon detectors.

The advantage of APDs compared to plasmonic Schottky photodetectors is their high sensitivity but the APD multiplication layer reduces inherently the speed of such devices. The UTC scheme in APDs allows then to highly improve their speed.

Metal-Semiconductor-Metal (MSM) photodetectors

A MSM photodetector is composed of a semiconductor in between two metals, thus there are two Schottky barriers (see Sec. 1.2.3). A fundamental absorption of light takes place within the semiconductor and the generated EHPs drift towards the electrodes. Indeed, a bias voltage is usually applied in between the two metals. Wrapping two metals over a semiconductor is difficult but interdigitated metal devices are a convenient and usually preferred fabrication strategy.

The interdigitated MSM offers a low capacitance, thus a large bandwidth is expected. Large metal pads yield low reponsivity because of the reflectivity of metal in the NIR. To overcome this limitation, MSM photodetectors are back illuminated [START_REF] Kim | High-performance back-illuminated ingaas/inalas msm photodetector with a record responsivity of 0.96 a/w[END_REF], when possible, or use transparent contacts made of ITO (indium tin oxide) or CTO (cadmium tin oxide) [START_REF] Gao | In0.53ga0.47as metal-semiconductor-metal photodiodes with transparent cadmium tin oxide schottky contacts[END_REF]. Large metal pads increase the capacitance, decreasing the bandwidth. Increase the space between metal pads increases the responsivity, by having a higher semiconductor area available, but also increases the transit time of carriers (decreasing the bandwidth). Hence, a trade off between responsivity and bandwidth needs to be done.

In order to reduce the dark current of MSMs, a strategy consists in adding a thin insulating layer, thus increasing the Schottky barrier height. This layer is called the Schottky enhancement layer (SEL). 4 GHz bandwidth was reached with a low dark current density of 5.6 × 10 -5 A/cm 2 [START_REF] Kim | High-performance back-illuminated ingaas/inalas msm photodetector with a record responsivity of 0.96 a/w[END_REF]. A MSM photodetector reached 100 GHz bandwidth with Au interdigitated on GaAs [START_REF] Stephen | Fabrication of sub-50 nm finger spacing and width high-speed metal-semiconductor-metal photodetectors using high-resolution electron beam lithography and molecular beam epitaxy[END_REF]. The travelling waves TW scheme presented for PIN photodiodes has also been adapted for MSMs (called MSM-TW photodetector) and reached ultrahigh bandwidth of 570 GHz on GaAs [START_REF] Shi | Metal-semiconductor-metal traveling-wave photodetectors[END_REF].

In plasmonic Schottky barrier photodetectors, the absorption layer is the metal. On the contrary, in classical MSM photodetectors, the semiconductor is the absorption layer and the metal pads serve only as the collection electrodes. Due to their low RC constant, MSMs are very attractive for high speed photodetectors, reaching above 100 GHz bandwidth.

Other types of intrinsic absorption

A lot of different geometries use fundamental absorption and drift of carrier towards a collection region. I present here the most important ones.

A Metal-Insulator-Semiconductor (MIS) detector consists of a thin insulator layer (usually an oxide) between a metal and a semiconductor [START_REF] Lin | Metal-insulator-semiconductor photodetectors[END_REF]. EHPs generated in the semi-1.3. Photodetectors conductor drift and tunnel through the insulator. If the layer is sufficiently thin, then an acceptable current is collected. An optical receiver made of MIS has reached 300 MHz bandwidth with a 2 nm thick silica layer on Ge [START_REF] Cheng | Digital communication using ge metal-insulator-semiconductor light-emitting diodes and photodetectors[END_REF]. MIS devices are promising with a thin layer of semiconductor, reducing the carrier transit time (like Ge-on-Insulator systems) [START_REF] Lin | Ge-on-glass detectors[END_REF].

A MISIM photodetector is made of Metal-Insulator-Semiconductor-Insulator-Metal layers and is fabricated by adding a thin layer of insulator between the metal and the semiconductor of an interdigitated MSM device. The main advatange of such a structure is to reduce the dark current of MSMs (which is usually high). Ref. 223 has reached 13 GHz bandwidth with a thin dielectric film on InGaAs.

Semiconductor sub-bandgap absorption

In order to absorb light at an energy below the band gap of a semiconductor, defects can be implanted on purpose in the semiconductor [START_REF] Casalino | Near-infrared sub-bandgap all-silicon photodetectors: State of the art and perspectives[END_REF]. Discrete levels are then created whithin the bandgap and allow midbandgap absorption (MBA) or defect-mediated absorption. A MBA photodetector at 1550 nm have reached 20 GHz made of Si+ implantation and annealing [START_REF] Geis | All silicon infrared photodiodes: photo response and effects of processing temperature[END_REF].

Another strategy for sub-bandgap absorption is to use surface or interface states [START_REF] Casalino | Near-infrared sub-bandgap all-silicon photodetectors: State of the art and perspectives[END_REF]. Due to the abrupt end of the crystalline bulk structure, some of the electrons' wave function are bound with discrete energy out of the interface for ∼ 1 nm. These states can be used to absorb light in the NIR and the process is referred to as Surface-state absorption (SSA). To enhance the SSA, Ref. 226 optimized the optical mode of a waveguide at the surface. Up to now, as for MBAs, SSA is a promising strategy to enhance the speed of photodetectors.

Two photons can also be absorbed at the same time by an electron, the energy sum of the two photons corresponding to the absorbed energy (two-photon absorption, TPA). EHPs generated by TPA then diffuse towards the collection electrodes. The main drawback of such a strategy is its small efficiency, thus one needs to find a way to confine light and enhance light-matter interactions. Inherently, the EQE will be at maximum 0.5 because two absorbed photons yield one electron. Ref. 227 developed a TPA photodetector made with a photonic crystal (PhC) cavity and reached sub-GHz bandwidth. In order to amplify the generated carriers (because of the low efficiency of TPA), another strategy has been to employ an APD scheme [START_REF] Kikuchi | Highly sensitive interferometric autocorrelator using si avalanche photodiodeas two-photon absorber[END_REF]. A ∼ ps scale autocorrelation trace was measured on the TPA photodetector and is encouraging for GHz/THz photodetection.

Coherent detection A technique commonly used to reduce the thermal noise is the coherent detection. A local oscillator generates a stable optical frequency at ω LO (a laser) and is combined (coherently) to the optical signal to detect on the photodetector at a frequency ω s . The signal optical power is amplified by the optical power of the local oscillator. The SNR of the receiver is then increased. Coherent detection permit also to recover the phase of the optical signal. It can be homodyne with ω LO = ω s , (SNR two times larger) or heterodyne with ω LO = ω s (SNR four times larger). These techniques are used to decode the phase in optical communications and to improve the bandwidth. Some developed intergrated circuits contain the coherent detection thereon [START_REF] Govind | Fiber-Optic Communication Systems[END_REF].

In conclusion, PN/PIN, APD and MSM are the main used semiconductor photodetectors. Other interesting physical processes permit attractive high-speed IR photodetectors such as MIS, MBA, SSA or TPA based photodetectors. But, to my knowledege, in bulk semiconductors: only PIN photodiodes, APDs and MSM photodetectors have reached 100 GHz bandwidth and above. Therefore, semiconductor photodetectors compete with plasmonic Schottky photodetectors in terms of responsivity and speed.

Chapter 1. Ultrafast photodetection, hot electrons and plasmonic

b) Plasmonic photodetectors

Other types of plasmon-based photodetectors exist, since by their own properties, surface plasmons strongly localize the electromagnetic field and enhance nearby processes. Indeed, Fig. 1.15 sums up the different kinds of plasmonic photodetectors. The enhancement of hot carrier generation has been presented previously (right part). This section will focus on the semiconductor type (left part) and the different schemes in which surface plasmons can enhance photodetection. Such photodetector type produces more carriers within the absorber which can be a semiconductor waveguide, a graphene layers or quantum dots (QDs). The surface plasmons can be a LSP, a propagative SPP or a plasmonic grating. Plasmonic photodetectors are adaptable to a huge number of applications. Actually, one can tune the resonance of the surface plasmons to the desired wavelengths. This process is also very studied in photovoltaic area in order to obtain a better efficiency of solar cells [START_REF] Pillai | Surface plasmon enhanced silicon solar cells[END_REF]. The bandwidth of semiconductor photodetectors is mainly limited by the carrier transit time. Reducing the thickness of the depletion layer increases the bandwidth (but inherently reduces the responsivity). To overcome this limitation, Salamin et al. [START_REF] Salamin | 100 ghz plasmonic photodetector[END_REF] have used a plasmonic waveguide made of two Au pads spaced by 160 nm in which there is a thin nanorod of Ge. Generated carriers come from interband transitions within Ge and the carrier transit time is strongly reduced (with a proper responsivity). This device has reached a high bandwidth of 100 GHz limited by their characterization set-up.

Photodetectors c) Other approaches for photodetection

Other promising technologies are used noawadays to push the boundaries of photodetector speed. Indeed, I have presented mainly photodetectors based on bulk semiconductor and surface plasmons metallic absorption. In order to enhance the capabilities of photodetectors, especially their speed, some approaches shrink the dimension of material yielding outstanding and emerging properties. Such photodetectors are made of 2D materials and quantum dots (QDs) and sometimes in combination with SPs to enhance their absorption.

2D materials are made of one or few atomic layers and thus usually cannot absorb enough light (for example graphene). Surface plasmons can enhance their absorption cross section allowing for 2D materials to have a better quantum efficiency and keep their outstanding properties. Ding et al. [START_REF] Ding | Ultracompact integrated graphene plasmonic photodetector with bandwidth above 110 ghz[END_REF] have designed a metal-graphene-metal device enhanced by bowtie plasmonic antennas and reached 110 GHz bandwidth.

QD photodetectors are typically too thin to absorb light properly. On the other hand, a thin layer of QD is needed to keep a low dark current. Lee et al. [START_REF] Lee | Quantum dot infrared photodetector enhanced by surface plasma wave excitation[END_REF] used a metalllic photonic crystal in which InAs QDs couple to SPP. This results in a 30 times higher sensitivity.

TPA is also a weak process, whose efficiency depends on the incident power. Indeed, a higher power leads to an increasing probability of TPA. Liang et al. [START_REF] Liang | Silicon waveguide two-photon absorption detector at 1.5 um wavelength for autocorrelation measurements[END_REF] have developed a TPA photodetector for pulsed measurements. The main drawback is that the optical power input has to be high to work correctly.

Such plasmonics combination offers attractive concepts and permit to enhance low efficiency processes. Enhanced low dimension absorbing materials possess very low driftdiffusion time permitting to reach high bandwidth photodetection. Such devices offer a competing scheme with plasmon-enhanced hot carriers Schottky design.

To cite a few, low-dimentional material photodetectors without the combination of plasmonics are also very promising: graphene-based due to their high mobility carrier properties (128 GHz, [START_REF] Schall | Record high bandwidth integrated graphene photodetectors for communication beyond 180 gb/s[END_REF]) and Transition Metal Dichalcogenides (TMD) for their tunability properties (300 GHz, [START_REF] Wang | Ultrafast response of monolayer molybdenum disulfide photodetectors[END_REF]). Another strategy is to use superlattices made of type II (17 GHz [START_REF] Dehzangi | High speed antimony-based superlattice photodetectors transferred on sapphire[END_REF]) and quantum wells for their low relaxation time (70 GHz [236]). Furthermore, strong light confinement occurs in photonic crystal-based (PhC) photodetectors and reached above 10 GHz bandwidth [START_REF] Nozaki | Photonic-crystal nanophotodetector with ultrasmall capacitance for on-chip light-to-voltage conversion without an amplifier[END_REF].

In conclusion, we have seen that ultrafast processing is a major issue in modern society. Ultrafast processes can be handled by surface plasmons and offer promisses for future applications in many areas. By proper design, hot carriers with their short lifetime are enhanced by surface plasmons. Such devices offer perspectives in photodetection schemes and are in competition with already existing approaches. This chapter will focus on hot electrons' generation after SPP propagation in a plasmonic device. Understanding and controlling the processes underlying hot electron production paves the way to develop efficient future hot electron devices. As presented in chapter 1, hot electrons are an out-of-equilibrium distribution of electrons with high kinetic energy. They can be efficiently generated by surface plasmons [START_REF] Demichel | Dynamics, efficiency, and energy distribution of nonlinear plasmon-assisted generation of hot carriers[END_REF][START_REF] Pettine | Controlling hot electron spatial and momentum distributions in nanoplasmonic systems: Volume versus surface effects[END_REF]. The use of these carriers at the surface of nanoscale devices can improve the performance and lead to applications in many fields [START_REF] Mark | Plasmon-induced hot carrier science and technology[END_REF]: photovoltaics in solar cells [START_REF] Takahashia | Solid state photovoltaic cells based on localized surface plasmon-induced charge separation[END_REF], photodetection [START_REF] Knight | Photodetection with active optical antennas[END_REF], photocatalytic hydrogen dissociation [START_REF] Mukherjee | Hot electrons do the impossible: Plasmon-induced dissociation of h2 on au[END_REF], and photosynthesis [START_REF] Syed Mubeen | An autonomous photosynthetic device in which all charge carriers derive from surface plasmons[END_REF]. Up to now, the generation and relaxation of plasmon-enhanced hot electrons was mainly explored with localized surface plasmons (LSPs) [START_REF] Yin | Recent progress on photoluminescence from plasmonic nanostructures: Phenomenon, mechanism, and application[END_REF]. In such nanoparticles exhibiting LSPs, hot electrons are produced and used at the same location where the optical excitation takes place. In contrast, to develop advanced hot electron devices, hot electrons Chapter 2. Remote control of hot electron generation by propagative SPP in a Au waveguide would need to be produced at a distance from the optical excitation, e.g. in nanocircuitry [START_REF] Ebbesen | Surface-plasmon circuitry[END_REF] or in remote chemical catalytic reactions [START_REF] Zhang | Propagating surface plasmon polaritons: Towards applications for remote-excitation surface catalytic reactions[END_REF]. The possibility to dissociate optical and electronic processes would for example limit the risk of damaging the elecronic part of the system by the strong optical flux. This chapter presents our work about the remote generation of hot electrons mediated by a propagative surface plasmons (SPP) with a plasmonic Au waveguide. We demonstrate that hot electrons can be produced at a distance of up to 12 µm from an optical excitation. If hot electrons are not extracted or do not take part into a chemical reaction, they relaxe in the metal. They can either relax by electron-phonon (e-p) interactions, which heat the device, or by emitting a photon by radiative recombination, giving indirectly precious informations about their own properties [START_REF] Yin | Recent progress on photoluminescence from plasmonic nanostructures: Phenomenon, mechanism, and application[END_REF]. An advantage of using propagative SPPs is the possibility to dissociate the direct optically photoexcited carriers and the plasmonically generated carriers, which is difficult to do with LSP nanoantennas [START_REF] Zheng | Distinguishing between plasmon-induced and photoexcited carriers in a device geometry[END_REF].

In order to excite efficiently the SPP along the waveguide, we designed a focusing grating coupler to couple the incident light to the SPP with Finite Element Method (FEM) simulations. Knowing the optimized parameters, the Au plasmonic waveguide has been fabricated using standard nanofabrication processes. To investigate the delocalized hot electron generation by the SPP along the waveguide, a far and near-field hyperspectral microscopy set-up was used, which provided new insights into the hot electron radiative relaxation process by nonlinear photoluminescence, a still controversial issue (see Sec. 1.2.2).

Propagative SPPs launched by grating couplers: principles and simulations

With the aim of increasing the number of hot carriers generated in metal, surface plasmons are interesting thanks to their ability to enhance light-matter interactions (see Sec.1.2.3). Until now, the processes underlying the generation and relaxation of hot carriers have been extensively studied with LSP resonant nanostructures: nanoantennas [START_REF] Michael | Continuum generation from single gold nanostructures through near-field mediated intraband transitions[END_REF][START_REF] Imura | Near-field two-photoninduced photoluminescence from single gold nanorods and imaging of plasmon modes[END_REF], coupled nanoantennas [START_REF] Biagioni | Dynamics of four-photon photoluminescence in gold nanoantennas[END_REF], and metal-insulator-metal nanostructures [START_REF] Shan | Direct observation of ultrafast plasmonic hot electron transfer in the strong coupling regime[END_REF]. However, only few works have investigated the remote hot electron generation via propagative surface plasmons exploiting e.g. nanotips (adiabatic focusing) [START_REF] Giugni | Hot-electron nanoscopy using adiabatic compression of surface plasmons[END_REF][START_REF] Giugni | Experimental route to scanning probe hot-electron nanoscopy (hens) applied to 2d material[END_REF][START_REF] Lozan | Increased rise time of electron temperature during adiabatic plasmon focusing[END_REF], a nanoscale constriction [START_REF] Evans | Remote excitation of hot electrons via propagating surface plasmons[END_REF], or nanowires [START_REF] Viarbitskaya | Delocalization of nonlinear optical responses in plasmonic nanoantennas[END_REF][START_REF] Agreda | Spatial distribution of the nonlinear photoluminescence in au nanowires[END_REF].

In this PhD thesis, we explore hot carrier production at a distance from the optical excitation via SPPs propagating on a plasmonic waveguide. To this aim, we use a Au waveguide with a length of 12 µm (Fig. 2.1). To efficiently generate electron-hole pairs, SPPs need to carry as much energy as possible. In order to couple incident light to the plasmons, we employ a focusing curved grating at one end of the waveguide (Fig. 2.1), which is illuminated by a collimated laser beam at oblique incidence. Since hot electrons are known to produce MPL [START_REF] Demichel | Dynamics, efficiency, and energy distribution of nonlinear plasmon-assisted generation of hot carriers[END_REF], we follow indirectly their generation by analyzing the spatial behaviour of the MPL signal in such a device.

To achieve a high enough power propagating along the waveguide, we have used a femtosecond pulsed laser (Ti:Sapphire) with a wavelength of excitation centered at 820 nm. With the aim at increasing the probability of multiphoton (MP) absorption and then MP generation of hot electrons, a high optical peak-power is required. If the energy transported by the propagating SPP is sufficiently high, hot electrons generated by the SPP will recombine and emit MPL [START_REF] Mejard | Energy-resolved hot-carrier relaxation dynamics in monocrystalline plasmonic nanoantennas[END_REF][START_REF] Roloff | Light emission from gold nanoparticles under ultrafast nearinfrared excitation: Thermal radiation, inelastic light scattering, or multiphoton luminescence?[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][START_REF] Demichel | Dynamics, efficiency, and energy distribution of nonlinear plasmon-assisted generation of hot carriers[END_REF][START_REF] Biagioni | Dependence of the two-photon photoluminescence yield of gold nanostructures on the laser pulse duration[END_REF]. We then collect the MPL signal to probe the physical properties of such hot carriers. The MPL signal is collected spatially along The waveguide is made of Au because of its favourable plasmonic properties in the visible spectral range (see Sec.1.2.1) [START_REF] Maier | Plasmonics -Fundamentals and Applications[END_REF][START_REF] Novotny | Principles of Nano-Optics[END_REF] and its good stability compared to e.g. Ag or Al [START_REF] Sachan | Oxidation-resistant silver nanostructures for ultrastable plasmonic applications[END_REF]. In such a waveguide, two SPP modes can propagate: one at the Au/air interface and one at the Au/silica interface [START_REF] Maier | Plasmonics -Fundamentals and Applications[END_REF]. Moveover, at such photon energy excitation (1.51 eV), there is no interband absorption from the d-band of Au (cut-off at ∼ 690 nm, 1.8 eV, for Au [START_REF] Sundararaman | Theoretical predictions for hot-carrier generation from surface plasmon decay[END_REF]). Thus, a long SPP propagation length is expected with a low damping (by Joule heating).

We simulated the ratio between the power propagating along the waveguide compared to the incident optical power (called the coupling efficiency, CE). In order to maximize the CE, we designed a focusing curved grating coupler that allows for the efficient propagation of SPPs (see Fig. 2.1). For that, the grating diffracts light and the first order of diffraction matches the SPP wave vector. Modifying the angle of incidence will permit to change the first order of diffraction angle with the interface depending on the periodicity of the grating. Moreover, the grating coupler parameters has been optimized for 820 nm wavelength of excitation.

Furthermore, between the grating and the waveguide, there is a circular sector part (adiabatic taper). In other experiments the adiabatic taper's length is quite long (∼ 100 µm in Si waveguide [START_REF] Wang | Apodized focusing fully etched subwavelength grating couplers[END_REF]) in order to smoothly focus the SPP towards the waveguide [START_REF] Sethi | Ultra-compact low-loss broadband waveguide taper in silicon-on-insulator[END_REF]. However, the longer the adiabatic taper, the higher the losses are. So, we decided to shorten the adiabatic taper to 1 µm because of damping of SPP at 820 nm to maximize the power fed into the waveguide. The focusing grating coupler allows for a compact footprint compared to linear grating couplers with adiabatic taper (eight times lower) but can suffer from reflections [START_REF] Van Laere | Compact focusing grating couplers for silicon-on-insulator integrated circuits[END_REF]. The grating coupler focuses the SPP into the waveguide's entrance to maximize the power carried by SPPs. In perspective, an apodized grating coupler (variation of the periodicity) could be another strategy to enhance the CE with less mode mismatch issues [START_REF] Wang | Apodized focusing fully etched subwavelength grating couplers[END_REF].

Connecting the focusing grating coupler with the waveguide permits to select the excitation of the desired SPP mode (at the Au/air or at the Au/silica interfaces) by selecting a specific angle of incidence (see Fig. of SPPs propagating over an infinite interface between a dielectric (air or silica, z < 0) and Au (z > 0) [START_REF] Maier | Plasmonics -Fundamentals and Applications[END_REF] with an angle of incidence θ, the projection of the incident wavevector in a medium with a refractive index of n is (2nπ/λ) sin(θ). The grating coupler will diffract the incident light, adding a δ k = 2mπ a wavevector from the reciprocal lattice of the grating with a periodicity a (with m the order of diffraction, integer). Indeed, according to the dispersion relation plotted in Fig. 2.2.b, the selective excitation of the SPP by the grating coupler must satisfy the phase matching condition at the interface: For a given θ, by properly choosing the grating parameters, i.e. periodicity and filling factor, a SPP mode is selectively exciting at the Au/air or Au/silica interfaces. The grating design was determined using a Finite Element Method simulation (Comsol ®) with 2.1. Propagative SPPs launched by grating couplers: principles and simulations an optimization algorithm (from Matlab® toolbox). For simulation convergence reasons and calculation time, a 2D model was used, which implies that waveguides and gratings are infinitely wide and the curved geometry is not taken into account. The device is excited by the optical plane wave on the grating from the silica region and the thickness of Au is 75 nm (grating and waveguide). The periodicity a and the filling factor were set as free parameters to maximize the coupling efficiency (CE) between the incident optical wave in the silica and the Au/silica SPP mode (for an incidence angle of θ = 10 • ). Fig. 2.3 represents the CE as a function of the periodicity and the filling factor. Within the simulation, the CE is evaluated by the ratio between the Poynting vector flux carried by the Au/silica SPP at the end of the waveguide and the incident optical Poynting vector flux. Each point represents a Comsol® simulation with CE as the output, for a given periodicity and filling factor. Then, a gradient optimization algorithm from Matlab® is used to probe the grating parameters and maximize the CE. CE reaches a maximum value of about 5% with a periodicity of 0.65 µm and a filling factor of 0.7. Then, utilizing the optimized grating parameters which are a = 650 nm and ff = 0.63, the angle of incidence θ is scanned to verify the angle that maximizes the Au/air SPP excitation. The electromagnetic density of energy carried inside the waveguide is represented Fig. 2.4.a after a propagation of 12 µm as a function of the excitation angle. According to this procedure with the optimized parameters, the Au/silica SPP is most efficiently excited for an angle of 10 • while the Au/air SPP requires an angle of -8 • . The electric field distribution (|E y |) corresponding to both excitation angles is displayed in Fig. 2.4.b (upper and lower images), together with the field distribution resulting for normal incidence that shows no coupling to any SPP. Fig. 2.4 depicts a clear selective angle-controlled of the SPPs excitation. Thus, the upper plasmon (i.e. Au/air SPP mode) carries inside the waveguide half of the energy than the lower plasmon (i.e. Au/silica SPP mode) after a propagation of 12 µm. The Au/silica SPP has then a larger probability to efficiently excite hot carriers also because its field is more confined at the interface.

k SPP,i = 2nπ λ sin(θ) + 2mπ a (2.1)
In order to observe where hot carriers have more probability to be excited, Fig. 2.5 represents the spatial distribution of the electric field norm inside the waveguide. The horizontal axis represents the thickness of the waveguide: 0 is the silica/Au interface and 75 nm is the Au/air interface. The blue curve (resp. green) corresponds to the Au/air SPP (resp. Au/silica SPP). Therefore, hot electrons have maximal probability to be produced where the energy of SPP is maximal at interfaces. The penetration depths of both SPP are Chapter 2. Remote control of hot electron generation by propagative SPP in a Au waveguide Figure 2.5: Electric field norm inside the waveguide after 12 µm of propagation when the Au/air SPP (blue) or Au/silica (green) SPP is excited comparable and Fig. 2.5 emphasizes that the two interfaces of the waveguide are mostly uncoupled, implying that hot electrons produced by a given plasmon will be mostly generated at interfaces rather than in the volume. Furthermore, using an unfocused beam onto the grating coupler will permit to use higher optical power without the risk of damaging the structures.

In conclusion, we investigated the grating periodicity that maximizes the power transmitted along the waveguide by SPP. The SPP Au/air or Au/silica can be selected by controlling the angle of incidence. The probability to produce hot carriers is maximal at the interfaces due to the enhanced electromagnetic field.

Nanofabrication of a plasmonic Au waveguide

After having determined the grating parameters that optimize the CE, the Au plasmonic waveguide was fabricated at the ARCEN-CARNOT platform of the ICB laboratory in Dijon. I have implemented the plasmonic waveguide geometry into the RAITH software to obtain a GDS file with the periodicity and filling factor parameters found by simulations. Since the spatial confinement of the waveguide is not taken into account in the simulations presented Sec.2.1. I empirically tried four different lateral widths for the waveguides: 0.5, 1.2, 1.8 and 2.5 µm to maximize the focusing efficiency of the grating coupler. Morever, in order to focus with a small length adiabatic taper, I arbitrarily chose a radius of 2.6 µm for the circular section.

The substrate used was a silica glass coverslip cleaned by piranha etching (sulfuric acid and hydrogen peroxide) in order to remove possible contaminants for the next steps. Two layers of PMMA (first 50 molecular weight of K and second 200 molecular weight of K) were spincoated on the coverslip (160 µL for ≈ 300 nm thickness, speed ramped from 100 to 3000 rpm) followed by a baking step (180 s at 150 • C). The molecular weight of the first layer is lower than the second one because, when the sample will be irradiated 2.2. Nanofabrication of a plasmonic Au waveguide Figure 2.6: Nanofabrication steps of the Au plasmonic waveguide with the focusing grating coupler by electrons, the edges will be sharper. With this precaution, the evaporated material forming the nanostructures has lower probability to be riped off at the lift-off step. I then added a conductive layer of Electra 92 (200 µL) by spin coating followed by a baking step (180 s at 90 • C) because the substrate is not conductive. This layer permit to visualize the sample by Scanning Electron Microscope (SEM).

Loading the prepared GDS file, the electron-beam lithography (EBL) was applied onto the sample by the Pioneer (Raith ®). The EBL parameters used were ≈ 40 pA current with a dose of 200 µC/cm 2 and an electron gun voltage of 20 kV. The parts of PMMA imprinted by the lithography were removed by a developer (Methyl Isobutyl Ketone (MIBK) and acetone, for 50 s) followed by a stopper (acetone, for 50 s) (development step). Before the next steps, I checked that the structures were present with dark field optical microscopy (allowing for better contrast compared to bright field).

Then, evaporation was performed by e-beam techniques (MEB 400, Plassys ®). This evaporation is made under very low pressure with a cryo pump (∼ 10 -7 mbar). A thin layer of Ti (5 nm) was evaporated onto the sample to improve Au adhesion onto the coverslip. Thereafter, a 75 nm thickness of Au was evaporated. The excess of Au was removed by lift-off with aceton in a baker (≈ 1 hour), leaving only the nanostructures onto the glass.

I have then checked the general shape of the 12 µm Au waveguides with the focusing grating couplers by dark field optical microscopy (Fig. 2.7.a) and more accurately measured the waveguide's parameters by Scanning Electron Microscopy (SEM) (see Fig. 2.7.b). I thus confirmed the good agreement between the measured and the desired parameters for the waveguide (width and length) and the grating coupler (periodicity and filling factor).

In conclusion, the simulated plasmonic waveguides were fabricated following standard e-beam lithography procedure. The nanostructures were then characterized confirming the desired grating and waveguide dimensions. 

Remote excitation of hot electrons by a propagative SPP

Hyperspectral imaging with angular control excitation experimental set-up

After the Au plasmonic waveguides were fabricated, the first step was to validate that SPPs can be launched with angle controlled excitation. I have investigated the remote excitation of hot electrons with this device at ICB in Dijon. For that, I took in charge the hyperspectral imaging experimental set-up with angular control excitation illustrated Fig. 2.8.

In order to maximize the energy propagated by the SPP and enhance the probability of producing hot electrons, a Ti:Sapphire femtosecond laser was used with a high intensity per pulse (wavelength of 820 nm, pulse duration ∼100 fs, 80 MHz repetition rate, average optical power of 28 mW).

To selectively control the angle of incidence (see Sec. 2.1), we have used a high-numerical aperture (NA) immersive oil objective (x60, NA=1.49) under episcopic (reflected) illumination with an inverted microscope (Nikon Ti Eclipse). This high-NA objective allows to reach a small spot and to collect high angle emitted wavevectors from the sample. This scheme allows one to excite selectively either the Au/air SPP or the Au/silica SPP. The laser is focused at the back focal plane (BFP) of the microscope objective, i.e. the Fourier plane (π-Fourier in Fig 2 .8). In this scheme, the laser beam is collimated thereon the sample keeping a small spot diameter (∼ 10-20 µm) with an illumination angle controlled by moving a miror in front of the focusing lens [START_REF] Hauer | Spot size engineering in microscope-based laser spectroscopy[END_REF]. Controlling the position where the beam is focused in the Fourier plan (with a motor stage), the BFP illumination permits to select the desired angle of incidence on the sample.

Along the propagation of the laser pulses from the laser output to the sample, group velocity dispersion occurs due to all the optical elements on the optical path and the pulses are stretched on the sample. This dispersion is corrected by a home made dispersion compensation module [START_REF] Demichel | Dynamics, efficiency, and energy distribution of nonlinear plasmon-assisted generation of hot carriers[END_REF]. A first grating (optimized at 820 nm) diffracts light, which is then sent onto two cylindrical mirrors. All the spectral components are then recombined by a second grating. Displacing the end grating along the optical axis allows one to introduce a quadratic chirp that compensates for the one introduced by the optics. This allows for a temporally compressed pulse which is Fourier transform limited in the focal plane of the microscope objective. In order to confirm this pulse compression, we maximized the SHG signal by autocorrelation from a sample in the objective plane as a function of the introduced chirp. We then probe the signal emitted by the plasmonic waveguide by hyperspectral nearfield and far-field techniques. The near-field technique allowed us to get spatially-resolved spectra emitted by the waveguide i.e. a hyperspectral imaging.

We image the Fourier plane on the CCD camera. Fig. 2.9.a illustrates this concept: the inner circle is the air-silica critical angle (θ c ) while the outer circle is the maximal angle of k-vectors that can be collected. For normal incidence excitation, the brighter spot is the specular reflection and the two lateral spots are the two first orders of diffraction introduced by the grating (m=±1). Fig. 2.9.b is the CCD image of the waveguide under white light illumination. All other images are recorded at the excitation wavelength of 820 nm. Fig. 2.9.c shows the Fourier plan image of the laser reflection onto the grating with a normal incidence excitation, with the central spot and the two first orders of diffraction. Fig. 2.9.d and Fig. 2.9.f are images towards the silica substrate [START_REF] Drezet | Imaging surface plasmons: From leaky waves to far-field radiation[END_REF] of the propagation of the Au/air and the Au/silica SPPs along the plasmonic waveguide when the angle of incidence of the laser beam is set to efficiently excite these SPPs. Indeed, the angle of incidence of the laser onto the grating is varied so that the +1 order of diffraction of the grating matches the Au/air or Au/silica SPP wavevectors. Thus, the wavevector k // +δ k,grat. of excitation and grating is matching k SPP,Au/air or k SPP,Au/silica depending on the angle of incidence. Fig. 2.9.d shows the image of the leaky mode SPP propagating at Au/air with shining edges due to scattering by edge defects. The spatial modulation along the waveguide is represented in the Fourier plan by the vertical line modulation (parallel to the k y axis). Fig. 2.9.f represents the propagating Au/silica SPP with a low signal resulting from a wavevector out of the microscope numerical aperture. Fig. 2.9.e and Fig. 2.9.g show the Chapter 2. Remote control of hot electron generation by propagative SPP in a Au waveguide Fourier images of the leakage of the Au/air SPP and the Au/silica SPP respectively. In farfield onto the CCD camera, the Au/silica SPP is not observed because it does not radiate towards the substrate. The images of Fig. 2.9 validate that the implemented setup is able to: a) lauch SPPs on the plasmonic waveguide by means of angle-resolved excitation and a grating coupler, b) control the wavevector k of excitation in order to select the launched surface plasmon (the Au/air SPP or the Au/silica SPP ) and c) spatially collect the signal radiating from the plasmonic waveguide to the far-field at the same time. This also validates the parameter choices for the periodicity and filling factor.

In the next two parts we will focus on the Au/air SPP mode because this mode is more efficiently coupled to the far-field readily compared to the Au/silica one and it is more likely that MPL generated by the relaxation of hot electrons would also radiates. In the following, to demonstrate the remote excitation of hot electrons by SPPs, we will study the hyperspectral distribution of the emitted MPL along the plasmonic waveguide excited by the Au/air plasmon. The upper interface is also more attractive for applications that enhances physicochemical reactions.

Hyperspectral far field imaging

In order to demonstrate the delocalized hot electron generation, we investigated the MPL produced along the plasmonic waveguide by far-field hyperspectral imaging techniques.

We first select the -8 • angle of incidence that excites the Au/air SPP mode. Fig. 2.10.a shows the waveguide image on the spectrometer under white light illumination. Actually, the signal emitted by the waveguide is sent in free-space to the spectrometer which enables to follow the spectral distribution along the waveguide (Fig. 2.10.b). The far-field hyperspectral detection collects the MPL via the high-NA microscope objective. A shortpass filter at 730 nm is used to cut the laser line and we measure only the short wavelength contribution of the MPL (compared to the laser line). Furthermore, in the dispersion correction part (see set-up Fig. 2.8), after separating the different spectral components of the pulse, the beam is spectrally filtered with abrupt edges in order to control the laser 2.3. Remote excitation of hot electrons by a propagative SPP linewidth (see figure next section, Fig. 2.15). Thus, the collected light outside the spectrum laser line only originates from the sample. For these experiments, we used a 12 µm long waveguide. In Fig. 2.10.b, we observe that light is produced at the entrance of the waveguide (0 µm), around 5 µm and at the extremity (12 µm). A hypothesis is that these scattering points might enhance the MPL diffusion, also the MPL produced at the Air/Au interface is unlikely to efficiently radiates across the waveguide. The end of the waveguide is a natural scatterer and we assume a defect at the 5 µm position that scatters light efficiently. These spectra, acquired only when SPPs are propagating, are similar to the typical MPL obtained with nanoantennas [START_REF] Cai | Anti-stokes emission from hot carriers in gold nanorods[END_REF]. Thus, this first figure suggests a relationship between the SPP propagating and the collected spectrum. The blue line at the entrance represents the MPL emitted at the grating/entrance of the waveguide ranging from 410 nm to 730 nm (filter cut-off). Only when the angle of excitation is -8 • , we observed MPL being emitted at 5 µm and at the waveguide extremity (12 µm). These MPL spectra show a redshift or a narrowing of the peak along the propagation axis. The high-energy part of the spectrum is red shifted of ≈ 80 nm at 5 µm, and of at least ≈ 175 nm at 12 µm, where the spectrum is strongly cut by the filter that rejects the laser line. Indeed, along the SPP propagation, since the SPP intensity is decaying less electron-hole pairs are produced locally and as a consequence the electron density and temperature is lowered. MPL spectra are an indication of hot electrons cloud temperature and density and a less heated hot electron cloud distribution leads to a redshifted spectrum [START_REF] Haug | Hot-electron intraband luminescence from single hot spots in noble-metal nanoparticle films[END_REF]. At this point of the interpretation, the cloud of hot electrons, excited by SPP, is less energetic than at the entrance producing a narrower MPL radiation. Moreover, we observed second harmonic generation (SHG) as a sharp peak at 410 nm. The SHG peak intensity is decreasing very rapidly along the propagation axis. Such SHG phenomenon is explained by the tight focusing at the entrance of the waveguide. The SPP loosing its energy along propagation yields less SHG [START_REF] Shi | Efficient second harmonic generation in a hybrid plasmonic waveguide by mode interactions[END_REF].

Then, we explored the influence of the angle of excitation on the MPL intensity. For this, we changed the angle of incidence θ and we collected the MPL spectrum radiated along the plasmonic waveguide in the far-field. Fig. 2.12 illustates the maximal intensity of the MPL spectrum as a function of the angle of incidence taken at the entrance of the waveguide (grey dashed line) and after 5 µm (blue dashed line). At the entrance of the waveguide close to the grating, the MPL is produced for any angle since it is the result of direct laser excitation (grey points in Fig. 2.12). On the contrary, after 5 µm of the SPP propagation, the integrated MPL intensity is strongly increased only for an angle of incidence of -8 • corresponding to the Au/air SPP angle of excitation. This gives an argument that the MPL is being produced mainly from the local generation by the upper SPP (Au/air) and does not result from a MPL produced at the grating which would prop-Chapter 2. Remote control of hot electron generation by propagative SPP in a Au waveguide These experiments show the possibility of producing hot electrons at a distance from their optical excitation by propagating SPPs. The hot electron energy distribution (temperature) is then determined by the local SPP intensity along its propagation. In the following, we will investigate more deeply such an energy distribution.

Hyperspectral near field imaging

In order to investigate the spatial behaviour of the hot electron energy distribution, we focus on probing the plasmonic waveguide by near-field hyperspectral imaging with kspace excitation control. In these experiments, we still focus on the Au/air SPP (see Fig. 2.9.d) since the near-field probe cannot access the Au/silica interface. The near-field hyperspectral set-up collects the MPL by a scanning near-field optical microscope (SNOM) on top of the sample [START_REF] Voigtlander | Scanning Probe Microscopy -Atomic Force Microscopy and Scanning Tunneling Microscopy[END_REF]. The SNOM is composed of a near-field probe (thin tapered optical fiber with a 50 nm aperture at the apex) scaning the surface at a few nanometers distance. The probe is connected to a piezoelectric head and is oscillating at a frequency slightly shifted from the resonance peak. When approaching the surface, due to shear-forces, the resonance frequency shifts. The feedback loop then controls the vertical position of the head yielding the topography map (Fig. 2.13). The SNOM technique allows one to reach a spatial resolution of ∼5 nm vertically and 20 nm laterally. Simultaneously, the optical fiber collects the optical near-field and allows it to be analyzed spectrally by the use of a spectrometer with a mounted intensified cooled camera [START_REF] Dellinger | Hyperspectral optical near-field imaging: Looking graded photonic crystals and photonic metamaterials in color[END_REF]. The near-field spectra are recorded synchronously with the scan, i.e. for each point of the scanned area, a spectrum is collected.

We have employed the hyperspectral near-field imaging technique to map the MPL emitted by the plasmonic waveguide along the SPP propagation. Fig. 2.14 represents spatial near-field images recorded at specific wavelengths. For a 12 µm long waveguide with no defects on it, the spatial intensity distribution of the propagating SPP (at 825 nm near the laser wavelength excitation) is mapped as well as the spatial intensity distribution emitted at 700 nm and 854 nm on both sides of the filtered laser line. We observe that, no matter the emitted wavelength, the intensities decay along the waveguide. Moreover, a periodic spatial modulation is observed along the plasmonic waveguide for all wavelengths. This modulation refers to a standing wave which could result from an interference pattern due to the back reflection at the end of the waveguide. This phenomenon has been observed in other experiments with plasmonic nanowires but only at the wavelength of excitation (here 820 nm) [START_REF] Ditlbacher | Silver nanowires as surface plasmon resonators[END_REF][START_REF] Weeber | Near-field observation of surface plasmon polariton propagation on thin metal stripes[END_REF].

Furthermore, the collected intensity is higher at the end of the waveguide regardless the wavelength. This enhancement of the field has been reported in previous experiments waveguide Figure 2.14: Optical near-field images for wavelengths: at near the laser line (825 nm), and at 700 and 854 nm (for a 12 µm waveguide). in plasmonic waveguides [START_REF] Ditlbacher | Silver nanowires as surface plasmon resonators[END_REF][START_REF] Weeber | Near-field observation of surface plasmon polariton propagation on thin metal stripes[END_REF][START_REF] Viarbitskaya | Delocalization of nonlinear optical responses in plasmonic nanoantennas[END_REF] and is attibuted to the enhancement of scattering of the SPP induced at the extremity [START_REF] Giugni | Hot-electron nanoscopy using adiabatic compression of surface plasmons[END_REF][START_REF] Giugni | Experimental route to scanning probe hot-electron nanoscopy (hens) applied to 2d material[END_REF][START_REF] Lozan | Increased rise time of electron temperature during adiabatic plasmon focusing[END_REF] allowing for a better near-field coupling of the emitted light.

At this point, the interference patterns for all wavelengths seem to share the same periodicity which is of the SPP wavelength. If so, that would suggest that the MPL is being locally produced where hot electrons are being produced by the SPP.

Let's turn to the full spectrum emitted at different positions along the waveguide. Fig. 2.15 shows the typical MPL spectra (in linear and log scale) by near-field measurements above the waveguide at two different positions: the entrance and after 8 µm. Note that these spectra are normalized at 860 nm for clarity. We can distinguish two contributions apart from the laser line: one with wavelengths longer than the laser wavelength (lower energy, also called Stokes photoluminescence) and one with wavelengths shorter than the laser wavelength (higher energy, also called Anti-Stokes photoluminescence). The long wavelength part does not vary significantly after 8 µm of SPP propagation but the short wavelength part is strongly attenuated. Then, the underlying physics of the short and long wavelength part seems to be different because of different attennuation processes observed. The efficiency of MPL gen-2.3. Remote excitation of hot electrons by a propagative SPP eration is wavelength dependent and these spectra are measured along SPP propagation, thus the SPP intensity decay along propagation influences the process. These results suggest a link between the MPL being emitted and the propagating SPP. Moreover, the two vertical lines in Fig. 2.15 represent the abrupt edges of the filtered laser line. Thus, the collected light with spectrum outside the spectrum laser line originates only from the sample.

To go further, Fig. 2.16 represents the spectral evolution of the near-field MPL spectrum along the plasmonic waveguide, the vertical axis corresponds to the spectra at the position of propagation indicated in abscissa. At the entrance of the waveguide, the nearfield spectrum emitted is broad, ranging from 400 to 900 nm. At the laser line (820 nm), the intensity saturates due to the higher radiation of the linear plasmonic propagation. The spatial modulation in Fig. 2.16 is the same since we observe vertical lines in this map for every wavelength with a periodicity of 286 nm. These shared spatial periodicity indicates that the SPP damping and interference pattern due to the back reflected SPP are dictating the MPL being generating (identical interference pattern at 700 and 854 nm than at 825 nm radiated wavelength). This gives a strong argument in favour of the MPL being produced locally by hot electrons due to SPP propagation rather than MPL propagation coming from the grating in Fig. 2.16. Indeed, if the MPL was propagating along the plasmonic waveguide, due to dispersion, the spatial periodicity of the standing wave should be wavelength-dependent. Another counter-argument could be that the MPL is being produced by plenty of SPP propagating at their wavelength. Since light scattering at the entrance of the waveguide could excite broadband SPPs propagation [START_REF] Bouhelier | Excitation of broadband surface plasmon polaritons: Plasmonic continuum spectroscopy[END_REF]. However, in this case the spatial modulation should also depend on the wavelength. Moreover, if other angles of excitation are selected, no MPL is observed along the plasmonic waveguide emphasizing the crucial role of SPP excitation.

Hot electrons diffuse and relaxe at a distance quite shorter than the surface plasmon standing wave periodicity (286 nm). Indeed, if hot electrons would diffuse longer than the interference pattern periodicity, a blurring of the fringes would appear. For a lifetime of hot electrons that is ≈ 0.5 ps in gold [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], if the diffusion length is no longer than the period (286 nm), this yields to a carrier velocity ≈ 0.1-0.2 µm/ps, which stays below Chapter 2. Remote control of hot electron generation by propagative SPP in a Au waveguide the commonly admitted Fermi speed value in gold of 1.4 µm/ps [START_REF] Ashcroft | Physique des solides[END_REF]. Thus, this means that the scattering rate of hot electrons is low. As a consequence, the SPP distibution is directly a map of the hot electron spatial distribution. Hence, the management of the SPP intensity distribution allows one to control both the spatial generation of hot electrons and the energy distribution. Furthermore, those observations suggest that the lifetime of hot carriers is shorter than their diffusion time or they would highly diffuse longer than the location of their production.

Furthermore, Fig. 2.17 represents the intensity as a function of the propagation distance for three wavelengths: 700 nm, 825 nm and 850 nm. The damping along the propagation is strongly wavelength dependent. The long wavelength contribution is slowly damped along SPP propagation compared to the short wavelengths. We modeled this behaviour by an exponential decay with a damping coeffient α and a non linear order n related to the non linear absorption. The intensity of MPL I MPL (λ, y) is basically related to intensity of the damped SPP I SPP (y) by I MPL (λ, y) ∝ I SPP (y) n (λ) ∝ e (-n(λ) α y)

(2.2)

Figure 2.17: Intensity decay along the propagation is plotted for the three wavelengths (700, 825, and 850 nm). Dashed lines are guide eye of the decay along the propagation. Normalized by the optical power at the waveguide input for given wavelengths.

In Fig. 2.17, the long wavelength contribution nearly overlaps to the SPP decay. This points out that this part of the spectrum relates to a linear process. In contrast, at 700 nm, the high energy contribution of the MPL decays faster than SPP damping, suggesting a nonlinear absorption process. From this figure, the different damping constants are estimated by focusing on the 2-7 µm region of the waveguide (depicted by dashed lines) where the contributions of the scattering at the waveguide's input and at the waveguide end are minimized. We find a damping length l (= 1/α) close to 14 µm for the SPP (and for the long wavelength contribution), while the damping length at 700 nm is close to 6.7 µm. There is a factor of about 2 between l at the SPP wavelength and at 700 nm, which indicates a second order non linear process for the high energy contribution of the spectrum. Therefore, since the MPL spectrum is driven by the hot electron energy distribution [START_REF] Mejard | Energy-resolved hot-carrier relaxation dynamics in monocrystalline plasmonic nanoantennas[END_REF][START_REF] Demichel | Dynamics, efficiency, and energy distribution of nonlinear plasmon-assisted generation of hot carriers[END_REF], we show here that the SPP propagation also drives their energy distribution along the propagation. This result could give new insights in controlling remotely chemical reactions by the energy distribution of hot electrons [START_REF] Zhang | Propagating surface plasmon polaritons: Towards applications for remote-excitation surface catalytic reactions[END_REF].

Remote excitation of hot electrons by a propagative SPP

In order to go further in the understanding on nonlinearities, we took the intensity of the SPP I SPP and the corresponding intensity of MPL I MPL (λ) for the long and short wavelength parts. In Fig. 2.18, plotting I MPL (λ) as a function of I SPP represents the power transfer function from the SPP to the MPL. Each point represents the intensity of the normalized SPP as a function of the corresponding normalized intensity of MPL. In Fig. 2.18, each color is for a specific wavelength in the MPL. For λ = 850 nm, the long wavelength part of MPL depends linearly on the SPP intensity. This observation is correlated to the previous Fig. 2.17 and is suggesting that, for long wavelength contributions, hot electrons are produced by a linear absorption process and a recombination of hot electrons whithin the sp-bands (radiative intraband recombination). The intraband transitions are available because of additional k-vectors given by the nanogeometry or by electron-phonon interactions (c.f. intraband geometry-assisted and phonon-assisted transitions in Sec.1.2.2). On the other hand, for λ = 650, 700, 750 and 800 nm, the high energy part depends nonlinearly on the SPP intensity (higher slope). A non linear order of 2 is noted, which is in good agreement with the previous discussion. The interpretation is that a two plasmon absorption process comes into play from the d-band to the sp-band, in a single step process (interband absorption [START_REF] Biagioni | Dynamics of four-photon photoluminescence in gold nanoantennas[END_REF]) or a two steps process (sp intraband followed by d to sp interband [START_REF] Imura | Near-field two-photoninduced photoluminescence from single gold nanorods and imaging of plasmon modes[END_REF][START_REF] Biagioni | Dependence of the two-photon photoluminescence yield of gold nanostructures on the laser pulse duration[END_REF]) leaving hot holes behind. Hot electrons experience multiple e-e and e-p scattering events which redistribute the electron energy in a broad distribution (Fermi smearing) once the equilibrium is reached. Hot electrons then recombine from the sp-band to the hot holes within the d-band emitting photons (radiative interband recombination). This interband recombination of hot electrons finally produces a broad spectral emission.
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Also, the power transfer is saturating when the local SPP intensity is high (I SPP (z) ≈ 1), probably related to Au saturable absorption [START_REF] Wang | Saturable plasmonic metasurfaces for laser mode locking[END_REF]. An interpretation is that the SPP is carrying enough energy and locally saturates the two plasmon absorption from the d-band to the sp-band. Indeed, the spectral range of the MPL is induced by the local variation of the SPP intensity. The spectral width is maximal where the SPP intensity is maximal produc-Chapter 2. Remote control of hot electron generation by propagative SPP in a Au waveguide ing a high local density of the hot electrons cloud. In fact, the highest the SPP intensity, the strongest the nonlinear absorption is.

In conclusion, along with a SPP propagation, we have observed a MPL luminescence with upper and lower wavelength components and each one of them have its own underlying physical process.

Discussion on the MPL origin

As presented in Sec. 1.2.2, the underlying physics of the MPL is still under debate in the community. Our MPL study observed along a Au plasmonic waveguide is giving additional clues in the discussion.

In our experiment, the excitation wavelength (1.51 eV, 820 nm) was below the interband transition, thus, there is no possible direct interband absorption. We have observed the Stokes and anti-Stokes parts of the nonlinear PL (see Fig. 2.15). Our Stokes part is linear and anti-Stokes part is non linear with a non linear order of 2. Indeed, Beversluis et al. [START_REF] Michael | Continuum generation from single gold nanostructures through near-field mediated intraband transitions[END_REF] also observed such PL behaviour on gold rough film excited at 780 nm wavelength and collecting the nonlinear PL in the far-field. According to Roloff et al. [START_REF] Roloff | Light emission from gold nanoparticles under ultrafast nearinfrared excitation: Thermal radiation, inelastic light scattering, or multiphoton luminescence?[END_REF], above a certain irradiance threshold, the non linear order depends on the photon energy (see Sec. 1.2.2 [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 nearinfrared excitation: Thermal radiation, inelastic light scattering, or multiphoton luminescence?[END_REF]). We have not observed such a photon enegy dependence. This could fairly be explained by the fact that the power transported by the SPP is not enough to overcome the threshold.

To my knowledge, in the literature, all nonlinear photoluminescence experiments were done on NPs apart from [START_REF] Viarbitskaya | Delocalization of nonlinear optical responses in plasmonic nanoantennas[END_REF][START_REF] Agreda | Spatial distribution of the nonlinear photoluminescence in au nanowires[END_REF]. Our experiments showed that a stronger MPL is yielded where the field is higher. Thus, if one wants to engineer hot electrons generation, one should manage the field and enhanced it as much as possible. The surface plasmons are controlling the spatial generation of hot electrons and their energy distribution. Furthermore, there is also a threshold for the intensity of SPP to the anti-Stokes side (see Fig. 2.18) of the spectrum and a saturation of incident absorption.

In conclusion, we demonstrated that hot electrons can be generated at a distance from their optical excitation. Propagative SPPs within a waveguide connected to a focusing grating coupler remotely and efficiently generated hot carriers. The local SPP intensity is mapping the hot electrons spatial and energy distribution. By engineering the plasmonic intensity, this work opens perspectives of new applications to remotely set off chemical reactions. This study gives new insight into the debate on Au nanoparticles photoluminescence. We showed that, at higher energy, the interband radiative recombination is dominant but at lower energy, the intraband process is dominant. This opens the way to innovative devices where the engineering of the SPPs propagation gives the opportunity to fully master together the spatial and energetic distributions of hot carriers generated in a remote fashion. We have seen in the last chapter how to efficiently excite a propagative SPP and remotely generate hot electrons. In order to build a photodetector, chapter 3 will present hot electron generation using LSP and grating resonances followed by their extraction thanks to a Schottky barrier. This chapter will present the principles, modelisation and nanofabrication of such a device.

Chapter 3

Surface plasmon optimization of hot electron generation in gold grating

Plasmon-enhanced hot electron photodetection

Incident photons can be absorbed by the metal in a Schottky barrier (see Sec. 1.2.3) generating electron-hole pairs (EHPs). If hot carriers have enough energy, they can overcome the Schottky barrier and be separated by the junction thus generating a current. This process has naturally a poor efficiency due to weak metal-light interactions and can be enhanced by surface plasmons [START_REF] Mark | Plasmon-induced hot carrier science and technology[END_REF]. Thus, the photodetector is based on plasmonenhanced hot electrons, namely enhanced Internal Photon Emission (IPE) processes (depicted in Sec. 1.2.3).

The plasmon-enhanced IPE process was first mainly studied for its sub-bandgap property [START_REF] Knight | Photodetection with active optical antennas[END_REF][START_REF] Torosian | Surface plasma-enhanced internal photoemission in gallium arsenide schottky diodes[END_REF][START_REF] Daboo | Improved surface plasmon enhanced photodetection at an au-gaas schottky junction using a novel molecular beam epitaxy grown otto coupling structure[END_REF][START_REF] Scales | Surface-plasmon schottky contact detector based on a symmetric metal stripe in silicon[END_REF][START_REF] Ali Akbari | Surface plasmon waveguide schottky detector[END_REF][START_REF] Nishijima | Plasmon-assisted photocurrent generation from visible to near-infrared wavelength using a au-nanorods/tio2 electrode[END_REF][START_REF] Brueck | Enhanced quantum efficiency internal photoemission detectors by grating coupling to surface plasma waves[END_REF]. Indeed, in plasmon-enhanced hot electron metalsemiconductor devices, the photon energy absorption cut-off depends on the barrier height and not on the semiconductor bandgap E g . The barrier height can then be readily tuned (e.g. by adding an oxyde layer) depending on the desired application. Furthermore, the plasmonic properties rely only upon the metal shape and its environment. Thus, such process is a convenient way to fabricate a sub-bandgap photodetector. Such photodetectors are of particular interest in many applications sush as: Si-based solar cells (to improve their efficiency by harvesting IR region [START_REF] Pillai | Surface plasmon enhanced silicon solar cells[END_REF]), silicon photonics (for optical interconnects [START_REF] Doylend | Silicon photonic resonatorenhanced defectmediated photodiode for sub-bandgap detection[END_REF]), in optical telecommunication (for integrated optical circuits [START_REF] Casalino | State-of-the-art all-silicon sub-bandgap photodetectors at telecom and datacom wavelengths[END_REF]), and biological and chemical sensing [START_REF] Nicolas | Plasmonic mode interferences and fano resonances in metal-insulatormetal nanostructured interface[END_REF].

As reported in Sec. 1.2.2, the hot electron lifetime is short (in the ps range, [START_REF] Demichel | Dynamics, efficiency, and energy distribution of nonlinear plasmon-assisted generation of hot carriers[END_REF][START_REF] Biagioni | Dependence of the two-photon photoluminescence yield of gold nanostructures on the laser pulse duration[END_REF]). Therefore, harvesting them faster than their relaxation decay rate could allow for ultrafast photodetectors at THz speed. To my knowledge, only few works have measured or estimated the speed of such a device, in a non resonant structure, to values larger than the GHz bandwidth [START_REF] Casalino | Near-infrared sub-bandgap all-silicon photodetectors: State of the art and perspectives[END_REF][START_REF] Shiyang Zhu | Near-infrared waveguide-based nickel silicide schottky-barrier photodetector for optical communications[END_REF][START_REF] Casalino | Cu/p-si schottky barrier-based near infrared photodetector integrated with a silicon-on-insulator waveguide[END_REF]. In this work, we study the feasability of such a detector involving sub-bandgap absorption in a plasmonic metal-semiconductor-metal (MSM) photodetector.

Figure 3.1: a) Metallic grating on a semiconductor substrate (with a bandgap E g greater than the photon energy). b) Multilayer stack with a thin layer of semiconductor and a layer a dielectric. c) Au grating (with a width w and period a) on top of the Silicon On Insulator (SOI ) (with a Silicon thickness t Si and a Silica thickness t Si O 2 ) substrate. Fig. 3.1 resumes the strategies used to optimize the absorption within Au. In Fig. 3.1.a, to efficiently generate hot carriers, we have used a plasmonic resonant Au grating. If a grating is illuminated by light, the electromagnetic field distribution depends on the periodicity compared to the wavelength, the filling factor ff, the height and the material, the substrate and the angle of incidence of the impinging light. We focus on an excitation wavelength at 1550 nm for possible applications in telecommunication. If the polarization is orthogonal to the grating, nanoantenna-like LSPs enhance the absorption cross section. Thus, the geometrical parameters (periodicity, width and height) have to be optimized in order to match the LSP and the grating resonance. If the polarization is parallel to the grating, the absorption cross section is the geometrical cross section, hence, a small amount of light is absorbed (by skin effect) and the incident light is mainly reflected by specular reflection. The thickness of Au is set to 50 nm in order for hot carriers not to diffuse further since their mean free path is around 50 nm (see Sec. 1.2.2).

Plasmon-enhanced hot electron photodetection

In Fig. 3.1.b, a thin layer is introduced to reduce the carrier diffusion and target the highest photodetection speed possible. The semiconductor was chosen to be non absorbant at 1550 nm (0.8 eV < E g ,Si = 1.12 eV). In order to increase the absorption within the Au grating, we have used a multilayer stack to obtain a constructive interference in Au (their thickness are defined next section) by back reflection from the substrate. Our idea turned to a silicon-on-insulator (SOI) substrate in which the Si and SiO 2 thicknesses can be well controlled and Si is non absorbant above 1100 nm excitation wavelength. SOI wafers are usually built commercially under very controlled fabrication processes. Fig. 3.1.c depicts the device principles combining: a) the LSP resonance, b) semiconductor energy bandgap higher than 1550 nm, c) thin layer of semiconductor and d) the SOI substrate. Still, stripes need to be connected in order to control the voltage applied between them i.e. the electric field. Fig. 3.2.a shows the grating stripes placed in an interdigitated scheme leading to a Metal-Semicondutor-Metal (MSM) device. For that, two pads are placed to contact the electrical bonds allowing for the interdigitated MSM scheme. The device is excited from the top at normal incidence. Compared to NPs, such interdigitated grating is more convenient to control the applied voltage. Actually, nanoparticles, such as nanoantennas [START_REF] Knight | Photodetection with active optical antennas[END_REF], tipically need to be electrically connected by transparent electrodes usually made of indium tin oxide (ITO) and the applied voltage is more difficult to control. [START_REF] Sze | Current transport in metal-semiconductormetal (msm) structures[END_REF]. The Schottky barrier height between Au and n-type Si is around 0.8 eV [START_REF] Sze | Physics of Semiconductor Devices[END_REF] enabling hot electrons to overcome the barrier. Actually, the barrier height is slightly lower than 0.8 eV because a thin layer of Ti is sandwiched between Au and Si to help Au adhesion onto Si during the fabrication process (eφ B,Ti -Si 0.6eV [START_REF] Sze | Physics of Semiconductor Devices[END_REF]). The hot carriers drift towards the right stripe thanks to the voltage bias applied between the stripes. Hot electrons have enough energy to be harvested by the right interface between Si and Au. If light hits the right stripes, hot electrons will be generated and will overcome the Schottky barrier but they will face an electric field that won't allow them to reach the left stripes. Thus, the application of a voltage breaks the symmetry of the system and there is a flow of current in one direction only (from left to right here). If light hits the Chapter 3. Surface plasmon optimization of hot electron generation in gold grating Si region, there is no absorption because the photon energy is below the bandgap of Si. Only if the incident power is large enough, two photon absorption (TPA) in Si could occur and generate carriers. The undesired TPA process is thus superimposed to the direct absorption in gold.

Simulations and plasmonic modes analysis will be performed in order to find the correct grating parameters. The grating must fullfil some specifications for photodetection applications: a) be feasible to fabricate (≈ 0.5 filling factor), b) be practical to use (normal incidence excitation resonance), c) have a very confined mode (more hot electrons per unit cross section area), d) have the electromagnetic field very close to the interface (increasing the probability for carriers to overcome the Schottky barrier), and e) have the shortest periodicity possible to reduce the transit time of carriers.

The main advantage of such a plasmonic photodetector compared to classical semiconductor photodetectors is that it requires a very thin semiconductor layer, minimizing carriers scattering time and maximizing the photodetector bandwidth. The main drawback is the low efficiency of the IPE process which might lead to a low signal to noise ratio.

Electromagnetic modelisation of the Au grating absorption

The ultimate goal of this study would be to obtain perfect absorption inside gold i.e. all the incident field is absorbed within the grating and as close as possible to the Schottky barrier.

The history of perfect absorbers started with the first observations of Wood in 1902 [4] on metallic grating. He observed a drop in the reflection spectra for certain wavelengths, certain angles and only for TM polarization (transverse magnetic, polarization orthogonal to the grating). After Rayleigh's first attempt with the diffraction theory in 1907 [START_REF] Lord Rayleigh | On the dynamical theory of gratings[END_REF] to explain this "singular anomalies", Ugo Fano in 1941 [START_REF] Fano | Zur theorie der intensitätsanomalien der beugung[END_REF] and Hessel and Oliner in 1965 [52] showed that it was linked to a suface plasmon excitation. Plasmonic perfect absorbers were first predicted [START_REF] Maystre | Brewster incidence for metallic gratings[END_REF] and showed experimentally [START_REF] Hutley | The total absorption of light by a diffraction grating[END_REF] in shallow metallic grating exciting delocalized SPPs in the 1970s. Perfect absorbers were also demonstrated with deep rectangular metallic grating with sub-wavelength width grooves (deep narrow channel) [START_REF] Bonod | Total absorption of light by lamellar metallic gratings[END_REF]. A groove acts as a Fabry-Perot-like cavity with eigenmodes and its height is of the order of magnitude of the wavelength [START_REF] Wirgin | Can surface-enhanced raman scattering be caused by waveguide resonances?[END_REF]. These modes can be excited either by TE (transverse electric, polarization orthogonal to the grating) or TM polarization and are waveguide-like modes strongly confined within the groove (vertical standing waves) [START_REF] Bonod | Total absorption of light by lamellar metallic gratings[END_REF][START_REF] Barbara | Electromagnetic resonances of subwavelength rectangular metallic gratings[END_REF]. Metamaterials are encouraging for future perfect broadband absorbers particularly interesting for photovoltaic cells [START_REF] Badloe | Metasurfaces-based absorption and reflection control:perfect absorbers and reflectors[END_REF] and can be an inspiring approach as well.

During light matter interaction, the imaginary part of the dielectric constant of a material yields the losses i.e. the electromagnetic energy dissipation [START_REF] Maier | Plasmonics -Fundamentals and Applications[END_REF]. For electromagnetic confinement in NPs, where the field inside the metal is the strongest is where the losses are maximal. In order to model and optimize the Au grating absorption, I modeled the optical absorption by such electromagnetic losses. For that, I used the Rigorous coupled-wave analysis (RCWA) method and the finite element method (FEM). The convention that will be used in the following is: z is the normal axis, x (resp. y) is orthogonal (resp. parallel) to the grating. Thus, TM is p-polarized light and its electric field is orthogonal to the grating.

The RCWA method is a frequency-domain modal method to solve the Maxwell equa-3.2. Electromagnetic modelisation of the Au grating absorption tions in periodic structures. RCWA is based on expressing the fields by the Rayleigh expansion thanks to the Floquet theorem. I used the Matlab© code developed by the team of Dr. Philippe Lalanne (Reticolo v.8) [START_REF] Hugonin | Reticolo software for grating analysis[END_REF]. It uses an eigenmode solver in which the eigenmodes are computed in all the layers in a Fourier basis [START_REF] Pommet | Formulation for stable and efficient implementation of the rigorous coupled-wave analysis of binary gratings[END_REF][START_REF] Lalanne | Highly improved convergence of the coupled-wave method for tm polarization[END_REF]. It solves the diffraction problem in periodic media taking into account a number of Fourier harmonics (user-defined parameter in the software). Each layer of the grating is defined by its refractive index which is a complex number if the material has losses. Reticolo calculates the diffracted electromagnetic waves within the periodic cell and finds the absorption losses L within a certain surface s (in 2D simulations) by

L = π λ S Im( )|E(x, y)| 2 ds . (3.1)
All the RCWA simulations are done with an absolute error (1 -T -R -A) below 10 -4 . The RCWA method is fast and handily adapted to 1D gratings onto multilayers.

The FEM simulation finds an approximate solution of problems managed by Partial Differential Equations (PDE) (here the Maxwell equations) [START_REF] Reddy | An Introduction to The Finite Element Method -Solutions Manual[END_REF]. The space of the problem is discretized by meshing it to triangles (2D) or tetragons (3D) or higher-order mesh structures. We define certain boundary conditions e.g. here periodic Floquet conditions. For each element, the PDE is linearized, i.e. the PDE is replaced by a system of linear equations, which can be expressed by a matrix. The matrix of each element are then combined into a global matrix solved by the software. The Maxwell equations are then solved on certain nodes of the mesh. The field a each point of the defined space can then be found by interpolation. I used Comsol Multiphysics© with the wave optics module (Electromagnetic Waves, Frequency Domain, ewfd). The absorption losses in the grating are then computed by the electromagnetic power loss density (in W/m 3 ). Indeed, Comsol solves in 3D and the depth is by default 1 m so W/m 3 can be used in such 2D simulations. The FEM requires a larger computation time than the RCWA method but gives more accurate maps of the field distribution within the grating structure. Thus, both methods are complementary in view of optimizing our device and understanding the way light is absorbed.

Au grating on Si

I first studied a Au grating on a Si substrate to isolate the grating effect from any multilayer stack effect. In order to find the grating parameters that maximize the Au absorption, I swept the periodicity a (from 50 nm to 2000 nm with 20 nm of increment) and the filling factor ff (from 0.01 to 0.99 with 0.02 of increment). I used a RCWA method which is faster than FEM method to sweep those parameters. For each parameters a and ff, the structure is excited from the top by a 1550 nm electromagnetic plane wave. The cell is represented in the (x,z) plane as a section of the stripe. I used 50 nm for the Au grating thickness on top of a Si substrate. The material properties are represented by their refractive index. For 1550 nm wavelength excitation, I used refractive indexes of 0.47 + 11.0i for Au [START_REF] Dmitry | Optical constants and structural properties of thin gold films[END_REF] and 3.48 for Si [START_REF] Li | Refractive index of silicon and germanium and its wavelength and temperature derivatives[END_REF]. For normal incidence excitation, the RCWA results are represented in Fig. 3.4, which plots the relative Au absorption as a function of the filling factor and the periodicity. Thus, if the relative Au absorption reaches 1, all the electromagnetic field is absorbed in the metal. In Fig. 3.4.a, the grating is excited with TM polarization, orthogonal to the grating, while in Fig. 3.4.b the grating is excited with TE polarization, parallel to the grating. ). These resonances absorb from 3.6 to 7.5 % of the incident light. Until now, we can assume that these resonances are the LSPs nanoantenna-like modes of the Au nanostripes excited by the orthogonal polarization. However, the resonances show a dependance on the periodicities meaning that there is most probably a coupling with the grating. Those resonances can be associated only the odd modes (mode K=1, 3, 5, ...) because even modes cannot be 3.2. Electromagnetic modelisation of the Au grating absorption excited [START_REF] Todorov | Strong light-matter coupling in subwavelength metal-dielectric microcavitiesat terahertz frequencies[END_REF] at normal incidence excitation. Such modes couple readily to the incident field but also easily radiate i.e. there are more losses. Moreover, the underlying physics of the high filling factors should be different than the moderate filling factors. High filling factor modes have very small grooves and the stripes are very close to each other. This is suggesting a coupling between the LSP of the stripe and the SPP propagating at the Au/air interface. Furthermore, the vertical line at 1550 nm is suggesting the presence of a guided mode of the grating because it is appearing at the excitation wavelength. Fig. 3.4.b, for TE polarization, shows a lower absorption around 2 to 3.5 % and an increase of Au absorption when the periodicity decreases. In fact, the absorption is increased only in the thin film regime i.e. for slits very close to each other. The higher the gold coverage is, the higher is the absorption. In the bottom left part of the plot, there is a slight increasing of the absorption to 3.5 % (a = 50 nm, ff = 0.19, w = 9.5 nm). The absorption is low and the physics underlying such a process should be different than the LSP one. Deeper exploration has to be done to understand more such a case. In Fig. 3.5, the grating is excited with 45 • of incidence in order to separate the collective oscillation resonances from the localized ones with the same sweep of the periodicity and the filling factor as for Fig. 3.4. Fig. 3.5.a, for TM polarization, shows fourteen modes and a vertical line at 910 nm. All those resonances are listed on Tab. 3.2 with moderate filling factor and high filling factor modes. For moderate filling factor modes, the Au absorption ranges from 5 to 9%, whereas for high filling factor modes, it ranges from 6 to 21%. New resonances appear compared to normal incidence excitation and they are attributed to the even modes. Those high filling factor resonances absorb more efficiently than for normal incidence excitation. Indeed, with an angle of incidence, the SPP excitation is most probably enhanced and can couple to LSP resonances more readily. Furthermore, excited even modes can poorly couple and radiate i.e. modes are more confined and absorption is increased compared to moderate filling factor modes. Moreover, the vertical line at 910 nm suggests again a guided mode of the grating. Fig. 3.5.b, for TE polarization, yields almost the same plot as for normal incidence.

In order to understand the modes implied, from Fig. 3.4.a and 3.5.a, I plotted, for the periodicity 1970 nm, the Au absorption as a function of the Au stripe width in Fig. 3.6, for normal incidence excitation (red curve) and 45 • (blue curve). Both curves show an increasing trend with the width. Indeed, the larger the width, the higher the absorption because we have more absorbant medium. For normal incidence excitation, the peaks correspond to the values of the odd modes of the nanoantenna-like LSP resonances. They correspond to the results of the 4 first rows in Tab. 3.1. The blue curve represents 45 • excitation, the peaks represent the odd and even modes. The peak values correspond to the width of the 7th first rows of Tab. 3.2. In the RCWA simulation Fig. 3.5.a, for a given periodicity (here 1970 nm), the filling factor is swept, and the widths match with geometries which exhibit nanoantenna-like LSP resonances. Some modes are more absorbing, compared to normal incidence excitation, as the ones in Tab. 3.2 because of, most likely, a coupling with grating modes.

To go further, I computed with FEM simulations the modes listed in Tab. 3.1 and Tab. 3.2. For all these 2d simulations, I used an incident E-field of 1 V/m. From the Comsol© solution, I extracted the electromagnetic power loss density Q e (W/m 3 ) in the cross section of a Au stripe on Si (xz plane). This quantity represents where the field is absorbed in 

1). As expected, those

four resonances are the odd modes, the even ones being forbidden [START_REF] Todorov | Optical properties of metal-dielectric-metal microcavities in the thz frequency range[END_REF]. Observing the electric field orientation, we deduce the dipole/multipole orientation. In Fig. 3.7.a, the first resonance is a dipole and the second one, Fig. 3.7.b, is a linear quadrupole, and so on for c) and d). Thus, with a Au grating on Si, the local fields maxima (bellies) give arguments to a nanoantenna-like resonance i.e. without coupling to a propagating mode. Moreover, those modes are interesting because absorption is higher, close to the Au/Si interface. Propagative SPP Air/Au or Si/Au modes could be observe only if the separation is less than the extension of the near-field outside the stripes. As seen in Sec. 1.2.2, where the field is enhanced, the probability to generate carriers increases as well. Thus, the higher the number of carriers generated nearby the interface, the higher the probability to transfer them to Si is. I do not observe vertical cavity modes as in Ref. 273 because 50 nm Au thickness is too thin to observe any.

In Fig. 3.7.e, the large resonance in Fig. 3.4.b presents a mode with its maximal losses at the upper part of gold. For practical representation, the H-field is represented because 3.2. Electromagnetic modelisation of the Au grating absorption the excitation is for TE polarization. Thus, such resonance is less interesting for Schottky barrier applications.

The even modes can be excited only if symmetry is broken e.g. excitation with an angle of incidence. I studied with Comsol© the modes excited with a 45 • angle of incidence. Fig. 3.8.a shows the even resonance n • 8 in Tab. 3.2. It is an even mode with its two bellies. In Tab. 3.2, Fig. 3.8.b represents the mode n • 4 and Fig. 3.8.c represents the mode n • 6. Those figures also outline mirror symmetry under the (y,z) plane. This model can be optimized by finding the angle that maximizes the excitation of grating modes and the coupling with the LSP.

Au grating on Silicon on Insulator (SOI)

In order to enhance the Au absorption, the idea was to use a multistack effect to yield constructive interferences within the Au stripes. There were three SOI wafers available in our laboratory with different thicknesses: a) t Si = 1 µm and t Si O 2 = 2 µm, b) t Si = 0.145 µm and t Si O 2 = 1 µm and c) t Si = 0.5 µm and t Si O 2 = 1.5 µm. Three RCWA simulations were done with 50 nm thickness Au grating on SOI, for each wafer parameter, at normal incidence and for orthogonal polarization excitation. The cell used for this simulation is similar to Fig. 3.3 by adding Si and SiO 2 layers with specific thicknesses and refractive indexes. The refractive index of SiO 2 was 1.466 [START_REF] Gao | Exploitation of multiple incidences spectrometric measurements for thin film reverse engineering[END_REF]. I obtained the Au absorption as a function of the periodicity and the filling factor (as for Fig. 3.4 but on SOI). The wafer b) (t Si = 0.145 µm and t Si O 2 = 1 µm) yielded the highest value of 29% absorption peak and was chosen for fabrication. Indeed, the other wafers yielded no more than 5% of Au absorption. In Fig. 3.9, the grating is excited at normal incidence. For TM polarization, orthogonal to the grating, Fig. 3.9.a presents 5 main resonances (and 2 which begin and finish out of the map) and a vertical line at 1550 nm. The values of those resonances are reported Tab. 3.3 and are the odd ones (because of normal incidence excitation [START_REF] Todorov | Strong light-matter coupling in subwavelength metal-dielectric microcavitiesat terahertz frequencies[END_REF]). As for Au on Si substrate, I retrieve resonances with moderate and high filling factor. In Tab. 3.3, the resonance n • 4 gives the highiest absorption (29.4%) but its filling factor is very high i.e. Chapter 3. Surface plasmon optimization of hot electron generation in gold grating the two stripes will be very close from each other (spaced by only 29.5 nm) which would induce nanofabrication difficulties. The resonance n • 1 has a lower absorption compared to n • 4 but its filling factor of 0.13 is easier to process. The space between stripes is lower for resonance n • 4 (970-126.1 = 843.9 nm) than for resonance n • 2 (1670 -617.9 = 1052.1 nm) reducing the carrier transit time. Furthermore, the stripe surface area with the grating parameters of resonance n • 4 is the lowest (σ geom. = 6305 nm 2 ). Thus, the mode is more confined in this tiny section and the density of hot electrons generated is the highest for this configuration (number of hot electrons per unit surface area). Surprisingly, Fig. 3.9.b, for the TE polarization (parallel to the grating), gives sharp resonances up to 27%. Those resonances are not very dependent on the filling factor but are mainly dependent on the periodicity. The physics underlying this absorption process should be linked to a coupling with the periodicity and is very different compared to the LSP nanoantenna-like absorption. 3.4 have close parameters and could then correspond to the same plasmonic mode (only the electromagnetic 2D maps can answer this next). The resonance n • 5 has the highest absorption (50%) followed by resonance n • 2 (48.8%). Indeed, such modes are difficult to excite and to couple radiatively. Thus, they might be less lossy and absorb more with a higher quality factor. But, we did not choose these grating parameters for the final device because a normal incidence excitation is preferred for a device. For TE polarization, parallel to the grating, Fig. 3.10.b, exibits other resonances and 34% absorption is reached. As for Fig. 3.9.b, those resonances depend especially on the periodicity. The resonances around 500 nm periodicity is most likely a coupling between resonant cavity modes (enhancement for 4 filling factors) and the periodicity of the grating.

To better understand the origin of those resonances found with the RCWA method, I performed FEM simulations with Comsol©. I used the same procedure as for the Au grating on Si but with the layered substrate (SOI). I first simulated the electromagnetic field with the grating parameters given in Tab. 3.3. I confirmed that the three first lines of Tab. 3.3 correspond to the three first odd modes (K=1, 3, 5) in FEM simulations (by studying the bellies and nodes) while the two last lines give the modes K=3 and K=5. Thus, similar field are acquired within the grating as in Fig. 3.7 for Si. Actually, the width parameters of Tab. 3.3 are very close to the ones found for Si (see Tab. 3.1). This suggests the resonances found with the SOI substrate are nanoantenna-like LSPs enhanced by the multilayer effect. And, in Tab. 3.3 resonances 2/4 and 3/5 yield close width parameters (617.8/560.5 nm and 1100.1/1018.5 nm) suggesting that similar nanoantenna-like resonances are excited. Moreover, those modes present electromagnetic fields very close to the interface which is a good argument to increase the probability for hot carriers to overcome the Schottky barrier.

I also simulated the electromagnetic field with grating parameters given in Tab. 3.4. Both odd and even modes were obtained as in Fig. 3.8. Those modes present mirror symmetry compares to the (y,z) plane. Their electromagnetic field is nearby the Schottky barrier interface which is very interesting for photodetection applications. Again, for normal or 45 • incidence, there is no vertical cavity mode which would occur only with deep and narrow slit [START_REF] Ebbesen | Extraordinary optical transmission through sub-wavelength hole arrays[END_REF].

It is worth noticing the unexpected resonances for TE polarization. andd). Those resonances could be explained by the stripe width and the multistack effect allowing the rotation of the magnetic field for those particular parameters.

After having studied the resonances occuring within a 50 nm thickness Au grating on SOI substrate of 145 nm/1000 nm, we chose to fabricate the grating with a periodicity of 970 nm, filling factor 0.13 and width of 126.1 nm, yielding 18.1% of absorption (n • 1 in Tab. 3.4). Such a grating fullfils the grating specifications presented Sec. 3.1. Even if this mode has not the highest absorption rate, it yields the best trade off to enhance the absorption and obtain a high speed device.

Simulation of the spectral behaviour of the selected grating

In order to characterize the device with the selected grating parameters, I studied the absorption, reflection and transmission spectra with RCWA simulations taking into account chromatic dispersion of the materials. Fig. 3.12 represents the efficiencies of absorption, reflection and transmission, as a function of the wavelengths for TM and TE polarization. In Fig. 3.12.a, there is an enhancement of absorption at 1550 nm. The reflection (resp. transmission) is strongly enhanced (resp. inhibited) at the resonance close to 1550 nm. Except for the variation of the reflection and transmission, the absorption is enhanced up to 20% at the resonance showing that the resonance localizes the field inside the metallic structure. For TE polarization, Fig. 3.12.b presents no absorption at 1550 nm but a peak at 1910 nm. This resonance may have the same physical origin as for Fig. 3.11. To test the robustness of the device, I simulated the grating absorption spectra for several stripe widths. In fact, during the fabrication process, the filling factor can be slightly higher/lower because of the applied dose during the e-beam lithography step (see Sec. 3.3). This results in a modification of the stripe width which shifts the resonant wavelength. For longer widths, we expect a longer wavelength resonance (c.f. Sec. 1.2.1). In order to study how the absorption spectra changes if the filling factor is modified, Fig. 3.13.a represents the Au absorption as a function of the filling factor and the wavelengths (for a constant periodicity of 970 nm). For a constant wavelength, Fig. 3.13.a shows two resonances: one with a low filling factor and one with a high one. The resonance wavelength and the filling factor evolve linearly with a positive slope.

The resonance we chose (width = 126 nm) is within the lower section of Fig. 3.13.a. Fig. 3.13.b depicts the wavelength of maximal absorption (blue) and its absorption (red) as a function of the stripe width. If the width increases from 50 nm to 300 nm, the wavelength resonance red-shifts from 1500 nm to 1950 nm. This behaviour is expected for LSP nanoantenna-like resonance (see Sec. 1.2.1). If the width is modified, from 100 nm to 180 nm, the Au absorption varies from 15 to 25%. Thus, during the fabrication process, if the width is unintentionally varied, the resonance will be tuned to red but the absorption will remain high yielding a proper robustness for the proof of principle of the grating.

To promote the adhesion of Au on Si, a thin layer of Ti is deposited (between 5 and 8 nm) between Si and Au. This thin layer could somehow affect the resonance. However, curiously, the refractive index of Ti is not well defined in the literature, with large discrepancies between studies, at 1550 nm: 3.5983 + i4.0483 (Mash and Motulevich, 1973 [286]), 3.6845 + i4.6088 (Johnson and Christy, 1974 [287]), 4.0263 + i3.8136 (Ordal et al., 1988 [288]), 0.6850 + i12.970 (Werner et al., 2009 [START_REF] Wolfgang | Optical constants and inelastic electron-scattering data for 17 elemental metals[END_REF]), and 3.4323 + i3.1162 (Palm et al., 2018 [290]). Care must be taken on the study of Werner et al. which has very large difference compare to other studies.

In order to take this effect into account, I simulated absorption spectra for each Ti refractive index value (RCWA simulations) with the selected grating parameters (periodicity = 970 nm, ff = 0.13 and width = 126.1 nm). For each of these values, Fig. as a function of the different values given in the literature for Ti (for 5 nm, 10 nm or no Ti layer). The trend is to increase the absorption under the presence of Ti (50%) and to slightly red-shift the resonance wavelength by less than ≈2% (except for the Werner et al. values). Thus, the effect of the Ti layer is to increase the absorption of the incident light and redshifting the resonant wavelength. Furthermore, at the Ti-Si interface the Schottky barrier height is 0.6 eV [START_REF] Sze | Physics of Semiconductor Devices[END_REF]. Hence, the presence of Ti sligthly reduces the Schottky barrier between Au-Si (which is 0.8 eV), increasing the probability of carriers to be emitted over the barrier. This emphasizes on the importance to consider carefully the role of this intermediate layer.

Free optimization of the device parameters

In order to further optimize the device parameters maximizing the Au absorption without the constraints given by the available SOI wafers, I finally used optimization algorithms 3.2. Electromagnetic modelisation of the Au grating absorption within two approaches: a fixed Au thickness of 50 nm or a variable thickness. I used the Matlab© Global optimization toolbox to find the global optimum of RCWA models. The model is made of a vector containing the parameters to be optimized: here the grating periodicity and filling factor, the Si and SiO 2 thicknesses of the SOI (plus the Au grating thickness). The optimization criterion is the Au absorption given by the RCWA model. I used the solver fmincon which is applied for non linear constraint problems with the algorithm Sequential Quadratic Programming close to the Newton method i.e. an algorithm to find the root of continous functions. The constraints of this problem are the lower and higher boundaries (e.g. for the Si thickness, the problem will explore values between minimal and maximal Si thicknesses). At every iteration, the solver changes the vector's values exploring the parameters space depending on the gradient. Indeed, the gradient is estimated by finite differences and function evaluations around the previous iteration point. The iterations stop when the solver: a) tries a step size smaller than a relative bound (TolX) or c) finds a value of the first-order optimality smaller than a relative bound (OptimalityTolerance). For my simulations I kept the relative bounds TolX, TolFun and OptimalityTolerance at 10 -6 . Running several initial vectors (with the MultiStart option), the algorithm explores the space parameters, finds local minima and may find the global maximum of the problem. As every start, the initial vector is defined randomly by MultiStart to maximize the space exploration. After the algorithm finds minima, we still have to understand the physical interpretation of those outputs. For the step size stopping criteria, Fig. 3.15 presents how the algorithm convergence path evolves from a step size ≈ 0.12 at iteration 1 with 2% absorption (bottom left) to below 10 -6 at iteration 19 with more than 50% absorption (up right).

with condition |(x i -x i +1 )| < TolX(1 + |x i |), b) finds a value of the objective function below a relative bound (TolFun) with condition |( f (x i )-f (x i +1 ))| < TolFun(1+| f (x i )|),

Au thickness as a constant parameter

In a first approach, I used four parameters: the grating periodicity a and filling factor ff, the thickness of Si t Si and silica t Si O 2 (thus vector x to be optimized has dimension four), keeping 50 nm Au thickness. The question to answer is: what would be the SOI wafer and the grating parameters that maximize the Au absorption within 50 nm thickness of Au? The lower and upper boundaries are a = 50 to 2000 nm, ff = 0.01 to 0.99, t Si = 50 to 2000 nm, and t Si O 2 = 50 to 2000 nm.

With 200 multistarts, keeping a Au thickness of 50 nm and without the Ti layer, solutions reach maximal Au absorption of 65%. Fig. 3.16 gives the parameter distribution for solutions with absorption larger than 30%. On Fig. 3.16.a and .b, the periodicity seems to have no specific influence on the absorption. Previous work in Sec. 3.2.2 showed that there is a small coupling with the periodicity, thus here there might not be enough convergent solutions to obtain a clear statistical evidence of the physical behaviour. On the contrary, in Fig. 3.16.a, the Si and silica thicknesses are clumped to multiples. I found that the Si thicknesses of convergent solutions are the even multiples of λ 0 4n Si (represented by horizontal green dashed lines). While SiO 2 thicknesses are the odd multiples of λ 0 4n Si O 2 (represented by horizontal red dashed lines). This simply means that the optimal stack of layers is that of a Bragg mirror reflecting light thanks to constructive interferences.

Electromagnetic modelisation of the Au grating absorption

However, in usual Bragg mirors, the first layer has a refractive index lower than the second one so that the thickness t i = λ Br ag g 4n i (with i the considered medium) gives a phase shift of π/2 in each layer. This does not apply here, because the first layer has a higher refractive index (n Si ) than the second one (n Si O 2 ) and the phase shift has to change. In fact, Fig. 3.17 represents two cases to obtain constructive intereferences for reflections at the second and third interfaces. In the first case, if the incident wave is arriving on the second interface (i.e. from Si to SiO 2 ), there is no additional π phase shift as in the classical Bragg mirror (because n Si O 2 < n Si ). Thus, the propagation through the first layer should give a π phase shift instead of π/2 phase shift. The thickness of the first layer is then

t Si = 2k
λ Br ag g 4n Si (with k ∈ N * ). In the second case, if the wave is impinging on the third layer (i.e. from SiO 2 to Si), the reflected field will gain an additional π phase shift. Therefore, the thickness of the second layer should just give a π/2 phase shift and its thickness is

t Si O 2 = (2k + 1) λ Br ag g 4n Si O 2
(with k ∈ N * ). We are not looking for constructive interferences exactly at the first interface (between air and Si) to obtain a perfect reflector. Here, the constructive interferences occur within the 50 nm thinckness of Au in order to confine as much energy density as possible within the grating.

Combining the LSP nano-antenna like behaviour and the multistack effect constructive interferences leads to a maximal absorption of 65% within only 50 nm of Au. Figure 3.17: Bragg mirror with the first layer higher refractive index factor (n Si ).

Au thickness as a free parameter With the second approach, I used five parameters to optimize the Au absorption: the four parameters used for the first approach plus the Au grating thickness as a free parameter. The question was: is it possible to obtain a perfect absorber varying all the geometrical device parameters? Thus, the vector x to be optimized is 5D. The lower and upper boundaries are a = 50 to 2000 nm, ff = 0.01 to 0.99, t Au = 10 to 2000 nm, t Si = 50 to 2200 nm, and t Si O 2 = 50 to 2200 nm.

Since it is not possible to plot a 5D graph we reported the possibility to have perfect absorption with more than 99% absorption. A major result is that the algorithm reaches perfect absorption within Au. The solver converges to more than 99% aborption for Au thickness larger than 50 nm (that was used in the previous approach). In Fig. 3.18.a, the periodicity, width and the thicknesses of Si and SiO 2 give less clear evidence of multiple values than for the first approach (more spread). It seems that the vertical modes are so absorbing that they need less the multistack effect to have constructive interferences within the Au grating. Observing the row data of the converged solutions, I found that there are resonances with high filling factor (close to 1) and with moderate filling factor (≈ 0.7). This is a strong suggestion of several physics underlying those phenomenons (at least two). Another argument for this is in Fig. 3.18.b, where the slit width (the distance between two stripes) gives a mean around 50 nm but there are also values between 100 to 150 nm rendering vertical modes impossible.

In order to complete this work, I translated the conditions for perfect absorber resonances into Comsol simulations. I selected four resonances represented in Fig. 3.19: the two upper ones are high filling factor resonances whereas the two bottom ones are the moderate filling factor resonances . We can clearly see different physics related to those resonances.

In Fig. 3.19, I represent the high filling factor resonances: a) a = 421 nm, ff = 0.973, w = 897 nm, t Au = 190.1) and b) a = 925.4 nm, ff = 0.969, w = 897 nm, t Au = 248 nm. These resonances have lateral vertical resonance coupled to the nearby stripes and the electromagnetic field is localized on the lateral edges as well. This gives a clear argument in favour of vertical narrow and deep slit modes. Moreover, a mode close to the interface with Si is also present suggesting a coupling between the vertical and horizontal SP modes.

The moderate filling factor resonances are presented Fig. 3.19: c) a = 874.5 nm, ff = 0.746, w = 652.4 nm, t Au = 289 nm and d) a = 1459.9 nm, ff = 0.758, w = 1106.3 nm, t Au = 167.2 nm. They have no vertical resonances and present only absorption modes close to the Schottky barrier. These device parameters present all the characteristics to be a perfect absorber adapted to photodetection since the electromagntic field is localized nearby the Schottky barrier.

In conclusion, most of the resonances have high filling factor (close to one) because vertical modes are more absorbing. But there exist modes without vertical character still being perfect absorbers. 

Nanofabrication

The interdigitated MSM plasmonic photodetector was fabricated with the chosen parameters at the L-NESS laboratory of Politecnico di Milano in Como (Italy). I took part in the fabrication under the supervision of Dr. Monica Bollani. I used the Raith software to design the Au structure to be fabricated (Fig. 3.20). There are two large pads of 200 × 300 µm 2 in order to connect the wires (bonding step) and the structure is in the middle of the fabricated sample (3.20.a). The pads cannot be reduced because it would be too difficult then to bond any wire. We decided to make a square MSM detector of 50 × 50 µm 2 because (Fig 3 . All the fabrication steps are summurized in Fig. 3.21 and the parameters are described in Tab. 3.5. We used a Silicon on Insulator (SOI) wafer (145 nm of Si and 1000 nm of SiO 2 ) and I cut a square sample of 2 × 2 cm 2 from it. Then, I cleaned the sample with ultrasounds (US) in acetone followed by an IsoPropyl Alcohol (IPA) bath and air dry. By spin coating, I added two layers of PolyMethylMethAcrylate (PMMA) with different molecular weight followed by baking steps. We used two different weights in order not to have rectangular edges at the e-beam lithography step but slightly bended edges and thus facilitate the development step. The sample is then exposed by e-beam lithography. PMMA is a positive resist meaning that the exposed regions will be removed after development. Several tests were done to optimize the dose and get the correct stripe width. The dose to be applied depends on the stripe width, connection to electrodes design and the PMMA solution. We used a smaller writing field (WF) for the stripes (more accurate but slower) than for the pads (less accurate but faster). The sample was developed with Methyl Isobutyl Ketone (MIBK) and acetone followed by a bath of acetone. After this step, we controlled the result with an optical microscope in dark field. Then, we evaporated 5 nm of Ti and 50 nm Chapter 3. Surface plasmon optimization of hot electron generation in gold grating The measured periodicity of the grating is close to the one expected (950 nm) but, the stripe width is higher (180 nm) than the one expected but remains in the range of good absorption according to simulations (see Fig. 3.13). With such grating parameters, a RCWA absorption spectra simulation, as in Fig. 3.12, yields a resonance around 1650 nm and 20% of incident light Au absorption. Fig. 3.22.c shows the amplitude image of Atomic Force Microscope (AFM). Fig. 3.22.d is the AFM amplitude signal along the red line. The height h is between 50 to 60 nm which is of the order of what we were expected to find (≈ 55 nm). Moreover, the space between stripes yields 984 nm (measured with Gwyddion software) which is in good aggreement with what was found with SEM measure.

After the device has been characterized by SEM and AFM, the bonding step consists on connecting the pads to a chip board (Fig. 3.23). The wire used is a thin Ag wire of 100 µm diameter. Fig. 3.23, represents how looks like the device fully fabricated. The sample presents on its surface 13 structures to be characterized. Then, by changing the connection wires (yellow and black on the image), we can get the photocurrent output from the desired structure.

In conclusion, the interdigitated MSM plasmonic photodetector has been modeled to enhance the Au absorption and the bandwidth. After considering the different trade-offs concerning the grating and sample parameters, we fabricated the optimized device. The next chapter will focus on the experimental characterization of the physics underlying this photodetector. Lift-off acetone (24 h) and N-Ethyl-Pentedrone (NEP) Table 3.5: Nanofabrication step parameters for the MSM plasmonic photodetector. The previous chapter has described the design and the fabrication of an interdigitated MSM plamonic photodetector. All the parameters were set to find a fair trade-off between responsivity and bandwidth. We have first studied a former Ge photodetector to take in charge photocurrent experiments. Then, after basics studies on the MSM photodetector on SOI, I have explored the photodetector non linearities in order to understand more the underlying physics related to the measured photocurrent. This work opens perspectives to bandwidth characterization and gives new methodologies to build more efficient photodetectors.

Ge-based plasmonic MSM photodetector

In the framework of the collaboration between Politecnico di Milano and the ICB laboratory, and at the early stage of the PhD thesis, I started to explore MSM photodetector configurations based on Ge. This device was fabricated by Dr. Monica Bollani and Dr. Mario Lodari for optoelectronic and sensing applications in the NIR [START_REF] Lodari | Plasmon-enhanced ge-based metal-semiconductormetal photodetector at near-ir wavelengths[END_REF]. It allowed us to initiate photocurrent experiments and take in charge the optical experiments. Indeed, we were looking for photocurrent and bandwidth measurements. In this sample, the absorption occurs in Ge and is promoted by the grating LSP resonance at 1.55 µm. The underlying physics are different than for the SOI substrate in which Au is the active layer. The Au stripes design with the pads (see Fig. 3.20) is comparable to the one discussed earlier for the SOI device but the geometric parameters are different. In this device, the substrate is composed of 1 µm thick Ge grown onto Si. Thus, the responsivity of this device is supposed to be high and adapted for sensing but is not optimized for high speed applications. Moreover, those photodetectors are large (150 × 100 µm 2 ) increasing the RC constant and the dark current but yielding higher photocurrent. After the experimental set-up presentation, I will describe two sets of experiments: a) the responsivity/reflection measurements and b) the bandwidth measurements. In order to collect a photocurrent and an enhancement due to the grating, we used 4.1. Ge-based plasmonic MSM photodetector the experimental set-up presented in Fig. 4.1.a. The device was raster scanned with a 1.55 µm c.w. laser (Tunics) through a near-field tapered fiber. The collected photocurrent was then amplified by a current amplifier (Keithley 428) with a gain of 10 5 V/A. The current amplifier is also used to apply a voltage bias V bias between the stripes. In Fig. 4.1.c, the tapered fiber is approached close to the sample (few nm), and the stage on which the sample is hold is scanned over 200 by 200 µm: a photocurrent map is thus collected. The device is placed on the bottom right in order to observe the carrier diffusion towards electrodes. Indeed, lateral photocurrent (photocurrent generated outside the stripes) due to diffusion of locally generated electron-hole pairs was observed around the sample. In Fig. 4.1.c, the laser spot is small compared to the stripe width (i.e. below 10 µm), so the spatial resolution is high. Moreover, the polarization output of a tapered fiber is not well controlled. The localized SPP of the grating depends strongly on the polarization, thus, no plasmonic enhancement can be demonstrated with this scheme.

To observe where the carriers are being produced, the near-field optical fiber was approached at few nm to the surface to the sample surface as in near-field experiments (see Sec. 2.3.1). We were able to get the topography on the surface as well as the photocurrent. Fig. 4.2.a and .c show the topography. There is whether a shift due to scanning or the thickness is actually higher. Fig. 4.2.b and .d illustrate the collected photocurrent. The highest yielded photocurrent is obtained on Ge to 0.5 V, with a gain of 10 5 V/A, it gives ≈ 5 µA. With 1 mW incident optical power (measured at the fiber output), the responsivity is ≈ 5 mA/W. Indeed, the active medium is Ge i.e. where the EHPs are produced. When the tip is above the metal stripes, Ge is shadowed by the 200 nm thickness of Au, lowering the photocurrent yield. This experiment was done onto an off resonant device (called device A). Chapter 4. Characterization of MSM plasmonic detectors Under this first approach, no resonance was found due to a lack of polarization state control on the off resonant device. In a second experiment, the wavelength was swept from 1440 nm to 1640 nm using a cut fiber to inject light and another cut fiber to collect the reflected light (Fig. 4.3.a and .b). In this case, the laser spot is larger than with a tapered fiber (including several stripes) and the polarization is well tuned by a 3-paddle polarization controllers with bent fibers. Sweeping the cw laser wavelength while illuminating the plasmonic grating, an enhancement of the photocurrent due to localized SPP was observed for a certain wavelength. Fig. 4.3.c shows a photocurrent (blue line) relative enhancement of more than a factor of 2 at the wavelength of the localized SPP resonance (1.55 µm). A drop in the reflected spectra is also observed at the same wavelength of the enhanced photocurrent (red line). The incident optical power is the same for all the wavelengths. The reflectance was obtained by normalizing the reflected beam by the reflection on the Au pads.

In order to characterize the Ge photodetector speed, we performed bandwidth measurements. After the c.w. laser source, the optical fiber is passing through an electro-optic modulator (EOM) before being injected through a cut fiber (as in Fig. 4.3.a). Thus, the cw laser was modulated in amplitude at the EOM frequency. The f -3d B is given when the photocurrent oscillating amplitude is devided by 2. The f -3d B is ≈ 130 kHz. The current amplifier could in principle allow bandwidth up to MHz and is then not at the origin of this low bandwidth.

We have discussed here the first experiments performed onto an already existing sample exploiting Ge as the active medium for photodetection. Photocurrent map experiments were developed in order to study the lateral photocurrent. Near-field experiments gave additional informations on the local generation of EHPs and the device topography. The Ge-based plasmonic MSM photodetector presents a LSP resonance at 1.55 µm but has a low bandwidth (time response ∼ 10 µs). These first experiments allowed us to gain experience on photocurrent measurements and mapping as well as bandwidth characterization for the work on SOI plasmonic photodetectors. 

SOI-based plasmonic MSM photodetector

After the simulations discussed in the previous chapter to optimize the photodetector (responsivity and bandwidth) and its fabrication, the plasmonic MSM photodetector with SOI substrate was first characterized in Milano and then in Dijon allowing for different investigations. In Milano, we first studied the current-voltage characteristics, the spatial and spectral properties of the produced photocurrent under cw illumination. Then, in Dijon, we focused on the underlying physics by pulsed illuminations. More precisely, we investigated the nonlinearity of the devices and their bandwidth properties.

Current-voltage characteristics

In order to check that the general device behaviour was symmetric, as a first characterization, I acquired I-V curves with and without illumination. Indeed, the symmetrical behaviour is a critical parameter to validate such MSM device fabrication. If not, the device might be seriously damage or has suffered from strong fabrication process errors. The wavelength used in this experiment was 790 nm (1.6 eV) allowing for one photon absorption by Si without resonant contribution. The laser was collimated and its spot was sufficiently high to encompass the whole structure (>0.33 mm 2 ). Varying the voltage V bias applied, the current was collected by an ampere meter. In conclusion, we observed the fairly symmetric behaviour of the I-V curves with and without illumination for one photon absorption, thus validating the MSM geometry.

Photocurrent maps

In order to observe and ensure a proper laser alignment onto the structures, I used a confocal microscope in a scheme that also permits to collect the yielded photocurrent and the reflected beam onto the sample (Fig. 4.5). Such an experiment is also essential to observe where the photocurrent is being produced i.e. where the incident field is absorbed. The laser source was a supercontinuum (NKT Photonics SuperK EXTREME EXZ-12) spectrally filtered by a monochromator. According to the supercontinuum datasheets, the laser pulses are > 5 ns long and yield a spectrum ranging from 400 nm to 2 µm. We used a monochromator in order to select the incident wavelength. This is done by a Pellin-Broca prism on a rotation stage, which allows to select a wavelength by rotating it. The 4.2. SOI-based plasmonic MSM photodetector selected wavelength was then sent through an optical fiber (acting as the exit slit of the monochromator) towards the confocal microscope. A lens collimates the beam which then passes through a half waveplate to control the polarization onto the sample. Two objectives were used depending on the purpose. One is for the near infrared part of the spectrum with high NA 0.7 (Nikon ELWD S plan Fluor 60x/0.70), thus producing smaller spot and higher resolution than the other one, which is for the visible range with 0.4 NA (Nikon LWD 20x/0.40), produces larger laser spots. The collected photocurrent was then amplified by a Keithley 428. The photocurrent yield is low, thus I had to implement a chopper (f 0 = 372 Hz) with a lock-in amplifier. Indeed, the lock-in integration time (between 30 and 300 ms) was much higher than the time constant of the chopper (2.7 ms). Thus, the collected voltage output of the lock-in V outputlock-in is:

V outputlock-in = V signal V ref 2 cos θ (4.1)
where V signal is the output of the current amplifier, V ref is the reference of the chopper, and θ is the phase between the signal and the reference. With the V ref being of the order of the volt and without phase, the photocurrent pc is estimated by:

pc = V outputlock-in × sens max lock-in output 1 G (4.2)
with sens the lock-in sensitivity, max lock-in output is the maximal output value of the lockin (10 V) and G is the gain (in V/A). The reflected beam was collected with a 90/10 beam splitter and then focused by a lens onto an InGaAs photodetector. The procedure to acquire maps is as follow: to first take a reflection map, then, we move the stage to place the laser spot onto the Au pad and optimize the height untill the higher value of reflection is reached. This allows to to position the grating into the waist and to check that the spot is well focused (by changing the height). Then, we acquire the photocurrent map.

For 0.5 V applied between the stripes, Fig. 4.6 presents the typical maps acquired at 790 nm excitation: a) for the reflection and b) for the photocurrent. For the reflection map, a higher (resp. a lower) signal is obtained as the laser spot is on the metallic pads (resp. on the Si), wheras it is intermediate onto the photodetector's stripes. For the photocurrent map the higher photocurrent is obtained onto the photodetectors stripes. The lower signal is acquired onto the pads where the metal is shadowing the Si limiting direct absorption. The intermediate signal is yielded onto the SOI substrate. At the upper and lower edges, there is an enhancement of the yielded photocurrent observed for all the structures. This phenomenon could be explained as a breaking of the structure periodicity enhancing locally the field. Further investigations should be done at other wavelengths in order to understand more this process which could be related to surface modes in the periodic structure [START_REF] Umar | Bloch surface wave structures for high sensitivity detection and compact waveguiding[END_REF]. I present here a photocurrent map with 790 nm excitation because at 1550 nm the map was very noisy (low photocurrent) and needs a long integration time (chopper and lock-in amplifier).

In order to characterize the quality of the laser focus, as first approximation, on Fig. 4.6 we can nearly see the stripes, meaning that the laser spot size might be of the order of the µm. Another way is to assume that the beam profile is Gaussian and consider a sharpe edge (known as the knife or edge-scan technique [START_REF] Hauer | Spot size engineering in microscope-based laser spectroscopy[END_REF]). Then, the method is about to scan from the substrate to the metal pad and acquiring the reflection beam intensity. The intensity along an x scan is suppose to follow [START_REF] Hauer | Spot size engineering in microscope-based laser spectroscopy[END_REF]: The procedure to get a photocurrent spectrum was as follows. I first started with the alignement and a reflection map (see last section). After, I placed the laser spot onto one of the metal pads, I then optimized the height (i.e. the focus) to maximize the reflection and ensure a proper focusing of the laser beam. Then, I moved the stage to place the laser spot in the middle of the grating. The wavelength was swept from 1100 to 1800 nm by automatically rotating the Pellin-Broca prism with a LAbVIEW program. Several attempts have shown that higher efficiency with the 0.4 NA objective is obtained. Indeed, a larger spot with identical irradiance yields to a higher photocurrent encompassing more stripes. Fig. 4.8.a shows the photocurrent spectrum acquired with the plasmonic MSM device. The applied V bias voltage is 200 mV. For polarization orthogonal to the grating, a resonance is observed at 1670 nm closeby where it is expected to be (at 1680 nm). At 1300 and 1450 nm, there are out of resonance bulges. For parallel polarization, above 1300 nm, no photocurrent enhancement is observed. For both polarizations, below 1200 nm, the photocurrent increases due to Si absorption (close to the indirect bandgap of Si). These spectra demonstrate the expected plasmonic enhancement of the photoresponse.

I(x) = I 0 2 1 + erf 2(x 0 -x) w(Z) (4.3)
In order to access the responsivity of the photodetector, the photocurrent should be normalized by the illumination spectrum of the semiconductor. For that, the power spectrum output must be calibrated. I placed a Thorlabs infrared photodetector just after the objective and collected the power spectrum. Fig. 4.8.b shows for both polarizations the power spectrum of light impinging onto the device. The parallel polarization between 1100 to 1400 nm presents oscillations which, afterwards, were discovered to be due to a beam splitter used in the confocal microscope. Further normalization was thus used to remove these artefacts.

Dividing the photocurrent by the power calibration yields the responsivity spectrum (Fig. with I p the current generated by the photodetector (A) and P i n the incident optical power (W). From this value, the External Quantum Efficiency (EQE) can be retreived:

EQE = hcR p λe ≈ 0.001% (4.5) 
Considering A = 18 % of absorption from simulations, the Internal Quantum Efficiency (IQE) can be calculated as:

IQE = EQE A ≈ 0.006% (4.6)
The IQE is of the same order of magnitude as the ones in the literature for devices based on close principles: Knight [START_REF] Knight | Photodetection with active optical antennas[END_REF] 0.01 %, Goykhman [START_REF] Goykhman | Locally oxidized silicon surface-plasmon schottky detector for telecom regime[END_REF] 0.02 % or the best one achieved by Sobhani [184] 0.2 %. Below 1200 nm, the EHP generated by direct absorption in Si increases the responsivity as expected. Three arguments allows to confirm that this photocurrent is based on EHPs produced by within the Au stripes by plasmonic resonances. First, the wavelength at which they are 4.2. SOI-based plasmonic MSM photodetector produced is below the Si bandgap, then photon cannot be absorbed linearly (two photon absorption could still occur). Then, the resonance observed and its polarization dependence are argument to confirm a plamonic assisted EHP generation. Thus, in order to definitively confirme the plasmonic resonance assisted absorption, we repeated this measurement four times onto the grid and onto the Si where no resonace is observed. Responsivity spectra onto the pad and on Si give no such resonant spectra. Spectra on other devices on this sample yields all the same lineshape and the same resonance at the same wavelength (they all present the same stripe width). The responsivity slightly varies (≈ 15-20 %) which could come from differences between the ohmic contacts due to the wire bonding step. Fig. 4.9.b represents the polarization dependence of the resonance. At 0 and π the polarization is parallel to the grating stripes while at π/2 it is orthogonal. Each point represents a responsivity spectrum and the peak value at resonance is reported. We observe the maximal responsivity for π/2 polarization and an almost vanishing signal when the polarization is parallel to the grating. The polarization angle dependence of the responsivity matches with a square cosine function as expected in the Malus law. The fit function used is:

f fit (x, phase) = A cos 2 (πx + phase) + val min (4.7)
where A is the measured maximal value minus the minimal value and val min is the minimal value measured. The fit algorithm changes the phase to minimize the distance between the measured values and the fit, yielding Fig. 4.9.b. Finally, in order to study the influence of the bias, Fig. 4.10 shows the responsivity at the resonance versus the applied voltage. The behaviour is nearly symmetric i.e. -200 mV yields below 12 µA/W wheras is 15 µA/W for +200 mV. This slight asymmetry can be explained by the Ag contact pads which may be slightly different from each other.

Moreover, the level of noise comming from the device is hard to determined due to the use of a lock-in amplifier and a current amplifer device. In the end, a plasmonic resonance was found at 1680 nm and depends strongly on the polarization. At the resonance excitation, I-V curve shows a nearly symmetric behaviour validating the MSM geometry. Actually, the SP resonance could enhance the two photon absorption (TPA) of Si and also yield a photocurrent. So, further investigation has to be Chapter 4. Characterization of MSM plasmonic detectors done to discriminate between the two processes and are presented in the following paragraph.

Photocurrent power dependence

The last section has shown arguments that a nanoantenna-like plasmonic resonance is involved in the measured photocurrent. However, the underlying physics may also be a LSP resonance that enhances the TPA of Si or the local heat generated by the stripe LSP. To distinguish between those phenomena, we have conducted different photocurrent power dependence experiments under various conditions. As a first experiment, we excited the structure at the resonant wavelength (using the set-up presented Fig. 4.5), while the incident power was modified with density filters. Fig. 4.11 presents the photocurrent acquired as a function of the incident power onto the device. In order to obtain the order of non linearity, I fitted the data by y = ax n (fit1, red line, linear regression on the logarithm). Because the current is very low (∼ 0.5 nA), the parameter a used in the fit has a large uncertainty. The order of non linearity n is close to 1. With LSP resonance at low power excitation, we are expecting a linear photon absorption process. According to [START_REF] Baffou | Simple experimental procedures to distinguish photothermal from hot-carrier processes in plasmonics[END_REF], a linear dependence would suggest a one photon absorption (linear) while an exponential dependence would be a signature of a photothermal effect. Indeed, reactions dependant on thermal effect follow Arrhenius-type equation in which the rate is exponentially temperature dependant [START_REF] Baffou | Simple experimental procedures to distinguish photothermal from hot-carrier processes in plasmonics[END_REF]. The "fit2" (blue line) used an exponential fit in order to distinguish the two phenomena. Because the photocurrent and the impinging optical power onto the device are low, the tendency seems to be linear but further insight has to be acquired to characterize the linearity or exponential 4.2. SOI-based plasmonic MSM photodetector characteristics. Indeed, in Fig. 4.11 both fit curves could work. Moreover, to separate such phenomena, one should change the incident power by orders of magnitude [START_REF] Baffou | Simple experimental procedures to distinguish photothermal from hot-carrier processes in plasmonics[END_REF]. Acquiring the photocurrent on such a small power range does not allow to discriminate between the two phenomena. On the other hand, if the power is too high, then other effects get involved (non linear absorption or damaged structures), making it more difficult to disentangle those effects. In any case, in this experiment, the supercontinuum does not allow for more irradiance onto the sample.

Supercontinuum source

Rather than changing the incident optical power, another idea [START_REF] Baffou | Simple experimental procedures to distinguish photothermal from hot-carrier processes in plasmonics[END_REF] was to place an iris just before the objective, thus the diameter of the beam incident onto the sample can be changed. This experimental condition is called constant irradiance, when the beam surface is reduced (by the iris), the optical power is reduced but onto the sample the excitation surface is enlarged. Under these conditions, the efficiency of one photon absorption is proportional to the square of the iris radius R 2 while photothermal process go as R 3 [START_REF] Baffou | Simple experimental procedures to distinguish photothermal from hot-carrier processes in plasmonics[END_REF]. Fig. 4.12.a presents the photocurrent as a function of the iris radius. The two last points are not taken into account because there is a plateau effect where the iris has a diameter larger than the beam diameter. The non linear order gives n ≈ 1.45 and seems to be closer to a one photon behaviour than a photothermal process. With more power and in 4-f configuration, this experiment may give a more accurate result but the tendency of this phenomenon looks closer to R 2 (hot electrons process) than to R 3 (photothermal process). Fig. 4.12.b is complementary to the power curve presented before (Fig. 4.11). The impinging power is modified by the iris diameter and also yields close to 1 non linear order. Further investigations are done next to complete those observations. 

µm femtosecond source

A femtosecond source is used to obtain higher optical average power without damaging the sample. The available source in Milan was at 1.55 µm (0.8 eV, Onefive Origami-15) which is close to the resonance (1680 nm, 0.74 eV). Indeed, since the responsivity in Fig. 4.9.a shows a broad resonance (FWHM ≈ 180 nm), we can consider the involved mechanisms will remain the same. Thus, the femtosecond source replaced the supercontinuum I studied first the polarization dependence to understand the behaviour of the photodetector under pulsed excitation. Fig. 4.13 shows the responsivity as a function of the polarization angle. Indeed, rotating the half-wave plate permits to control the polarization onto the sample. The optical power is 7.5 mW. When the polarization is parallel, there is still a responsivity of ≈ 2 µA/W, compared to Fig. 4.9.b, where the responsivity was reaching almost 0 (dark current level). Thus, for higher excitation power, another effect is occuring for parallel polarization. The maximal responsivity is divided by 3 compared to Fig. 4.9.b because the excitation wavelength is slightly off-resonance. In order to go further, Fig. 4.14 shows the power dependence of the photocurrent in a log-log scale. The slope of the curves corresponds then to the nonlinearity and should allow to identify the mecanism involved. The optical power was changed with density filters and calibrated with a Ge detector. The orthogonal polarization is generating a higher photocurrent than the parallel polarization. The non linear orders are very close (≈ 1.5). That was unexpected because the one photon absorption should be linear (red curve expects n ≈ 1) and the blue curve should be due to TPA of Si (n ≈ 2). One explanation could be that, for orthogonal polarization, there is a competition between the plasmonic linear absorption and the enhanced TPA yielding intermediate non linear order (n ≈ 1.5). For parallel polarization, the TPA of Si could be reduced by the presence of the grating (for example propagative SPP).

The spot diameter is estimated to be 2-3 µm and is perhaps too small, a larger one, with the same irradiance, would allow including more stripes, yielding higher photocurrent. However, such investigation needs higher power laser output in order to observe clearer power dependence behaviour. Those experiments were done in Milan and had provided a first set of promising datas.

Ti:Sa oscillator and Optical Parametric Oscillator (OPO)

The following experiments were finally carried out in Dijon. The underlying idea was to separate plasmonic hot-electron, TPA or photothermal phenomena by means of powerdependent studies.

The experimental set-up used in Dijon is similar to the one of Fig. 4.5 but the source is a Ti:Sa laser (Mai Tai, Spectra Physics) followed by an Optical Parametric Oscillator (OPO, Spectra Physics). Under phase matching condition, rotating the OPO non linear crystal permits to cover wavelengths from 340 to 2500 nm theoretically. In the infrared, the conversion is less efficient and gives less optical power output. I implemented a half-wave plate on a motor stage followed by a polarizer (placed after the chopper in Fig. 4.5). The motor stage was then remotely controlled by LabVIEW to control the optical power onto the device. The Nachet objective used in the experiment was optimized in the infrared with a slightly higher NA of 0.6.

Due to the long laser path, a sligth alignement modification could severely displace the beam and change the power onto the device. For those reasons, we only worked at the resonance wavelength and we configured the OPO at the 1680nm wavelength. First, the OPO wavelength (1680 nm) must be selected and its optical power optimized (cavity mirrors) and then never touched for the rest of the experiment. Then, the normal incidence of the beam on the microscope objective is monitored and adjusted by Fourier lens and Fourier back focal plane observations. Care must be taken to accurately calibrate the power before every power curve measurement. A Ge powermeter was placed just before the objective to control accurately the power and the half-wave plate was rotating automatically, then a corrective factor (obtained from the objective calibration) was applied to get the power onto the device. Such a calibration curve is represented Fig. 4.15. For parallel polarization the highest value reached is slightly lower than for orthogonal polarization. This turns out to be due to the polarization change (with a half waveplate) from The last step of the procedure was to record a reflection map. Then, the motor stage was moved to place the laser beam onto a large metal pad. In such a condition, the focus/z-position was optimized to get the highest reflectivity and ensure that the laser is always focused onto the device in the same way. . This is another argument for the presence of two processes: plasmonic one photon processes and the TPA from Si. On Si a non lineartity of 2 is measured demonstrating the TPA whatever the polarization. However, on the stripes, depending on the polarization, the nonlinear order varies from 1.5 to ∼1.8 for perpendicular or parallel polarization. Indeed, on stripes the competition between TPA and gold absortion occurs, for nonresonant condition (parallel), the TPA dominates and gives a nonlinear order slightly below 2, while for resonant condition, the linear absorption in gold increases, lowering the nonlinear order to 1.5.

Changing the z-focus, with the same optical power, will change the laser spot area onto the device together with the irradiance. This condition is called constant-power condition (opposite to previously presented constant-irradiance condition, see Sec. 4.2.4) [START_REF] Baffou | Simple experimental procedures to distinguish photothermal from hot-carrier processes in plasmonics[END_REF]. Fig. 4.17 shows non linear orders obtained by changing the focus from -20 to +20 µm around the z focus position on the sample. Each point represents the non linear order extracted from data taken in the middle of the structure. The zero position is the position found under the alignment procedure presented just before. Then, the z position were selected using the fine focus knob of the inverted Nikon eclipse Ti-U microscope. For orthogonal polarization, when the the z-focus is between -20 to -10 and +10 to +20, the non linear order is between 1 to 1.2. But, when the focus is reaching its highest value, the non linear order reaches almost 1.5 (in agreement with what was found previously Fig. 4.16). Thus, there is an enhancement of the nonlinear order at the zero position in agreement with the increase of efficiency of nonlinear mecanism when irradinace increases. When the beam is less focused, only one photon absorption processes are taking place within the gold stripes. On the contrary, if the beam is focused, a higher non linear order is obtained. There is a threshold of irradiance above which both processes get involved. For parallel polarization, the non linear order is going from 1.8 to 2.2 because EHP generation in gold is quite inneficient if not assisted by plasmon resonances.

Moreover, an important observation is that the standard deviation of orthogonal polarization is lower than for parallel polarization. There are two explanations for that: a) the signal is lower for parallele polarization and b) there is a slight oscillation in the signal for parallel polarization following two times the periodicity (not present for orthogonal polarization). Indeed, for orthogonal polarization, the scattering cross section is higher than the stripes (plasmonic resonance, see Sec. 1.2.1). Thus, when the position in the middle of the structure is changed the current signal stays the same. While for parallel polarization, the scattering cross section is lower meaning that the beam can have more Si or more Au and will strongly depends on its position. This observation gives an explanation of why parallel polarization non linear order gives variable values between 1.8 to 2.2, in Fig. 4.17, while orthogonal polarization yields stable values around 1.5.

The non linearity orders have been studied in three different schemes in order to distinguish the processes that come into play and the competition between them. It turns out that, at low irradiance with orthogonal polarization, plasmonic one photon absorption is the process involved. While above a certain irradiance threshold the TPA of Si enhanced by LSP participates to the photocurrent. More arguments are going towards plasmonic and TPA rather than photothermal effects. Indeed, the only way to remove photothermal effect is to do autocorrelation measurements because thermal effects are known to be slow processes (∼ µs range).

Autocorrelation for speed and power characterizations

Another way to study the underlying physics is by investigating the process time scale. Autocorrelation is a common technique to explore time dependencies: separating pulses with a beam splitter, recombining them and delaying one arm with respect to the other. If the process has a longer timescale than the pulse width: two tails, called intensity autocorrelation, are present at the sides of the interference of the pulses. This tail gives the characteristic time of the process. Moreover, the process involved has to be non linear or there will be just interference and no tail. The ratio between the highest interference with the background allows one to retreive the non linear order. Since the plasmonic hot electron process is a linear one photon process, this experiment will investigate if there is a tail in the autocorrelation due to the TPA of Si. Fig. 4.18 shows the experimental set-up. I used the Ti:Sa followed by the OPO, getting in the interferometer composed of a beam splitter with two mirrors. The beam splitter was optimized in the infrared by optical alignements to keep a high optical power to excite the device. One mirror is mounted onto a motorized stage to control remotely via Chapter 4. Characterization of MSM plasmonic detectors recover the non linear order n is:

Ratio = |2E| 2n 2|E| 2n = 2 2n-1 (4.8)
with E the electric field. Fig. 4.19.a is yielding a ratio of 4.7 which is approximately a non linear order of 1.5 when the spot is on the stripes and for orthogonal polarization. This non linear order is in good agreement with what was observed previously under the 1.55 µm femtosecond pulse and 1.68 µm OPO. Moreover, for parallel polarization, the ratio is giving 6.6 thus a non linear order of 1.8. The non linear order is lowered from 2 as observed and explained in the last section. On Si (for both polarizations) a ratio of 8.3 is obtained, so a non linear order of about 2. This is also in good agreement to what was observed in the last section. Therefore, the autocorrelation measurement was used to measure time scales. Actually, this experiment regained previous non linear orders found in power-dependent experiments, validating the results.

Discussion: expected photodetector specifications

After the nonlinear measurements that allowed to decouple the different processes involved, I describe in the following the performance that we can expect from the nanos-4.3. Discussion: expected photodetector specifications tructure, in terms of bandwidth, dark current and noise. At first order approximation to estimate the plasmonic MSM photodetector bandwidth, the RC constant and the carrier transit time are the two main limiting factors. Every photodetector has a certain RC constant, thus a time constant τ RC , that intrisically limits the bandwidth [START_REF] Govind | Fiber-Optic Communication Systems[END_REF]. MSM photodetectors can be approximated by an equivalent circuit, see Fig. 4.21, with: a) an ideal current source I S (the generated carriers), b) a parallel junction capacitance C J (due to the stripes), c) an internal series resistance R S (due to the ohmic contacts and bulk resistances), and d) a parallel load impedance Z L (to be connected to an external circuit) [START_REF] Bass | Handbook of Optics, Third Edition Volume II: Design, Fabrication and Testing, Sources and Detectors, Radiometry and Photometry[END_REF]. The RC constant is affected by the photodetector's geometry and active area. By itself, the geometrical design of an MSM photodetector has a low capacitance compared to PIN and APD photodetectors since the distance between the edges of the stripes of the order of few hundreds of nm is quite short compared to APD and PIN thicknesses of several µm. Moreover, the metal stripes are the active area of the plasmonic MSM photodetector. The capacitance of a square-shape interdigitated MSM photodetector can be estimated by conformal mapping techniques [START_REF] Chin | Properties of alternately charged coplanar parallel strips by conformal mappings[END_REF] or readily by empirical values from numerical evaluations (assuming that the stripe length is larger than the periodicity and is equal to the MSM width, see Fig. 4.20) [START_REF] Farnell | Capacitance and field distributions for interdigital surface-wave transducers[END_REF][START_REF] Averine | Geometry optimization of interdigitated schottky-barrier metal-semiconductor-metal photodiode structures[END_REF]: C = 0.266NL 0 ( Si + 1)(6.5ff 2 + 1.08ff + 2.37) (4.9)

Bandwidth limitations

with N = L/2a the number of finger pairs, L the length of a stripe (and the MSM width), a the periodicity, ff = w/a the filling factor, Si = 12.8 the relative permittivity of Si and 0 the vacuum permittivity. With the device parameters extracted from previous sections (periodicity of a=970 nm, width w=126 nm, stripe length L=45 µm), the capacitance C yields 75.5 nF. With a typical resistance R of 50 Ω (taken here as a hypothesis for all the calculations), the RC constant τ RC gives 3.8 ps, f 3d B,RC =1 2πτ RC = 42 GHz and rise time 1 T r,RC = 2.2τ RC gives 8.3 ps. Reducing the length of a stripe (i.e. the MSM width) will reduce the capacitance but there will be less carriers generated (less active area, here Au) and it will be more difficult to focus a beam on the structure. Moreover, reducing the number of finger pairs is possible by increasing the width w but it will shift the plasmonic resonance and become non absorbant structure. Here, the worst case is considered, if the laser spot is including all the stripes, generated carriers will face the capacitor C J , R S and Z L used above (without considering the pads electrodes connections). But, if the laser spot is small (2-3 µm), generated carriers will face only the capacitance where the laser spot is. Thus, with a small laser spot, the bandwidth of the photodetector should be increased, however, the signal-to-noise ratio will be reduced. In this device, the carrier transit time represents the time for carriers to go from one electrode to the other one passing through the Si substrate. We neglect the time of travel from where the carrier is generated to the Schottky barrier (see Sec. 1.2.2). We also neglect the travel time within the BNC cable which should be at the order of the speed of light. Assuming that the electric field is sufficiently high to permit a drift velocity at or close to the saturation velocity, the transit time t trans is given by

t trans = g v s η (4.10)
with g the gap between stripes, v s = v s,e = v s,h = 10 5 m/s the saturation velocity 2 of carriers in Si and η = 1 the carrier drift distance corrective coefficient [START_REF] Averine | Geometry optimization of interdigitated schottky-barrier metal-semiconductor-metal photodiode structures[END_REF]. With the device parameter, t trans yields 8.4 ps and a bandwidth f 3d B,trans = 1 2πτ trans = 19 GHz. Hot carriers are expected to have a large velocity in Au, but once they overcome the Schottky barrier, hot carrier transport through Si is much lower. The transit time is therefore the limiting factor of the bandwidth.

Discussion: expected photodetector specifications

Considering the RC constant τ RC and the transit time of carriers t trans , we apply the definition of the -3 dB frequency cut-off frequency i.e. the bandwidth

f -3d B = 1 2π(t trans + τ RC ) (4.11)
yielding for the MSM photodetector f -3d B = 17 GHz and a rise time T r = 26.8 ps. Therefore, the bandwidth will be limited by the geometric parameters of the device. In usual photodetectors, namely PIN or APD photodetectors, to estimate the bandwidth limitation, there are other parameters to be considered: a) the time diffusion of carriers in the undepleted region (but we assume here that there is only drift because the electric field is present all along between stripes) and b) the carriers traping effect in heterojunction geometries (which is not the case here) [START_REF] Bass | Handbook of Optics, Third Edition Volume II: Design, Fabrication and Testing, Sources and Detectors, Radiometry and Photometry[END_REF].

Dark current and noise

In order to assess the reliability of the MSM device, we need also an estimation of the dark current, shot noise and thermal noise. The dark current is the current yielded by the photodetector without any incident light [START_REF] Keiser | Optical Fiber Communications[END_REF]. In this device, we can fairly neglect the dark current coming from the semiconductor and from tunneling [START_REF] Sze | Physics of Semiconductor Devices[END_REF], since for Schottky photodetectors, thermionic emission of carriers (electrons and holes) from the metal parts is the main source of dark current [START_REF] Grundmann | The Physics of Semiconductors -An Introduction Including Nanophysics and Applications[END_REF][START_REF] Sze | Current transport in metal-semiconductormetal (msm) structures[END_REF]. We estimate the dark current in the regime where a high V bias is applied, larger than V FB (the flat band voltage), defined (for symmetric Schottky barriers) as:

V FB = eN D d 2 2 Si (4.12)
with d = 844 nm the gap between two stripes, N D = 10 15 cm -3 the intrinsic doping of Si and Si = 12.8 0 the permittivity of Si. With those parameters, V FB yields 0.5 V. In this discussion, as shown in Fig. 3.2.b, the left stripes are considered as the positive electrodes (1) while the right stripes are the negative ones (2). Thus, we consider only the reverse direction (i.e. electrons comming from φ B,n1 and holes from φ B,p2 ) and we neglect the forward direction (i.e. electrons comming from φ B,n2 and holes from φ B,p1 ). In this approximation, the thermionic emission of electrons from the left stripe (1, positive) can be written as [START_REF] Grundmann | The Physics of Semiconductors -An Introduction Including Nanophysics and Applications[END_REF][START_REF] Sze | Current transport in metal-semiconductormetal (msm) structures[END_REF]:

J 1,n = J 1,n,sat e βe∆φ B,n1 (4.13) 
with β = 1/k B T and T the temperature. ∆φ B,n1 is the Schottky barrier lowering for electrons due to image force effect (see Sec. 1.2.3)

∆φ B,n1 = e 2eN D (V 1 + V 1,built-in / s ) 4π s 1/2 (4.14) with V 1 + V 1,built-in = (V bias + V FB ) 2 4V FB (4.15)
with V 1 the potential on the left stripe (1), V 1,built-in the built-in potential at the left Schottky barrier (1). If the voltage bias is increased, the Schottky barrier is lowered by ∆φ B,n1 , increasing the thermionic emission and thus the dark current. With those parameters, for V bias of 1 V applied between the stripes, the barrier lowering is equal to 14 meV. J 1,n,sat is the electron saturation current density J 1,n,sat = A * n,Si T 2 e -βφ Bn1 (4.16)

with A * n,Si = 2.1 × 120 = 252 A/cm 2 /K 2 the Richardson constant for electrons in Si [START_REF] Crowell | The richardson constant for thermionic emission in schottky barrier diodes[END_REF] and φ Bn = 0.8 eV is the Schottky barrier height for electrons (without the lowering due to image force effect). Thus, J 1,n,sat = J 1,n,sat (V bias ) and with V bias = 1 V, J 1,n,sat gives 8.2×10 -7 A/cm 2 , yielding J 1,n the current density of electrons of 1.4×10 -6 A/cm 2 .

The same demonstration can be done for the thermionic emission of holes from the right stripes (2, negative) evaluation: with A * p,Si = 0.66 × 120 = 79 A/cm 2 /K 2 the Richardson constant for holes in Si [START_REF] Crowell | The richardson constant for thermionic emission in schottky barrier diodes[END_REF] and φ Bp ≈ 1.12 -0.8 = 0.32 eV is the Schottky barrier height for holes at the right interface (without the lowering due to image force effect). With V bias = 1 V, J 1,p,sat gives 30 A/cm 2 and J 1,p the current density of holes of 41 A/cm 2 . Meaning that, in the regime of V bias > V FB , the dark current is mainly due to holes by several orders of magnitude compared with electrons (strong holes injection [START_REF] Grundmann | The Physics of Semiconductors -An Introduction Including Nanophysics and Applications[END_REF]).

J 1,p = J 1,p,sat e βe∆φ B,
The total current density is then yielded by

J tot = J 1,n + J 1,p (4.20) 
Here, for V bias = 1 V, we get J tot ≈ J 1,p = 41 A/cm 2 . The dark current estimation is given by I d = J tot S. S the metal surface area: 53 interdigitated stripes of length L = 45 µm and a width w = 0.126 µm. The estimation of I d yields 0.12 mA for 1 V bias applied. Shot noise and thermal noise are current fluctuations with a constant incident optical power P i n applied [START_REF] Govind | Fiber-Optic Communication Systems[END_REF]. These noises are fundamental, they can be reduced and optimized but cannot be avoided. The shot noise (or quantum noise) is due to the fluctuation of the dc current collected and is related to the quantum nature of current. Indeed, discrete electrons generation and collection are following a Poisson statistics. The dark current also participates to this noise. The root mean square of the shot noise (i.e. the standard deviation of the ac current) is given by

σ S = 〈i 2 S (t )〉 = 2e(I p + I d ) f 3d B (4.21)
Using the bandwidth found in the last section f 3d B = 17 GHz, an estimated dark current at I d = 0.12 mA and a hypothetic yielded photocurrent of 1 A, σ S gives 0.074 mA. The thermal noise (or Johnson-Nyquist noise) is due to thermal fluctuations and dissipation within the load resistance R L [START_REF] Govind | Fiber-Optic Communication Systems[END_REF]. In fact, electrons are randomly moving and 4.4. Perspective: measure the dynamic of the plasmonic hot electrons process induce a fluctuation of the current output. In the photodetector, the thermal noise is produced within the load resistance R L :

σ t = 4k B T R L f 3d B (4.22)
For T = 300 K, R L = 50 Ω and f 3d B = 17 GHz, σ t gives 0.002 mA. The Flicker noise (pink noise or 1/f-noise) has different origins depending on the device [START_REF] Keiser | Optical Fiber Communications[END_REF]. This type of noise is related to low frequencies and can be neglected for high bandwidth photodetectors.

For ± 1 V, the dark current measured (≈ 15 µA, black line on Fig. 4.4) is 1 order of magnitude lower than the dark current calculation done for 1 V bias (≈ 0.12 mA). Maybe the calculation is overestimating the dark current because in the experiment with 1 V applied is not already in the flat band condition [START_REF] Sze | Current transport in metal-semiconductormetal (msm) structures[END_REF]. Moreover, the dark current is estimated and measured between 10 to 100 µA while the collected photocurrent signal is between 10 to 100 nA. This is in good agreement with the use of a lock-in amplifier.

In conclusion, the main bandwidth limitation is the low carrier mobility in Si i.e. the space between stripes. To enhance the bandwidth of such a photodetector, strategies are to: a) reduce the space between stripes to reduce the space for carriers to travel, b) use another semiconductor (e.g. Transition Metal Dichalcogenides, TMD), c) use thin 2D materials (e.g. graphene) that both have higher carrier mobility and/or d) use a highly doped semiconductor that reduces the resistance thus lowering the RC constant. Moreover, the dark current is estimated to a tenth of mA. The thermal noise and 1/f noise can be neglected compared to the shot noise. In order to be detected with a good SNR, the photocurrent should be at mA order of magnitude or other techniques have to be used to detect current below their dark current and noise i.e. a lock-in amplifier. Moreover, the use of such an amplifier will reduce the bandwidth and the measurement will be limited by the set-up itself, not by the device.

Perspective: measure the dynamic of the plasmonic hot electrons process

Our main issue to measure the photodetector's speed was its low current value. Indeed, the photodetector needed a current amplifier stage (Keithley 428). But, for a gain of 10 6 V/A the bandwidth was strongly attenuated to 100 kHz (10 µs rise time in the datasheets).

To overcome this limitation, two options are possible to enhance the photocurrent generated: a) build a new device with another geometry that yields higher photocurrent or b) use a higher power laser in order to have a larger spot on the sample (keeping the same irradiance) and illuminate the whole structure yielding higher photocurrent. Those two options are to avoid using an amplification stage thus improving the bandwidth. Moreover, if the laser spot includes the whole structure, it might slow down the bandwidth due large photocurrent generated in all stripes.

Once the current amplification issue is overcome, there are several classical techniques to measure the bandwidth. The first one is by using a laser pulsed onto the photodetector and characterize the rise time and fall time (with a high speed oscilloscope) [START_REF] Beneking | Gain and bandwidth of fast near-infrared photodetectors: A comparison of diodes, phototransistors, and photoconductive devices[END_REF]. This technique is called the impulse response. Knowing the rise time and fall time, the bandwidth can be easily retreived. However it is challenging in the THz range due to the lack of fast enough detectors. A second option is to use an electro-optic modulator (EOM) with a CW laser. When the EOM frequency increases, the amplitude of the output Chapter 4. Characterization of MSM plasmonic detectors current will diminish thus providing an indication of the bandwidth. A third solution is to use a frequency comb as a source to excite the photodetector [START_REF] Salamin | 100 ghz plasmonic photodetector[END_REF]. With a spectrum analyzer, the cut-off frequency is directly measured. A fourth solution is to use the two laser beating mode technique [START_REF] Salamin | 100 ghz plasmonic photodetector[END_REF]. Two lasers are slightly frequency offset and then recombined yielding a beating. Controlling the offset allows to reach 100 GHz bandwidth measures.

Moreover, to avoid bandwidth limitations due to electrical wires or BNC cables, high frequency currents are usually collected by microwave or RF probes. Indeed, classical BNC cables work untill 4 GHz and will strongly limit the bandwidth. To reach 100 GHz special RF cables are needed and above 100 GHz expensive cable and RF connectors are needed. The shorter this RF cable is, the less the current is attenuated. Therefore, the photodetector has to be as close as possible to the highspeed oscilloscope or the spectrum analyzer.

Another solution would have been using the autocorrelation measurements but since the plasmonic process is linear, no bandwidth evaluation is possible in this scheme. In 2019, Shan et al. [START_REF] Shan | Direct observation of ultrafast plasmonic hot electron transfer in the strong coupling regime[END_REF] proposed a pump probe experiment to measure directly the hot electron process plasmonic grating onto a semiconductor device. The pump is exciting hot electrons in the Au resonant stripe while the probe is exciting EHPs in the semiconductor. Delaying the pump and the probe permits to explore the dynamic range of the process. It turns out that the process is ∼ 40 fs, giving high hopes for future investigations in such devices. To my knowledge, only this experiment measured the speed transfer of hot electrons from the metal to the semiconductor, so far in the literature.

In conclusion, a first Ge-based sample allowed us to take in charge photocurrent measures. The SOI-based plasmonic MSM photodetector has exibited plasmon mediated process. Depending on the optical excitation, experiments are strongly suggesting a coexistance between a Au plamonic one photon absorption and a TPA of Si. Autocorrelation measurements gave nearby values of non linearities and confirmed previous power transfer functions measures. Further insight should be done to develop a set-up that fullfil the requirements needed to measure high bandwidth photocurrent to the THz regime. In conclusion, in this manuscript I have presented the work done on the hot carriers remote generation and the plasmon-assisted hot carriers photodetection. This work has been done thanks to both expertize of the Politecnico di Milano physics department and the ICB laboratory in Dijon.

Conclusion and perspectives

We have demonstrated the possibility to generate remotely hot carriers at up to 12 µm from the optical excitation. For that, the SPP propagation along a plasmonic waveguide has been simulated by FEM simulation. To maximize the coupling between the incident light and the SPPs, a grating is joined to the plasmonic waveguide. The grating coupler parameters have been optimized to maximize the energy transmitted by the SPPs. With the identified parameters, the plasmonic gold waveguide has been fabricated following a standard e-beam lithography procedure. A femtosecond laser source with Fourier control excitation set-up has been used to properly excite SPPs with enough energy. Simultaneously, hyperspectral near-field imaging technique has been used to probe the nonlinear PL emitted along the waveguide. We found that the SPP intensity spatial distribution is mapping the hot carriers spatial and energy distribution. Furthermore, we demonstrated that hot carriers relaxe where they are produced and do not diffuse further. Moreover, for long wavelength nonlinear PL, linear relaxation by intraband transition is dominant whereas, for short wavelength nonlinear PL, interband transition dominates. This is suggesting a linear intraband absorption, a TPA and Auger process getting involved. Such observations are in good agreement with previous experiments on nonlinear PL under different schemes, mainly with LSPs resonances [START_REF] Michael | Continuum generation from single gold nanostructures through near-field mediated intraband transitions[END_REF]. However, some observations, made by Roloff et al. [START_REF] Roloff | Light emission from gold nanoparticles under ultrafast nearinfrared excitation: Thermal radiation, inelastic light scattering, or multiphoton luminescence?[END_REF], exhibit an irradiance threshold above which the nonlinear order depends on the photon energy. Such results is characteristic of a heated cloud of hot electrons and further insight should be done to explore such physics.

These delocalized hot carriers open the way to complex hot carrier circuitry in which the active area is prevented from direct illumination which avoid any damage. We think such a work allows for new architectures in adsorbing or functionalizing molecules on the plasmonic waveguide and could be used to set off many chemical reactions (see Ref. 242). In photochemistry, hot carriers can be used directly by an acceptor or by generating heat. Ref. [START_REF] Du | Ultrafast plasmon induced electron injection mechanism in gold-tio2 nanoparticle system[END_REF] shown that hot electrons transfer to an acceptor occur before thermalization in very short timescale i.e. this process is not driven by heat. Thus, hot carriers can be used in photocatalysis: to oxidize or reduce compounds, to excite electronic or vibrational Conclusion molecule adsorbed on metallic NPs. To cite a few, plasmon-enhanced hot carriers could be used for the photodissociation of H 2 , to set off such unefficient reaction, or the water splitting, for alternative fuel production of hydrogen. More generally, plasmonic circuits generating locally hot carriers could be used for local detection of molecules or drive locally chemical reactions onto microchip. Furthermore, thanks to SPs and/or hot carriers coupling to phonons, such hot carriers enhanced by SPs process provides great potential in terms of energy efficiency by controlling local heating by not heating the whole environment. Furthermore, the nonlinear PL yielded along the plasmonic waveguide could be used as an on-chip spectrum analyzer.

Then, we have demonstrated the photodetection in a plasmonic device employing hot carriers for future applications in ultrafast photodetection. To efficiently absorb light and generate hot carriers, I used a gold grating on top of SOI. The gold grating is combining LSP resonances and grating effects in order to maximize light absorption within the gold structure. The multi-layer stack, with thicknesses determined by numerical simulations, presents constructive interferences in gold. Combining those effects, the grating parameters were calculated by RCWA method simulations to maximize the gold grating absorption on top of SOI. For normal incidence excitation, the plasmonic gold grating is absorbing around 30 % of the incident light, while at oblique incidence, 50 % of incident light was absorbed, which is significant in such a small thickness of 50 nm of gold. Furthermore, at normal incidence excitation, only the odd LSP modes can be excited and, at oblique incidence, odd and even LSP modes were present confirming nanoantennalike behaviour resonances. FEM simulations were done to investigate where the electric field was located within the stripes. The LSP modes present electric field localized near to the interface with SOI which is interesting for generating carriers as close as possible to the Schottky barrier. Moreover, I did simulations to analyse the robustness of the device during the nanofabrication process in terms of spectral absorption and adhesion layer presence. Varying the width stripe still keeps on an appropriate gold absorption with wavelength resonance shift. The presence of an adhesion layer of Ti reduces the Schottky barrier height and improves the gold absorption keeping a good photodetection performance.

I performed numerical investigations that showed the opportunity to get perfect absorption with adequate parameters. However, in this work, due to materials constraints, we could not explore these parameters, and I think there is a great opportunity to improve the photodetection efficiency of devices by using such parameters. It could theoretically allow for sensitivity up to 100 µA/W. Such procedure could be used to engineer more complex devices with perfect absorption.

We built the gold grating in an interdigitated scheme yielding a metal-semiconductormetal device. Depending on the SOI wafers available yielding maximal gold absorption, we used standard e-beam lithography. Ag boundings on a microchip were used to connect the nanostructures and the electronic processing. The nanostrucutre dimensions were then characterized by SEM and AFM.

Thanks to photocurrent mapping, we obtained a photocurrent enhancement onto the photodetector for a polarization orthogonal to the stripes. More precisely, the spectral responsivity presented an enhancement at the LSP wavelength resonance. Thus, such observations illustrate hot carrier plasmon-mediated photodetection and the absorption is maximized thanks to a plasmonic resonance coupled to grating effects. At the resonance, the numerical optimization of the device parameters yielded efficiency up to a responsivity of 15 µA/W with the same order of magnitude compared to devices based on similar process [START_REF] Knight | Photodetection with active optical antennas[END_REF][START_REF] Goykhman | Locally oxidized silicon surface-plasmon schottky detector for telecom regime[END_REF].

Conclusion

To explore the underlying physics with the power transfer function of the MSM photodetector, we demonstrated that both absorption process appears in our devices: a competition occurs between the linear plasmon-assisted hot electron production and the non-linear absorption by the Si. The relative efficiency of both parameters is then governed by illumination conditions (flux, polarization, focalisation). Furthermore, to explore the time scale of the photodetection, autocorrelation measurements were done but we did not succeed to get any information on the device temporal dynamics.

The intrinsic dynamic of the plasmonic hot carrier photodetector is supposed to be in the THz but still needs to be measured. In order to measure such high speed photocurrent, one has to implement radiofrequency probes under e.g. the two lasers beating mode technique. Pump-probe experiment is also a solution to be considered with a pump at photon energy above the interband transition and a probe below. The delay between the pump and the probe could permit to reach the dynamic of such a process. Another possibility is to couple the plasmonic structure to a THz antenna. The yielded THz current then radiates THz wave and would be collected by a THz detector. Moreover, bandwidth calculations yielded that the expected 19 GHz is mainly limited by the low carrier mobility in Si. According to their high carrier mobility properties, 2D materials, such as graphene and Transition Metal Dichalcogenides (TMDs), could strongly be considered to raise the photodetector speed. Simulations yielded perfect absorption with our device and the fabrication of such a device, with the SOI wafer with the found thicnkesses, could provide higher responsivity. This would eliminate the use of a current amplifier that is strongly limiting the measurements. To sum up, in the future, coupling interdigited plasmonic array to a conducting 2D layer and a SOI stacking authorizing perfect absorption in gold, would allow to maximize the absorption efficiency together with optimal dynamic properties.

Such device could also be improved by adding, close to the grating, an electron-donor solution or with hole transporting material either organic or inorganic. This approach permits to enhance the collected photocurrent by rapidly transfer hot carriers before hot carriers thermalize [START_REF] Takahashia | Solid state photovoltaic cells based on localized surface plasmon-induced charge separation[END_REF][START_REF] Tian | Mechanisms and applications of plasmon-induced charge separation at tio2 films loaded with gold nanoparticles[END_REF]. A very attractive strategy would be to use emergent plasmonic materials e.g. conductive oxides (indium tin oxide ITO, aluminum doped zinc oxide AZO) [START_REF] Noginov | Transparent conductive oxides: Plasmonic materials for telecom wavelengths[END_REF], transition-metal nitrides (TiN, ZrN, HfN, TaN) [START_REF] Guler | Nanoparticle plasmonics: going practical with transition metal nitrides[END_REF][START_REF] Habib | Hot carrier dynamics in plasmonic transition metal nitrides[END_REF], alloys of noble metals and transition-metals (Au-Cd) [START_REF] West | Searching for better plasmonic materials[END_REF] and semiconductors (Ge) [START_REF] Marco | Plasmonic mid-infrared third harmonic generation in germanium nanoantennas[END_REF]. Indeed, noble metals permit sharp resonances and such new materials for plasmonics present broadband absorption resonance due to additional optical losses that could be used to detect multiple wavelengths close to 1.55 µm. However, White and Catchpole [START_REF] White | Plasmon-enhanced internal photoemission for photovoltaics: Theoretical efficiency limits[END_REF] presented the limitation of such hot carriers plasmonic Schottky device to 8% EQE. Such limitation is mainly due to the fact that carriers are excited close to the Fermi level. Thus, by modifying the DOS closer to the Fermi level, they found that such process can reach above 20% EQE. Engeneering the DOS to improve plasmonic NPs absorption is an outstanding strategy to be considered.

The future of photodetectors appears to be on-chip with many elements carrying out functions for processing. Each element combines the advantages of different approaches : electronics, for its down sizing, photonics for its speed and plasmonics for both. This kind of integration could improve on-chip plasmonic photodetectors e.g. adding on-chip amplifiers. Due to their high speed underlying physics, hot carrier plasmonics device could be directly used for on-chip all-optical processing and is a very attractive future approach.

In addition, SPs combined with superconductors [START_REF] Tsiatmas | Low-loss terahertz superconducting plasmonics[END_REF] has great potential by reducing the losses due to cooling down reducing the losses. Combining such approach with Conclusion hot carrier devices could improve strongly their efficiency in terms of carrier extraction and dynamics. Plasmonic hot carrier process could be used as a component in plenty of devices fully integrated.

In order to build a versatile and ultrafast plasmonic hot carriers photodetector one has to handle materials, size and shape of plasmonic NPs but also on electron-donor, nearby semiconductor bandgap and Fermi level alignement. Moreover, to commercialize such photodetectors one has to take into account for the fabrication processes and the materials to be cost effective and as environmental friendly as possible. 
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 3 Fig. 3.2.b shows the principle of the MSM design which is physically a double Schottky barrier structure. If a sufficiently high potential bias is applied to the left stripe presented on Fig. 3.2.b, the flat band voltage is reached, namely an electric field is present in the same direction all along in the Si[START_REF] Sze | Current transport in metal-semiconductormetal (msm) structures[END_REF]. The Schottky barrier height between Au and n-type Si is around 0.8 eV[START_REF] Sze | Physics of Semiconductor Devices[END_REF] enabling hot electrons to overcome the barrier. Actually, the barrier height is slightly lower than 0.8 eV because a thin layer of Ti is sandwiched between Au and Si to help Au adhesion onto Si during the fabrication process (eφ B,Ti -Si 0.6eV[START_REF] Sze | Physics of Semiconductor Devices[END_REF]). The hot carriers drift towards the right stripe thanks to the voltage bias applied between the stripes. Hot electrons have enough energy to be harvested by the right interface between Si and Au. If light hits the right stripes, hot electrons will be generated and will overcome the Schottky barrier but they will face an electric field that won't allow them to reach the left stripes. Thus, the application of a voltage breaks the symmetry of the system and there is a flow of current in one direction only (from left to right here). If light hits the

Fig. 3 .

 3 3.a depicts the cell used with the real part of the refractive indexes and Fig. 3.3.b the x component of the electric field exciting the structure.

Figure 3 . 3 :

 33 Figure 3.3: RCWA simulation cell for the Au grating on Si substrate. a) Real part of the refractive indexes. b) X component of the electric field in RCWA method (TM polarization, orthogonal to the grating).

Figure 3 . 4 :

 34 Figure 3.4: Au grating absorption on Si substrate as a function of the period a and the filling factor ff (RCWA method simulation) for normal incidence: a) TM polarization, orthogonal to the grating and b) TE polarization, parallel to the grating.

Fig. 3 .

 3 Fig. 3.4.a exibits eight modes and a vertical line for a 1550 nm period (corresponding to the excitation wavelength). The four first rows of Tab. 3.1 report the moderate filling factor modes with their grating parameters and their percentage of absorption. Instead, the four last rows of Tab. 3.1 are the high filling factor modes (close to 1). These resonances absorb from 3.6 to 7.5 % of the incident light. Until now, we can assume that these resonances are the LSPs nanoantenna-like modes of the Au nanostripes excited by the orthogonal polarization. However, the resonances show a dependance on the periodicities meaning that there is most probably a coupling with the grating. Those resonances can be associated only the odd modes (mode K=1, 3, 5, ...) because even modes cannot be

Fig. 3 .

 3 4.a. The four first rows are the resonances with moderate filling factors and the four last rows represent their associated high filling factor resonances.

Figure 3 . 5 :

 35 Figure 3.5: Au grating absorption on Si substrate as a function of the period a and the filling factor ff (RCWA method simulation) for 45 • angle of incidence: a) TM polarization, orthogonal to the grating, and b) TE polarization, parallel to the grating.

Fig. 3 .

 3 5.a. The seven first rows are the resonances with moderate filling factor and the seven last rows represent their associated high filling factor resonances.

Figure 3 .

 3 Figure 3.6: For a constant periodicity 1970 nm in Fig. 3.4.a and Fig. 3.5.a, Au absorption as a function of the width (converted filling factor) for normal and 45 • excitation. It represents the odd modes (red) and the odd and even modes (blue).

Figure 3 .

 3 Figure 3.7: Odd resonances for the Au grating on Si. For TM polarization (orthogonal to the grating), the four moderate filling factor resonances are represented: a) n • 1, b) n • 2, c) n • 3 and d) n • 4 (from Tab. 3.1). For TE polarization (parallel to the grating) the mode is represented by e).

Figure 3 . 8 :

 38 Figure 3.8: Even resonances for the Au grating on Si under 45 • angle of incidence excitation. For TM polarization (orthogonal to the grating), the 3 resonances: a) n • 8, b) n • 4 and c) n • 6 (of Tab. 3.2).

Fig. 3 .

 3 Fig. 3.7 a), b), c) and d) are the four moderate filling factor resonances in TM polarization at normal incidence excitation (four first rows in Tab. 3.1). As expected, those four resonances are the odd modes, the even ones being forbidden[START_REF] Todorov | Optical properties of metal-dielectric-metal microcavities in the thz frequency range[END_REF]. Observing the electric field orientation, we deduce the dipole/multipole orientation. In Fig.3.7.a, the first resonance is a dipole and the second one, Fig.3.7.b, is a linear quadrupole, and so on for c) and d). Thus, with a Au grating on Si, the local fields maxima (bellies) give arguments to a nanoantenna-like resonance i.e. without coupling to a propagating mode. Moreover, those modes are interesting because absorption is higher, close to the Au/Si interface. Propagative SPP Air/Au or Si/Au modes could be observe only if the separation is less than the extension of the near-field outside the stripes. As seen in Sec. 1.2.2, where the field is enhanced, the probability to generate carriers increases as well. Thus, the higher the number of carriers generated nearby the interface, the higher the probability to transfer them to Si is. I do not observe vertical cavity modes as in Ref. 273 because 50 nm Au thickness is too thin to observe any.In Fig.3.7.e, the large resonance in Fig.3.4.b presents a mode with its maximal losses at the upper part of gold. For practical representation, the H-field is represented because

Figure 3 . 9 :

 39 Figure 3.9: Au grating absorption on SOI substrate as a function of the period a and the filling factor ff (RCWA method simulation) for normal incidence: a) TM polarization, orthogonal to the grating, and b) TE polarization, parallel to the grating.

Fig. 3 .

 3 9.a. The three first rows are the resonances with moderate filling factor and the two last rows represent the high filling factor resonances.

Figure 3 . 10 :

 310 Figure 3.10: Au grating absorption on SOI substrate as a function of the period a and the filling factor ff (RCWA method simulation) for 45 • angle of incidence: a) TM polarization, orthogonal to the grating, and b) TE polarization, parallel to the grating.

Fig. 3 .

 3 Figure 3.11: Resonances for the Au grating on SOI under normal incidence excitation. For TE polarization (parallel to the grating), a), b), c), and d) represent the four main resonances in Fig. 3.9.b.

Figure 3 .

 3 Figure 3.12: Absorption, Reflection and Transmission efficiencies spectra for: a) TM polarization (orthogonal to the grating) and b) for TE polarization (parallel to the grating).

  3.14.a depicts the maximal Au absorption rate and Fig. 3.14.b the wavelength of maximal absorption

Figure 3 .

 3 Figure 3.13: a) Au grating absorption on SOI substrate as a function of the filling factor ff and the excitation wavelength (RCWA method simulation) with a constant period (950 nm). b) Representation of the absorption spectra (maximal absorption and resonant wavelength) as a function of the stripe width.

Figure 3 .

 3 Figure 3.14: a) Maximal Au absorption (resp. b) wavelength of maximal absorption) within a RCWA simulation Au absorption spectra as a function of five values of Ti in the literature.

Figure 3 .

 3 Figure 3.15: Optimization algorithm convergence for the step size stopping criteria.

Fig. 3 .

 3 16.a presents the solutions as a function of their length, so I can retreive if there are recurrent solutions (for example, which Si thickness gives converging solutions). The width solutions converge around three lengths: a) 131 nm, b) 542 nm, and c) 895 nm (means of those values, represented by horizontal black solid lines on Fig. 3.16.a). It is very interesting to notice that those widths correspond to the stripe width exibiting LSP modes for the Au grating on Si discussed earlier (see Fig. 3.6). So, the algorithm found that the solutions absorbing the most (between 30 to 65 %) are modes linked to the LSP nano-antenna like resonances. Fig. 3.16.b shows the histograms of the solutions after convergence. The values are represented as histograms and the vertical black solid lines are the means of values if some of them are grouped together.

Figure 3 . 16 :

 316 Figure 3.16: Representation of the converging solutions for absorption between 30 to 65% (maximal value) for the grating periodicity and width and for the Si and SiO 2 thicknesses. The Au grating thickness is constant: 50 nm. The black solid lines are the means of clumped values of the width. The green (resp. red) dashed line is the even (resp. odd) values of the Bragg condition (λ Br ag g /4n). a) Vertical representation as a function of the length of each parameter and b) histogram representations.

Fig. 3 .

 3 18.a shows the geometries which present perfect absorption for the grating thickness of Au: a) 208.7 nm, b) 786.4 nm, c) 1396.3 nm, and d) 1917.5 nm. Those modes are most likely vertical cavity modes within deep and narrow slits [185]. The histogram Fig. 3.18.b shows clear evidence of those vertical modes.

Figure 3 . 18 :

 318 Figure 3.18: Representation of the converging solutions for absorption between 99 to 100% (maximal value) for the grating thickness, periodicity and width, and for the Si and SiO 2 thicknesses layers. The black, purple and green solid lines are the means of the clumped values. The green (resp. red) dashed line is the even (resp. odd) values of the Bragg condition (λ/4n). a) Vertical representation as a function of the length of each parameter and b) histogram representations.

Figure 3 . 19 :

 319 Figure 3.19: Optimized to perfect absorption resonances for the Au grating on SOI under normal incidence excitation. a) and b) are for the high filling factor resonances, c) and d) are for the lower filling factor resonances.

  20.b) a) the scanning stage for optical testing has a range of 100 × 100 µm 2 and b) larger devices give larger photocurrent but also slow down the bandwidth (by increasing the RC constant) and increases the dark current. The stripes are connected to the electrodes and we added a trianglular taper in order to facilitate the development and lift-off steps. The Raith software output is a .gds file that is used by the e-beam lithography apparatus.

Figure 3 .

 3 Figure 3.20: MSM design using Raith software. a) The whole structure with the pads. b) Zoom onto the detector area.

Figure 3 . 21 :

 321 Figure 3.21: Nanofabrication steps used for the MSM plasmonic photodetector.

  nm PMMA 200 (1', 200 rpm) then baking 90 • for 1'30" 2nd layer(to be checked) 200 nm PMMA 50 (1', 200 rpm) then baking 90 • for 1'30" (to be checked) 4 e-beam lithography area dose ∼ 200 µC/cm 2 (5 nm) 2nd: Au (50 nm) 7

Figure 3 .

 3 Figure 3.22: SEM image of the nanostructure. a) Stripes and electrodes. b) Zoom on the stripes. AFM image of the nanostructure. c) False-colour image of the amplitude signal (stripes). d) Amplitude signal (height) along the red line.
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 32341983100311034 Figure 3.23: Sample fully fabricated. The SOI substrate with the 13 nanostructures on it connected by thin Ag wires to the board chip.

Figure 4 .

 4 Figure 4.1: a) Experimental set-up for the tapered fiber. The output signals is the photocurrent. b) Interdigitated MSM picture of the two connection pads and the tapered fiber (with its reflection). c)Photocurrent map, the device is on the bottom right in order to observe the carriers diffusion.

Fig. 4 .

 4 Fig. 4.1.b is an image of the device with the two lateral pads connected to thin Ag wires. The tapered fiber is visible in the upper part of the image while the bottom one is the reflection by the substrate.

Figure 4 . 2 :

 42 Figure 4.2: Off resonant large stripes, with tapered fiber excitation on SNOM head (with feedback loop). a) Topography and c) a slice in it. b) Photocurrent and d) a slice in it.

Figure 4 .

 4 Figure 4.3: a) Experimental set-up with two cut fibers (10 • tilt). The output signals are the photocurrent and reflection. b) Interdigitated MSM picture with the two connection pads and the two cut fibers (with their reflections). c)Reflectance and normalized photocurrent spectrum.

Fig. 4 .

 4 4 shows the I-V curves on a structure without illumination and under illumination up to 6 mW. The current-voltage characteristic shows a nearly symmetric behaviour. If we invert the potential applied, it yields the same behaviour. With 1 V applied and an incident power of 6 mW yields 64.4 µA, thus, a responsivity of 10.7 mA/W.

Figure 4 .

 4 Figure 4.4: I-V curves under several incident powers at 790 nm wavelength onto the SOI plasmonic MSM photodetector.

4. 2 .

 2 Figure 4.7: Spot analysis by edge-scan technique on the bottom right pad in the reflection map Fig. 4.6.b normalizing to 1 in the caption.

Figure 4 . 8 :

 48 Figure 4.8: For orthogonal and parallel to the grating polarization: a) Photocurrent spectrum. b) Optical power calibration spectrum.

Figure 4 .

 4 Figure 4.9: a) For both polarization, spectral responsivity. b) At the resonance, polarization dependence with a square cosine fit function.

Figure 4 . 10 :

 410 Figure 4.10: At the resonance excitation, voltage dependance under orthogonal polarization.

Figure 4 . 11 :

 411 Figure 4.11: Current power curve at 1680 nm excitation with non linear order curve fitting (fit 1) and exponential curve fitting (fit 2).

Figure 4 .

 4 Figure 4.12: a) Current collected when varying the diameter of an iris placed before the objective. b) Current power curve obtained by varying the laser beam diameter.

Chapter 4 .

 4 Characterization of MSM plasmonic detectors source in the experiment presented in Fig. 4.5. Measurements were taken in the middle of the structure.

Figure 4 . 13 :

 413 Figure 4.13: For 1.55 µm wavelength femtosecond excitation, polarization dependence with a square cosine function fit (as expected in the Malus law).

Figure 4 . 14 :

 414 Figure 4.14: Current power curve at 1.55 µm femtosecond excitation with non linear order curve fitting for orthogonal polarization (red curves) and parallel (blue curves) in log-log scale.

Figure 4 .

 4 Figure 4.15: Power calibration rotating the λ/2 for orthogonal and parallel polarization compared to the grating.

Fig. 4 .

 4 16 represents three power curves in three different condition: a) on the stripes (in the middle on the strucure) with orthogonal polarization (red line), b) with parallel polarization (blue line) and c) on Si outside the structure (≈ 10 µm away, green line). The obtained data are then fitted by linear regression in log-log representation of datas. On the stripes with orthogonal polarization, a non linear order close to 1.5 is acquired (accordingly to what was observed with the set-up in Milan, Fig. 4.14)

Figure 4 . 16 :

 416 Figure 4.16: Current power curve under OPO excitation (1.68 µm): on the stripes (orthogonal and parallel polarization) and on the Si substrate. In the fit boxes, P is the power and n the nonlinear order. The error bar is obtained by recording the photocurrent for 20 s and obtain the standard deviation σ.

Figure 4 .

 4 Figure 4.17: z-focus dependence under constant-power condition for orthogonal and parallel polarization. The error bar represents standard deviation of the non linear order calculation (by linear regression).

Figure 4 . 19 :

 419 Figure 4.19: Autocorrelation measures: a) on stripes for orthogonal polarization, b) on stripes for parallel polarization and c) on Si substrate.

Figure 4 . 20 :

 420 Figure 4.20: Sketch of the MSM photodetector with length L equal to the MSM width (square shape).

Figure 4 . 21 :

 421 Figure 4.21: Equivalent circuit a of photodetector (extracted from [294]).

"

  ... en s'installant à Retz, il [François Racine de Monville] utilisa une colonne brisée pour représenter l'oeuvre humaine, imparfaite et à jamais inachevée. " Pierre Berloquin, Codes, 2013
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Chapter 2 Remote control of hot electron generation by propagative SPP in a Au waveguide

  

	" If the doors of perception were
	cleansed every thing would appear
	to man as it is, Infinite. "
	William Blake, The Marriage of
	Heaven and Hell, written
	1790-1793

Contents 2.1 Propagative SPPs launched by grating couplers: principles and simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

38 2.2 Nanofabrication of a plasmonic Au waveguide . . . . . . . . . . . . . . . . 42 2.3 Remote excitation of hot electrons by a propagative SPP . . . . . . . . . . 44 2

  

.3.1 Hyperspectral imaging with angular control excitation experimental set-up . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44 2.3.2 Hyperspectral far field imaging . . . . . . . . . . . . . . . . . . . . . . 46 2.3.3 Hyperspectral near field imaging . . . . . . . . . . . . . . . . . . . . . 49 2.4 Discussion on the MPL origin . . . . . . . . . . . . . . . . . . . . . . . . . . 54

Table 3 .

 3 

	n • periodicity (nm)	ff	width (nm) Au absorption (%)
	1	430	0.43	184.9	4.3
	2	890	0.63	560.7	7.5
	3	1330	0.71	944.1	6.9
	4	1750	0.79	1382.5	5.0
	5	430	0.95	427.5	4.0
	6	890	0.95	845.5	5.7
	7	1310	0.97	1270.7	5.8
	8	1730	0.97	1678.1	3.6

1: Resonances from

Table 3 .

 3 

	Chapter 3. Surface plasmon optimization of hot electron generation in gold grating
	n • periodicity (nm)	ff	width (nm) Au absorption (%)
	1	370	0.49	181.3	5.7
	2	550	0.69	379.5	5.4
	3	730	0.81	591.3	5.6
	4	1110	0.69	765.9	9.3
	5	1450	0.85	1232.5	5.2
	6	1610	0.91	1465.1	5.1
	7	1810	0.91	1647.1	6.8
	8	370	0.91	336.7	20.7
	9	550	0.95	522.5	13.7
	10	730	0.95	693.5	9.5
	11	1190	0.97	1154.3	6.9
	12	1450	0.95	1377.5	6.5
	13	1610	0.97	1561.7	6.3
	14	1790	0.97	1736.3	6.0

2: Resonances from

Table 3 .

 3 

	n • periodicity (nm)	ff	width (nm) Au absorption (%)
	1	970	0.13	126.1	18.1
	2	1670	0.37	617.9	24.9
	3	1930	0.57	1100.1	23.6
	4	590	0.95	560.5	29.4
	5	1050	0.97	1018.5	22.7

3: Resonances from

Table 3 .

 3 4: Resonances of Fig. 3.10.a. The four first rows are the resonances with moderate filling factor and the five last rows represent the high filling factor resonances.

	n • periodicity (nm)	ff	width (nm) Au absorption (%)
	1	650	0.23	149.5	25.0
	2	1330	0.27	359.1	48.8
	3	1430	0.61	872.3	31.9
	4	1870	0.71	1327.7	29.7
	5	450	0.89	400.5	50.0
	6	690	0.93	641.7	42.2
	7	830	0.97	805.1	15.8
	8	1370	0.95	1301.5	25.9
	9	1650	0.95	1567.5	13.0

Bandwidth-distance product: the bandwitdh is expressed in bit rate and the distance is the repeater spacing (i.e. the distance after which an optical signal must be regenerated to maintain its fidelity), this expression is used to compare different communication technologies.

Spectral efficiency: number of bits transmitted in 1 s within a 1-Hz bandwidth.

Quantum Yield: ratio between the number of photons emitted and the number of photon impinging onto the device, also called Photoluminescence Quantum Efficiency

External Quantum Efficiency (EQE): ratio between the number of eletron extracted and the number of photon impinging on the photodetector

Rise time T r : time taken by a photodetector to go from 10% to 90% of the final output current with an optical Heaviside step excitation.1 Saturation velocity: highest velocity carriers can reach in a semiconductor.
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Photocurrent spectrum and polarization dependence

In order to prove that the process involded in the device is a hot electron-based plasmonic one (see Sec. 1.2), we have to: a) sweep wavelengths to find a resonance and b) check that LabVIEW the delay δx introduced between the two replicas. The rest of the experiment is the same as presented in Sec. 4.2.4. In order to keep the same z-focus position for all experiments, the same alignement procedure presented before was applied here. Then, once a stable photocurrent map was acquired, I moved the stage towards the center of the device and outside on Si (≈ 10 µm away). Fig. 4.19 shows autocorrelation measurements in three different schemes: a) on stripes with orthogonal polarization, b) with parallel polarization and c) on Si. The interference fringes are well distinguished and the production of photocurrent follows the optical interference from the two delayed pulses. Moreover, under TPA autocorrelation experiments [START_REF] Mejard | Energy-resolved hot-carrier relaxation dynamics in monocrystalline plasmonic nanoantennas[END_REF], an intensity tail is observed and gives the dynamics of the involved process. Here, no such observation is done. A hypothesis is that the process involved is faster than our pulse resolution (∼ 100 fs).

From these interferences, one could extract the nonlinear order of the processus involved in the production of photocurrent. Indeed, the autocorrelation ratio, beetween the highest interference and the signal background when pulses are temporally separated, to • CNano, in Dijon 2019 : « Investigating hot electrons remote excitation and their harvest with a semiconductor ».
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