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iii Abstract Intersubband (ISB) polaritons are the result of the strong light-matter coupling regime between intersubband transitions in doped quantum wells and a microcavity photonic mode. Owing to their bosonic nature, ISB polaritons can be subject to final state stimulated scattering via a different mechanism such as polariton-polariton scattering or polariton-phonon scattering. ISB polaritons hold great promises in view of the development of a novel class of laser, which relies on final state stimulated scattering instead of the population inversion in conventional lasers. This thesis is devoted to the development of optoelectronic devices (lasers and modulators) based on ISB polaritons. In this respect, we have developed a metal-metal (MIM) cavity platform with a periodic opening on the top metallic mirror, which can be employed to perform both electrical and optical injection experiments within ISB polaritons.

We have demonstrated the formation of ISB polaritons and their immunity to the presence of inhomogeneous broadening. In addition, we have optimized the linewidth of ISB transitions via an epitaxial growth technique known as growth interruption.

Using these MIM cavities, we have successfully demonstrated the evidence of polaritons scattering towards a final state via their interaction with longitudinal optical (LO) phonons under resonant injection of coherent light. We have also developed free-space amplitude modulators, which rely on the change of reflectance of the strong coupling regime to which a radio frequency (RF) bias is applied. Finally, we have shown the existence of a new form of excitonic state within the conduction band of doped Quantum Wells. For this demonstration, we have taken advantage of the strong confinement offered by MIM resonator to bind together the repulsive charges of an ionizing transition. v Résumé de la thèse Dans ce résumé, je présente dans un premier temps un bref aperçu des domaines spectraux de l'infrarouge moyen et du Térahertz. Je discute ensuite des perspectives offertes par les dispositifs fonctionnant dans le régime de couplage fort entre la lumière et la matière. Enfin, je présente les motivations de cette thèse afin de développer des sources de lumière basées sur des polaritons intersous-bandes et je présenterai les principaux résultats obtenus.

Les gammes spectrales de l'infrarouge moyen et du térahertz L'infrarouge moyen (MIR) et le térahertz (THz) sont des gammes de fréquences électromagnétiques situées entre la bande des télécommunications (proche infrarouge) et la gamme des micro-ondes, avec des longueurs d'onde typiques allant de 2 μm à 30 μm pour le MIR et de 30 μm à 3000 μm pour le THz. Ces gammes spectrales possèdent une grande variété d'applications en astronomie, spectroscopie, imagerie, évaluation non destructive, sciences médicales, sécurité et surveillance environnementale.

La gamme MIR est connue sous le nom de région des "empreintes moléculaires" en raison de la forte interaction entre le rayonnement infrarouge moyen et les vibrations moléculaires. Les molécules présentent un spectre d'absorption unique dans cette gamme. Par rapport au domaine spectral des télécommunications, la sensibilité de détection des molécules est favorisée en raison du coefficient d'absorption plus élevé (quelques ordres de grandeur). La région de l'infrarouge moyen possède également des fenêtres atmosphériques transparentes (3-5 μm et 8-14 μm), qui sont importantes pour les télécommunications en espace libre et les applications de détection de gaz. Grâce aux sources de lumière cohérente commerciale (tel que le laser à cascade quantique (QCL), les applications susmentionnées ont connu un grand essor ces dernières années.

Des lors, le développement des technologies de guides d'ondes sur puce a considérablement progressé dans cette plage spectrale vue de répondre aux applications existantes. L'idée ici est de créer des circuits photoniques MIR entièrement intégrés qui offriraient une compacité sans précédent. À cet égard, nous notons la récente démonstration de croissance de QCL sur substrat de Silicium qui offrent de nouvelles perspectives à ce domaine de recherche. Cependant, l'intégration de sources de lumière cohérentes reste un défi majeur en raison du seuil élevé des QCL Mid-IR. Cela pourrait empêcher une approche totalement intégrée. À cet égard, les travaux développés dans le cadre de cette thèse visent à exploiter la stimulation de l'état final dans les systèmes bosoniques, ce qui pourrait conduire, en principe, à un seuil d'émission laser moins élevé. vi Malgré l'existence de nombreuses applications, la région spectrale du THz est historiquement connue sous le nom de "fossé Térahertz", en raison de l'absence de sources puissantes, compactes, fonctionnant à température ambiante et de détecteurs sensibles et rapides. En ce qui concerne les sources THz, il existe plusieurs façons de générer un rayonnement THz, en utilisant, par exemple, des impulsions de lasers NIR ultra-rapides (courant photoélectrique ultra-rapide généré dans une antenne photoconductrice et effets non linéaires), et des lasers à électrons libres. Cependant, les systèmes susmentionnés sont généralement encombrants ou bien émettent de faibles puissances de sortie (~ μW). Au cours des dernières décennies, l'émergence du laser à cascade quantique dans le MIR en 1994 et la région des THz en 2002 a ouvert de nouvelles perspectives.

Le laser à cascade quantique repose sur des transitions entre sous-bandes dans les puits quantiques, où la fréquence d'émission peut être réglée par une ingénierie de bande de la largeur du puits quantique. Bien que le QCL soit une source prometteuse pour le THz, les THz-QCL fonctionnent encore à basse température. À ce jour, la valeur record est de 210K. Les exigences de températures de fonctionnement plus élevées et de meilleures performances (puissance de sortie élevée et courant à seuil bas) sont des objectifs importants dans ce domaine de recherche afin d'aboutir à une exploitation commerciale de cette gamme spectrale.

Le couplage fort lumière-matière offre de nouvelles perspectives L'interaction lumière-matière est au coeur de nombreux phénomènes fondamentaux en spectroscopie, tels que la transmission, la réflexion et l'absorption. En 1946, E. Purcell a proposé un modèle théorique décrivant la modification de l'émission spontanée d'atomes lorsqu'ils sont placés dans un résonateur. Une telle amélioration du taux d'émission spontanée a été réalisée expérimentalement avec des atomes de Rydberg dans une cavité supraconductrice en 1983. Lorsque l'interaction devient significativement forte pour modifier les propriétés inhérentes des systèmes découplés, un émetteur quantique et un résonateur, nous observons un nouveau régime d'interaction lumière-matière. Il s'agit du régime de couplage fort. Ce régime est obtenu lorsque la force de couplage est supérieure aux taux d'amortissement des systèmes découplés. La signature de ce régime est la formation de deux nouveaux états hybrides ainsi qu'un anti-croisement spectral lorsqu'ils sont sondés dans la dispersion entre l'énergie et le vecteur d'onde dans le plan. Ces travaux sont généralement regroupés sous l'appellation d'électrodynamique quantique en cavité (cQED acronyme anglais).

Le régime de couplage fort a été observé sur plusieurs plates-formes : des atomes de Rydberg, des excitons de semiconducteurs, des transitions intersous-bandes, des boites vii quantiques uniques, des excitons moléculaires, les dichalcogénures de métaux de transition, les modes de vibration moléculaire, les phonons de semiconducteurs pour n'en cite que quelqu'uns. En physique des solides, ces états sont appelés polaritons. Ces polaritons sont non seulement des outils pour la réalisation d'études fondamentales, telles que la condensation de Bose-Einstein et la superfluidité, mais aussi des candidats prometteurs pour des applications possibles, tel que les lasers à faible seuil, la logique tout optique, les commutateurs à photon unique, et le contrôle de la réactivité chimique.

La motivation de la thèse

Cette thèse s'inscrit dans le cadre d'une activité au long terme qui vise à développer des dispositifs optoélectroniques polaritoniques dans les gammes de fréquences MIR et THz. Ces dispositifs s'appuient sur des polaritons intersous-bandes issus du régime de couplage fort entre les transitions intersous-bandes et les microcavités résonantes. La figure 1 représente la courbe typique de dispersion énergie-vecteur d'onde des polaritons ISB. Le système découplé comprend un émetteur quantique (une transition ISB représentée par la ligne pointillée horizontale), et un mode de résonance des microcavités représenté par la ligne pointillée parabolique. Si l'on parvient à les coupler avec une force d'interaction suffisante, ces systèmes découplés perdent leurs caractéristiques indépendantes, ce qui entraîne deux nouveaux états couplés, appelés polariton supérieur (courbe solide bleue) et polariton inférieur (courbe verte).

Théoriquement, les polaritons peuvent être considérés comme des bosons et suivre une statistique bosonique. Ils peuvent donc être sujet à une stimulation par l'état final au lieu de l'inversion de population classique sur laquelle fonctionnent les lasers conventionnels.

On peut donc envisager une expérience de pompage optique où les polaritons sont créés sous l'injection résonnante de lumière cohérente. Comme proposé théoriquement, ils peuvent être soumis à des mécanismes de relaxation tels que la diffusion polaritonpolariton ou polariton-phonon vers un état final. Lorsqu'une densité critique est atteinte à cet état final, le taux de diffusion ( ) sera stimulé et croîtra de manière exponentielle comme  + 1, étant la densité de polarité à l'état final. Cela conduira à une accumulation rapide de polaritons, formant un état quantique macroscopique qui se rayonnera hors de la cavité sous la forme d'un faisceau lumineux cohérent. L'effet laser des polaritons issus de la condensation a été observé pour la première fois dans les systèmes exciton-polariton et a ensuite été proposé théoriquement pour les polaritons de l'ISB par l'équipe de C. Ciuti à l'Université Paris ix  Optimisation des durées de vie polaritoniques par l'amélioration des durées de vie des systèmes découplés : transitions intersous-bandes dans les puits quantiques et mode photonique en microcavité résonante.

 Réalisation de l'injection optique dans des états de polariton brillants et détection de la lumière émise par les polaritons diffusés.

Les Principaux résultats de la thèse Le chapitre 2 est consacré à l'analyse des transitions intersous-bandes (ISB) dans les puits quantiques multiples GaAs/AlGaAs. Tout d'abord, les fondements théoriques des semi-conducteurs, de la théorie des bandes, des puits quantiques et des absorptions intersous-bandes sont donnés. Ensuite, les mécanismes de relaxation qui régissent les largeurs de lignes des transitions ISB sont discutés. La description des échantillons et les dispositifs expérimentaux sont présentés. Enfin, des résultats expérimentaux sur l'effet de l'interruption de la croissance sur la durée de vie des polaritons ISB ainsi que sur la présence d'un élargissement inhomogène sont présentés (Figure 2).

Le chapitre 3 est consacré à l'étude de la microcavité optique, conçue pour exploiter le régime de couplage fort entre les transitions intersous-bandes et les photons MIR. Tout d'abord, une introduction générale aux résonateurs optiques est donnée. Ensuite, un bref examen des résonateurs qui ont été utilisés par la communauté ISB, est présenté.

Plus précisément, notre approche utilise des cavités métal-métal (MIM), en raison de la capacité à confiner la lumière à des échelles de sous-longueurs d'onde. En outre, l'analyse complète, la fabrication, les caractérisations optiques et les calculs d'ondes électromagnétiques des cavités MIM sont abordés. Enfin, je présente les résultats expérimentaux de plusieurs types de microcavités optiques qui ont été développées au x cours de cette thèse, y compris la cavité dispersive, la cavité non dispersive (patchs), et un nouveau type de plateforme de cavité basée sur des substrats à faible indice (CaF2/BaF2) pour la réduction des pertes et l'accès optique à deux ports (voir Figure 3).

Le chapitre 4 présente le régime de couplage fort obtenu entre les transitions ISB et le mode optique confiné dans une cavité MIM dispersive. Tout d'abord, le cadre théorique du régime de couplage fort lumière-matière et la formation de deux modes polaritoniques brillants couplés sont présentés. Les perspectives de développement de sources lumineuses cohérentes basées sur les polaritons ISB sont discutées. Ensuite, nous démontrons expérimentalement la formation de polaritons ISB dans les cavités MIM. Nous étudions également l'influence des polaritons intersous-bandes par la présence de l'inhomogénéité dans les transitions intersous-bandes. Ensuite, nous apportons l'observation expérimentale de la diffusion des polaritons ISB via l'interaction entre ces polaritons et les phonons optiques longitudinaux dans une configuration de pompage optique résonant. Pour finir, nous rapportons la preuve de concept du couplage fort dans une cavité sur substrat de CaF2. Figure 5: a) Le principe de modulation. Les spectres de réflectivité de l'échantillon HM4099 sous différents biais appliqués. A un biais nul, la réflectivité montre deux modes polaritoniques (courbe rouge) représentés par deux lignes pointillées. Sous un biais croissant, qu'il s'agisse de valeurs négatives ou positives, l'écartement de Rabi diminue progressivement. b) Réponse en fréquence de l'échantillon HM4099 à 300K. Le modulateur peut fonctionner jusqu'à une vitesse de 1,5 GHz. L'encadré montre l'image optique du dispositif de modulation. c) Les résultats expérimentaux du régime de couplage fort pour les transitions liées au continuum d'états. L'interaction forte conduit à la formation d'un mode excitonique en dessous de l'énergie d'ionisation (ligne pointillée). 

Introduction

In this chapter, I will briefly introduce the mid-infrared and Terahertz (THz) spectral ranges. I will then present the opportunities offered by the strong light-matter coupling regime in view of developing a novel class of optoelectronic devices within these spectral ranges. In this respect, I will present our strategy to practically exploit this interaction regime. Finally, I will give the outline of the thesis.

The mid-infrared and terahertz spectral ranges

Mid-Infrared (MIR) and Terahertz (THz) are electromagnetic frequency ranges between the telecommunication (near-IR) band and the microwave range, with typical wavelengths spanning from 2 μm to 30 μm for MIR and from 30 μm to 3000 μm for THz. These spectral ranges possess a variety of applications in astronomy, spectroscopy, imaging, non-destructing evaluation, medical sciences, security, and environmental monitoring [1], [2].

The mid-IR spectral range is known as the "molecular fingerprint" region because of the strong interaction between the mid-IR radiation and molecular vibrations. Molecules present a unique absorption spectrum within this range [3] and their detection sensitivity is favored due to the larger absorption coefficient (few orders of magnitude higher than the NIR region). The Mid-IR region also possesses two transparent atmospheric windows (3-5 μm and 8-14 μm), that are important for freespace telecommunication and gas sensing applications. In this respect, there has been a surge of activities over the last two decades within the MIR range which in turn has witnessed a spectacular increase in technological developments. Among the plethora of commercially available coherent light sources, the Quantum Cascade Laser (QCL) has become one of the emblematic devices which has strongly stimulated the development of applications in this range [4]. In the continuity, there is now a surge of activities aiming at integrating coherent light sources and detectors on CMOS compatible platforms to develop for instance on-chip spectroscopic sensing and quantum optics platforms [5]- [7]. The idea here is to create fully integrated MIR photonic circuits that would offer unprecedented compactness to the sensing devices. In this respect, we note the recent impressive demonstration of QCLs grown on Si substrates that offer new vistas to this research field [START_REF] Nguyen-Van | Quantum cascade lasers grown on silicon[END_REF]. However, the integration of coherent light sources remains a major challenge due to the elevated threshold of Mid-IR QCL [START_REF] Yao | Mid-infrared quantum cascade lasers[END_REF]. This may prevent a fully integrated approach. In this respect, the work Introduction developed along this thesis aims at exploiting final state stimulation in bosonic systems, which could lead, in principle, to lower lasing threshold.

Despite the existence of numerous applications, the THz spectral region is historically known as the "Terahertz gap", due to the lack of powerful, compact, room-temperature sources and high-speed, sensitive detectors. In terms of coherent THz sources, there are several ways to generate THz radiation, using, for instance, ultrafast NIR lasers pulses (ultrafast photocurrent generated in a photoconductive switch [START_REF] Hawecker | Cavity-based photoconductive sources for real-time terahertz imaging[END_REF], [START_REF] Mourou | Picosecond microwave pulses generated with a subpicosecond laser-driven semiconductor switch[END_REF] and nonlinear effects [START_REF] Lee | Generation of narrow-band terahertz radiation via optical rectification of femtosecond pulses in periodically poled lithium niobate[END_REF]), and free-electron lasers (FEL) [START_REF] Deacon | First Operation of a Free-Electron Laser[END_REF]. However, the aforementioned systems emit low output powers (~ μW) or are extremely bulky (FEL). While difficulty to exploit this frequency range comes from the difficulty to find a semiconductor with a very small bandgap, the emergence of the QCL in the THz region in 2002 [START_REF] Köhler | Terahertz semiconductor-heterostructure laser[END_REF] has offered new perspectives. Their developments have been possible thanks to the advance of nanotechnology, especially molecular beam epitaxy that allows the precise control of the deposited semiconductor layer thickness down to the atomic level.

The QCL relies on intersubband transitions in quantum wells, where the emission frequency can be tuned by band engineering of the quantum well width. Beside this tremendous success, the THz-QCLs still operate at low temperatures. To date, the record value is 210K [START_REF] Bosco | Thermoelectrically cooled THz quantum cascade laser operating up to 210 K[END_REF]. The demands for higher operating temperatures and better performance (high output power and lower-threshold current) are important objectives in this research field.

Strong light-matter coupling offers new perspectives

The light-matter interaction is at the heart of many fundamental observable phenomena in spectroscopy such as transmission, reflection, and absorption [START_REF] Grynberg | Introduction to quantum optics: from the semi-classical approach to quantized light[END_REF]. In 1946, E. Purcell proposed a theoretical frame to describe the modification of the spontaneous emission of atoms when placed in a resonator [START_REF] Purcell | Spontaneous Emission Probabilities at Radio Frequencies[END_REF]. Such enhancement of the spontaneous emission rate was experimentally realized with Rydberg atoms in a superconducting cavity in 1983 [START_REF] Goy | Observation of Cavity-Enhanced Single-Atom Spontaneous Emission[END_REF].

When the interaction becomes significantly strong to alter the inherent properties of uncoupled systems, a quantum emitter, and a resonator, we observe a new light-matter interaction regime. It is the strong coupling regime. This regime is obtained when the coupling strength is larger than the damping rates of the uncoupled systems. The strong coupling regime was observed in several platforms: Rydberg atoms in a microwave cavity [START_REF] Kaluzny | Observation of Self-Induced Rabi Oscillations in Two-Level Atoms Excited Inside a Resonant Cavity: The Ringing Regime of Superradiance[END_REF], [START_REF] Meschede | One-Atom Maser[END_REF], atoms in an optical cavity [START_REF] Thompson | Observation of normal-mode splitting for an atom in an optical cavity[END_REF], and an excitonic system in a semiconductor microcavity [START_REF] Weisbuch | Observation of the coupled exciton-photon mode splitting in a semiconductor quantum microcavity[END_REF] to name a few. The classic signature of the regime is the formation of two new hybrid states and a characteristic anti-crossing behavior of these hybrid states when probed in the dispersion between energy and in-plane wave vector. In solid-state physics, these states are called polaritons.

The motivations of the thesis

Since then the strong coupling regime has been demonstrated for many different coupled systems such as intersubband transitions [START_REF] Dini | Microcavity Polariton Splitting of Intersubband Transitions[END_REF], single quantum dots [START_REF] Reithmaier | Strong coupling in a single quantum dot-semiconductor microcavity system[END_REF], [START_REF] Peter | Exciton-Photon Strong-Coupling Regime for a Single Quantum Dot Embedded in a Microcavity[END_REF], molecular excitons in metallic dimers [START_REF] Schlather | Near-Field Mediated Plexcitonic Coupling and Giant Rabi Splitting in Individual Metallic Dimers[END_REF], transition metal dichalcogenides [START_REF] Liu | Strong light-matter coupling in two-dimensional atomic crystals[END_REF], molecular vibrational modes [START_REF] Shalabney | Coherent coupling of molecular resonators with a microcavity mode[END_REF], quantum emitters in plasmonic cavities [START_REF] Zengin | Realizing Strong Light-Matter Interactions between Single-Nanoparticle Plasmons and Molecular Excitons at Ambient Conditions[END_REF]- [START_REF] Santhosh | Vacuum Rabi splitting in a plasmonic cavity at the single quantum emitter limit[END_REF] to name a few. More interestingly, polaritons are not only the key enabling tool for the realization of fundamental studies, such as Bose-Einstein condensation [START_REF] Kasprzak | Bose-Einstein condensation of exciton polaritons[END_REF] [33] and superfluidity [START_REF] Amo | Superfluidity of polaritons in semiconductor microcavities[END_REF], but also promising candidates for applications such as all-optical logics [START_REF] Liew | Optical Circuits Based on Polariton Neurons in Semiconductor Microcavities[END_REF], [START_REF] Sanvitto | The road towards polaritonic devices[END_REF], single-photon switches [START_REF] Englund | Controlling cavity reflectivity with a single quantum dot[END_REF]- [START_REF] Volz | Ultrafast all-optical switching by single photons[END_REF], chemical reactivity control [START_REF] Hutchison | Modifying Chemical Landscapes by Coupling to Vacuum Fields[END_REF]- [START_REF] Galego | Suppressing photochemical reactions with quantized light fields[END_REF], and low threshold coherent emitters [START_REF] Bajoni | Polariton lasers. Hybrid light-matter lasers without inversion[END_REF].

The motivations of the thesis

This thesis is a part of a long-term activity that aims at developing polaritonic optoelectronic devices in the MIR and THz frequency ranges. These devices rely on intersubband polaritons issued from the strong coupling regime between intersubband transitions and resonant micro-cavities [START_REF] Dini | Microcavity Polariton Splitting of Intersubband Transitions[END_REF], [START_REF] Sapienza | Electrically Injected Cavity Polaritons[END_REF]- [START_REF] Manceau | Mid-infrared intersubband polaritons in dispersive metalinsulator-metal resonators[END_REF]. Figure 1.1 represents the typical energy-wavevector dispersion curve of ISB polaritons. The uncoupled system includes a quantum emitter (an ISB transition represented by the horizontal dotted line), and a micro-cavity resonant mode represented by the parabolic dashed line. If one manages to couple them with a sufficient interaction strength, these uncoupled systems lose their independent characteristics, resulting in two new coupled states, called upper polariton (blue solid curve) and lower polariton (green curve). Theoretically, polaritons can be regarded as bosons and they follow bosonic statistics. In turn, they can be subject to final state stimulation [START_REF] Imamog¯lu | Nonequilibrium condensates and lasers without inversion: Exciton-polariton lasers[END_REF] instead of the classic population inversion on which conventional lasers operate [START_REF] Bajoni | Polariton lasers. Hybrid light-matter lasers without inversion[END_REF].

Hence, one can envision an optical pumping experiment where polaritons are created under resonant injection of coherent light. As proposed theoretically, they can be subject to relaxation mechanisms such as polariton-polariton or polariton-phonon scattering towards a final state. When a critical density is reached at this final state, the scattering rate ( ) will be stimulated growing exponentially as  + 1 [START_REF] Bajoni | Polariton lasers. Hybrid light-matter lasers without inversion[END_REF], [START_REF] Miesner | Bosonic Stimulation in the Formation of a Bose-Einstein Condensate[END_REF], [START_REF] Colombelli | Perspectives for Intersubband Polariton Lasers[END_REF]. This will lead to a rapid accumulation of polaritons, forming a macroscopic quantum state which will decay radiatively out of the cavity under the form of a coherent beam of light. The polariton lasing from the condensation was observed for the first time in exciton-polariton systems [START_REF] Kasprzak | Bose-Einstein condensation of exciton polaritons[END_REF] and was then proposed theoretically for ISB polaritons by the team of C. Ciuti in Université Paris 7 [START_REF] Liberato | Stimulated Scattering and Lasing of Intersubband Cavity Polaritons[END_REF], [START_REF] Nguyen-Thê | Effective polaritonpolariton interactions of cavity-embedded two-dimensional electron gases[END_REF]. Note that there is to date no experimental demonstration of such stimulated mechanism with ISB polaritons. Introduction While an electrical injection scheme is a key feature in view of the development of commercial devices, we have opted for the optical pumping scheme in view of demonstrating final state stimulation with ISB polaritons. Indeed electrical injection is a rather difficult task as most of the injected electrons tunnel into the numerous dark polaritonic states, inherent to the collective nature of intersubband transitions [START_REF] Delteil | Optical phonon scattering of cavity polaritons in an electroluminescent device[END_REF]- [START_REF] Chastanet | Surface emitting thermally assisted polaritonic lightemitting device[END_REF]. Note here, that activities are leaded within our team where the electronic tunneling process within polaritonic states are studied in a reversed approach using intersubband detectors [START_REF] Vigneron | Quantum well infrared photo-detectors operating in the strong light-matter coupling regime[END_REF]. In turn, some important aspects in view of optically pumped polaritonic devices and other activities on electrically controlled polaritons have to be emphasized:

 Development of an optical cavity in order to obtain a dispersion behavior that can favor the different scattering mechanisms and that is compatible with an electrical injection scheme. 

Outline of the thesis

Chapter 2 is dedicated to the analysis of intersubband (ISB) transitions in GaAs/AlGaAs multiple quantum wells. First, the theoretical foundations of semiconductors, band theory, quantum wells, and intersubband absorptions are given. Second, relaxation mechanisms that govern ISB transition linewidths are discussed. Samples description and experimental setups are presented. Finally, experimental results on the effect of growth interruption on the lifetime of ISB polaritons as well as the presence of inhomogeneous broadening are reported.

Chapter 3: is devoted to the study of the optical microcavity, designed to exploit the strong coupling regime between intersubband transitions and MIR photons. First, a general introduction to optical resonators is given. Then, a short review of resonators, which have been used to develop ISB polaritons in the community, is presented. Specifically, our approach mostly employs metal-metal (MIM) cavities, due to the ability to confine light at sub-wavelength scales. Additionally, the complete analysis, fabrication, optical characterizations, and electromagnetic wave calculations of the MIM cavities are discussed. Finally, I present experimental results of several types of optical microcavities that have been developed during this thesis, including dispersive cavity, non-dispersive cavity (patches), and a new type of cavity platform based on lowindex substrates (CaF2/BaF2) for loss reduction and two-port optical access.

Chapter 4: presents the formation of the strong coupling regime between the ISB transitions and the optical confined mode in a dispersive MIM cavity. First, the theoretical framework of the strong light-matter coupling regime and the formation of two coupled bright polaritonic modes are presented. The perspectives for the development of coherent light sources based on ISB polaritons are discussed. We then experimentally demonstrate the formation of ISB polaritons in MIM cavities. We also investigate the influence of the intersubband polaritons by the presence of the inhomogeneity in the intersubband transitions. More importantly, we report the experimental evidence of the ISB polaritons scattering using the interaction between ISB polaritons and longitudinal optical phonons under resonant optical pumping configuration. Finally, we report the proof-of-concept of the strong coupling in a CaF2based cavity.

Chapter 5: briefly presents the strong coupling regime in non-dispersive MIM cavities and the development of optoelectronic devices based on the ability to control the strongly coupled system. First, I present the experimental evidence of the strong coupling regime. Since the energy versus wave vector dispersion is non-dispersive, we Chapter 1 Introduction tune the cavity modes by changing the metal patch width. Second, we employ the devices to develop amplitude modulators in the mid-IR region. The operating principle of these modulators relies on the ability to move the system in and out of the strong coupling regime by tuning the doping. Last but not least, we experimentally explore a new type of the strong coupling regime for ionizing transitions (bound-to-continuum transitions) embedded in non-dispersive MIM cavities and demonstrate the first experimental observation of a bound state within the conduction band of doped QWs. 

Intersubband transitions in multiple quantum wells

Intersubband transitions (ISBT) in doped square semiconductor quantum wells (QW) represent the central part of this thesis as they are the building blocks of midinfrared/terahertz semiconductor optoelectronic devices, such as quantum cascade lasers (QCL) [4], quantum well infrared photodetectors (QWIP) [START_REF] Levine | Quantum-well infrared photodetectors[END_REF], and potential polaritonic (coherent) emitters [START_REF] Colombelli | Perspectives for Intersubband Polariton Lasers[END_REF]. This chapter is devoted to the study of the basic concepts, properties, and important aspects of intersubband (ISB) transitions in GaAs/AlGaAs quantum wells. I will start this chapter by an introduction to band theory in semiconductors. It is then followed by the concepts of quantum wells and intersubband absorptions. Additionally, I discuss relaxation mechanisms that affect important parameters of ISB transitions such as linewidth and peak absorption frequency. To characterize ISB transitions, typical samples and the experimental setups are also described. I conclude by providing experimental evidence on some growth tactical techniques that allow to reduce the transition linewidths.

III-V Semiconductors and band theory

III-V semiconductors

Semiconductors belong to a class of materials whose electrical conductivities are different than those of metals and insulators. The features of semiconductors can be understood from the electronic band structure. A conventional scheme of the band structure of solids is shown in figure 2.1. In an isolated atom, electrons occupy discrete energy levels, arranged into shells and subshells. When many atoms are brought and bonded together to form an ordered atomic arrangement, the discrete energy states may form energy bands, hence the electronic band structure [START_REF] Callister | Materials Science and Engineering[END_REF]. Depending also on the atomic arrangement (interatomic distance), we will have metals, semiconductors, or insulators. Metals either have available electron states within the valence band (copper, Cu) or an overlap of the filled band and the empty band (magnesium, Mg). Semiconductors and insulators have a similar band structure with an energy band gap between the valence and conduction bands. The difference between them is that semiconductors have relatively small band gaps (Eg_GaAs =1.43 eV) compared to those of insulators (Eg-diamond = 5.6 eV).

Chapter 2 Intersubband transitions in multiple quantum wells

In this thesis, we mainly study and use III-V semiconductor alloys, which are compounds of materials of group III and materials of group V of the periodic table, such as GaAs and AlAs. We choose to work with these semiconductors for two reasons: (i) they have been studied for a long time to grow high-quality crystalline structures by molecular beam epitaxy (MBE) and MOCVD and (ii) GaAs is a direct band gap semiconductor which ensures excellent optical and electrical properties suitable for our desired optoelectronic devices.

Most of III-V semiconductor compounds show a Zinc-Blende crystal structure (figure 2.2.a). The unit cell of the zinc-blende consists of two types of atoms in the lattice. These two sorts of atoms belong to two identical interlocking face-centered cubic (FCC) sublattices. One sublattice is translated from the other along the body diagonal 

Band theory

The properties of semiconductors arise from the fact that electrons experience the periodic potential of the crystal, unlike in metals where electrons can be considered as moving freely as in the classical Drude model. For the sake of simplicity, we consider that semiconductors have perfect crystalline structures. The properties of electrons in semiconductors are described by the solutions of the Schrödinger equation, forming the band structure of allowed states for electrons.

There are several approaches to calculate the band structures of semiconductors. We can divide methods into two classes: the first class includes methods to calculate the entire valence and conduction bands such as the tight-binding method and the pseudopotential method; and the second class includes approaches that describe band structures in the vicinity of the band extrema. The second category is simpler and more accurate near the band extrema. One of the most common methods in the second category is a perturbative technique called " . method".

The Schrödinger equation describing the electronic states of an electron in a periodic potential of a crystalline structure has the form

2 + ( ) ( ) = ( ) (2.1)
where ( ) is the periodic potential of the crystal seen by electrons, is the mass of electron. Due to the nature of the crystal structure, ( ) has the same periodicity as the crystal, thus, ( ) = ( + ) with R is the Bravais vector of the crystal. According to the Bloch's theorem [START_REF] Peter | Fundamentals of semiconductors: physics and materials properties[END_REF], the appropriate wave functions of electrons moving in a periodic potential are a product of a plane wave and a periodic function with the same periodicity as the crystal ( ( )) as:

, ( ) = √ , ( ) (2.2)
where V is the volume of the unit cell, n is the band index, k is a vector of the reciprocal space, , ( ) = , ( + ). To solve the Schrödinger equation, we discuss here the . method [START_REF] Singh | Electronic and optoelectronic properties of semiconductor structures[END_REF], [START_REF] Peter | Fundamentals of semiconductors: physics and materials properties[END_REF], which is a very effective technique to analyze the band structures near the band extrema. This technique is adequate to depict the optical properties of semiconductors since most of the interesting properties of semiconductors originate from the regions near the band extrema. We substitute the Bloch function ( In this representation, H0 is the unperturbed Hamiltonian of the electron, while H1 and H2 can be seen as the 1 st and 2 nd order terms of the perturbed Hamiltonian. In the case of III-V semiconductor alloys, we consider the band edge k0 at Γ= (000) in the center of the Brillouin zone. We apply the perturbation theory and expand the equation for small k around k0 to obtain eigenstates and eigenenergies.

For k0 at Γ= (000), we get

2 + ( ) , ( ) = , , ( ) (2.5) 
By solving this equation, we obtain a set of solutions for , ( ), which form a complete orthonormal set of bases to find the 1 st perturbation order wave functions, as follows:

, = , + ℏ . , ', , -', ' , (2.6) , = , + ℏ . , ', (2.7) 
The energy for the 1 st order vanishes since p has an odd parity and , has inversion symmetry around the extremum -k0 = (000). We need to find the energy correction for the 2 nd order.

, = ,0 + ℏ 2 + ℏ , . ', , -', ' (2.8) 
This k.p method gives an approximately parabolic energy dispersion in the vicinity of the extremum. We introduce here the concept of effective mass, by which the energy dispersion , can be expressed as a free-electron dispersion with an effective mass instead of m0.

1 * = 1 + 2 , . ', , -', ' (2.9) 
The band structures of GaAs and AlAs are shown in figure 2.3 [START_REF] Singh | Electronic and optoelectronic properties of semiconductor structures[END_REF]. We can observe the non-parabolicity of the band structure of GaAs for -vectors further away from the symmetry point Γ= (000).

Heterostructures

Heterostructures

Since the development of semiconductor growth in the 1970s by molecular beam epitaxy (MBE) [START_REF] Cho | Molecular beam epitaxy[END_REF], it is possible to grow high-quality "atomic layer-by-atomic layer" semiconductor heterostructures. A classic example of heterostructure is the semiconductor quantum well. A quantum well structure consists of a small bandgap semiconductor (well) sandwiched between two large bandgap semiconductor layers (barriers) which satisfy the lattice matching condition (figure 2.4.b), such as GaAs and AlAs. In a type I semiconductor quantum well, carriers (electrons and holes) are confined in the small bandgap semiconductor region along the growth axis (z-axis) but move freely along the x and y directions (figure 2.4.c). Such structure can be called a 2D nanostructure [START_REF] Davies | The physics of low-dimensional semiconductors: an introduction[END_REF]. In this study, we focus on GaAs/AlGaAs quantum wells: the small bandgap semiconductor is the GaAs well and the large bandgap semiconductor is the AlxGa(1-x)As barrier with x = 0.33.

In heterostructures, when two different materials are in contact, the difference of band gaps modifies the conduction band and valence band profiles, resulting in the final profile of Ec(z) and Ev(z) (figure 2.4.d). To describe the electron wave functions in heterostructures, we can use the approach developed for bulk semiconductors [START_REF] Singh | Electronic and optoelectronic properties of semiconductor structures[END_REF]. The electron wave function is now expressed as the product of a periodic function , (with Intersubband transitions in multiple quantum wells the same periodicity as the crystal) and an envelope function ( , ( )) slowly varying compared to the lattice constant as , ( ) = , ( ) , ( ).

(2.10)

We note that the envelope function represents the motion of the electron with respect to V ( ) -the potential originating from the presence of the heterostructure. By adopting the concept of the effective mass, we can write the Schrödinger equation for the envelope function as

- ℏ 2 * + V (z) , ( ) = , ( ).
(2.11)

The envelope function , ( ) can be separated into the free movement part as plane waves in the x-y plane, and (z) along the z-direction:

, ( ) = k . .e k (z).

(2.12)

We substitute the wave function , ( ) in (2.12) to (2.11) and get:

-

ℏ 2 * + V (z) ( ) = ( ) (2.13) where = - ℏ * 
+ k .

The equation (2.13) contains the complete information of electrons confined in the growth direction of the quantum well, while freely moving in the x-y plane. We consider now some simple cases to acquire a general idea of confined subbands of electrons.

ISB transitions in semiconductor quantum wells

In the case of infinite barriers, we have

= ℏ 2 *
and the energy of the electronic subbands is = + ℏ ∥ * . In the case of a finite barrier, we have to solve the equation numerically instead of looking for analytical solutions. The electron wave functions now exponentially decay in the barriers (figure 2.4d).

ISB transitions in semiconductor quantum wells

In this section, we derive the ISB absorption coefficient. To do that we need to model bound electrons in the semiconductor as harmonic oscillators with a friction caused by scattering processes (Lorentz model -classical model) and the coupling between the electromagnetic field and electronic transitions in quantum wells by the Fermi's golden rule. Both of these models are applied for a single-particle picture. For a system having many electrons, we introduce the concept of collective effects of the system at the end of this section. 

Lorentz model

The Lorentz model is a classical model to describe light propagation in insulators or semiconductors. Here the optical properties of the material arise from oscillations of bound electrons under a harmonic force from the presence of a light wave [START_REF] Fox | Optical Properties of Solids[END_REF]. A bound electron in the model can be considered as an oscillator having a single resonant frequency ω . Under the influence of an electric field of a light wave ( ) = ωt having an angular frequency and an amplitude , the electron will oscillate around an atom at a fixed position as = ωt . Electrons in semiconductors suffer from damping effects caused by scattering processes. We assume that the considered medium has an electron density per unit volume N, and damping term . The equation of motion for the electron has the following form:

+ + ω = -( ).
By substituting ( ) = ωt and = ωt into the above equation, we get:

(--γω + ω ) ( ) = -( ) (2.
14) The displacement of the microscopic bound electrons from their equilibrium positions results in a resonant contribution to the macroscopic polarization as

res ( ) = -N ( ) = - ( - + γω) ( ) (2.15) 
The relation between polarization and electric field can be represented as res ( ) = ( ) ( ) (2.16) where the electrical susceptibility is introduced as

( ) = - N 1 ( - + γω) .
(2.17)

In addition, we have a relation between the displacement of electrons in the medium under the effect of the electric field and the polarization as

= + .
(2.18) We can separate the polarization into a non-resonant background term and a resonant term arising from the interaction between light and electrons as = + background + res . The final relation can be written in terms of the relative dielectric function as = , (2.19) where we have introduced the relative dielectric function as

( ) = 1 + bg + ( ) = - N 1 ( - + γω) .
(2.20)

Note that the high-frequency limit of the dielectric function ( ), (∞) ≡ = 1 + bg and if the system consists of many different resonant frequencies j, the relative dielectric function becomes:

2.3 ISB transitions in semiconductor quantum wells

( ) = - 1 - + γω (2.21)
with Nj the volume density of electrons oscillating at frequency j.

To model the optical response of intersubband transitions in quantum wells, we replace the electron free mass by the effective mass and introduce an oscillator strength for each transition [START_REF] Liu | Intersubband transitions in quantum wells: Physics and device applications[END_REF]. If the ISB absorption takes place between the 1 st and 2 nd subbands within the conduction band of the quantum well, the relative dielectric function responsible for the optical ISB absorption becomes:

( ) = 1 - * - + γω , (2.22)
Where N2D is the sheet doping concentration in the quantum well structure, LQW is the effective thickness of the quantum well [START_REF] Załużny | Coupling of infrared radiation to intersubband transitions in multiple quantum wells: The effective-medium approach[END_REF], [START_REF] Todorov | Intersubband polaritons in the electrical dipole gauge[END_REF].

Semiclassical model of the ISB absorption

In this section, we deduce the inter-subband absorption rate between two confined electronic states within the conduction band of a quantum well structure by applying the semiclassical model for light-matter interaction (Fermi's golden rule). The semiclassical approach means that the electronic states are quantized but the photon field is considered as a classical electromagnetic field.

We assume an incident electromagnetic plane wave with a linear polarization = ̂ ( . -ωt), where is the amplitude of the electric field, ̂ is the polarization vector, and is the propagation vector [START_REF] Grynberg | Introduction to quantum optics: from the semi-classical approach to quantized light[END_REF]. The vector potential associated with the incident electric field can be written as The interaction Hamiltonian of the electromagnetic field and an electron casts in the form:

( , ) = E 2 ( . ωt) + . ( 2 
= 1 2 * ( + ) + Coulomb = 2 * + 2 * ( . + . ) + 2 * + Coulomb (2.24)
where Coulomb is the Coulombic potential of electron and nuclear, = -ℏ is the momentum operator. From the Coulomb gauge condition, we have a relation: . = . .

The Hamiltonian of the electron in the electromagnetic field can be rewritten as = H + int with H being the atomic Hamiltonian:

Intersubband transitions in multiple quantum wells

= 2 * + Coulomb int = * . + 2 * = E 2ω * . + 2 *
The second term * in the interaction Hamiltonian is much smaller than the linear term * . , as the momentum of the light field is much smaller than the momentum of electron | | ≪ . Therefore, we can neglect this term as we work with low intensity fields.

int = E 2ω * .

(2.25)

We now use the above expression in the calculation of the intersubband transition rate.

For simplicity, we use the dipole approximation, which is available when the wavelength of electromagnetic waves that excite the ISB transition is much larger than the characteristic dimension of the system (the quantum well width). Consequently, the ISB transitions can be treated as electric dipoles. Two subband states, | ⟩ (initial state) and | ⟩ (final state), within the conduction band of a GaAs/AlGaAs quantum well structure, can be considered as a two-level system. We apply the Fermi's golden rule for the interaction of the two-level and the electromagnetic field to calculate the absorption rate [START_REF] Liu | Intersubband transitions in quantum wells: Physics and device applications[END_REF] We substitute the interaction Hamiltonian (2.25) into (2.26). The transition rate becomes:

i = 2 ℏ ⟨ | int | ⟩ --ℏ ( 
= 2 ℏ 4 * | . | --ℏ (2.27)
We now consider the matrix element of the transition rate. We separate the matrix element in terms of the periodic Bloch function and the envelope function as follows:
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| . | = ̂ | | , ( ) , ( ) + ̂ , ( )| | , ( ) (2.28) 
The first term represents the transitions between the valence band and the conduction band (the interband transitions): this term vanishes because we are working only on the ISB transitions (φi and φj are orthogonal). The second term represents the transitions between subband states within the conduction band, called intersubband transitions. The overlap integral term of the Bloch functions ( ) becomes unity for ISBTs within the conduction band. Therefore, we get:

| . | = 1 * + + = 1 + , ‖ -‖ + 1 ‖ -‖ * = ‖ -‖ * = ‖ , ‖ ( )| | ( )
To excite ISBTs, the z component of the electric field must be non-zero because the electron momentum vector of the ISB transitions is along the z-direction. Additionally, the optical ISB transitions are vertical in -space ‖ = ‖ , and the transition energy = -in the parabolic band approximation.

= 2 ℏ 4 * ( )| | ( ) --ℏ . (2.29)
In reality, we replace the delta function for energy conservation by a Lorentzian function of full width at half maximum (FWHM) of Г in order to take into account the homogeneous line broadening. It arises from scattering of electrons with electrons, electrons with impurities, electrons with lattice vibrations (phonons), as well as interface roughness.

= 2 ℏ 4 * ( )| | ( ) --ℏ + . (2.30)
In a bulk material, the 3D absorption coefficient is defined by the ratio of the absorbed energy over unit time and volume, ℏ .

, and the intensity of the incident electromagnetic wave = . In a quantum well structure, we are interested in the two-dimensional absorption coefficient, which is obtained by the relation = ⋅

, where is the effective thickness of the QW structure. We obtain the 2D absorption coefficient between the first and second confined subbands as follows: 

( ) = ℏ 2 * ( --ℏ ) + ; ( 2 

Many-body effects -the depolarization shift

Up to now we only discussed the single-particle approach for determining the absorption of the intersubband transition. Indeed, this process involves an elevated number of electrons, with the electron densities ranging from 10 11 cm -2 to 10 12 cm -2 in our case. Consequently, the intersubband transition is a collective effect originating from the optical response of a two-dimensional electron gas (2DEG) under an electromagnetic field [START_REF] Ando | Electronic properties of two-dimensional systems[END_REF]. In this scenario, the multiple quantum wells (MQWs) can be modeled as an effective medium that can support plasma oscillations associated with the ISB transitions. The plasma frequency is defined from equation (2.22) as = *

(2.32)

In fact, under the presence of an electromagnetic field, the electrons populating the 1 st subband level do not only perform optical transitions but also experience an effective induced field resulting from the oscillations of other electrons (called the depolarization field). This phenomenon can significantly impact the optical transition of the 2DEG, causing a blue shift of the absorption frequency. It is called the depolarization shift. Hence, the absolute frequency of ISBTs is renormalized by taking into account the collective effect as:

= + (2.33)
Therefore, the more the quantum wells are doped, the ISB absorption frequency will blue shifted.

We now estimate the depolarization shift for a typical quantum well structure used in this thesis, 8.3 nm / 20 nm GaAs/Al0.33Ga0.77As with a sheet doping concentration of 1 × 10 12 (cm -2 ). The Schrodinger-Poisson calculation predicts a transition of 118. 

Scattering processes in intersubband transitions

The ISBT lifetime is dominated by the different relaxation mechanisms of electrons and is relevant for both applied and fundamental physics. In this section, we discuss scattering mechanisms that influence the ISBT relaxation lifetime. An electron moving in a real crystal of a semiconductor will experience scattering processes from either inherent dynamic properties or imperfections of the lattice. Therefore, the scattering channels will perturb the electrons and change their states. These types of mechanisms are categorized as homogeneous broadening. The homogenous broadening is the result of intrinsic scattering properties and small length scale extrinsic scattering including phonons (longitudinal optical (LO) and longitudinal acoustic (LA) phonons), alloy disorder, impurities, and interface roughness. Among the various relaxation mechanisms of electrons in confined electronic states, experiments suggest that elastic processes, such as ionized impurities, are the major axes of improvement to reach the intrinsic linewidth limitation due to phonons [START_REF] Dupont | Influence of ionized impurities on the linewidth of intersubband transitions in GaAs/GaAlAs quantum wells[END_REF], [START_REF] Campman | Interface roughness and alloy-disorder scattering contributions to intersubband transition linewidths[END_REF], [START_REF] Faist | Phonon limited intersubband lifetimes and linewidths in a two-dimensional electron gas[END_REF]. Besides that, another cause of broadening arises from the growth imperfections, such as well-to-well thickness variation, and non-uniform distribution of doping across the quantum wells. This type of mechanism is categorized as inhomogeneous broadening.

To understand the homogenous broadening, we apply Fermi's golden rule to describe the transition rate of an electron from an initial excited state | ⟩ to a final lower state under a perturbation from scattering processes as

1 = ℏ = 2 ℏ s | ⟩ --δE , (2.34)
where s is a Hamiltonian describing scattering processes, is the lifetime of the electron at the | ⟩ state, and are the energies of the initial and final states, is the energy exchange during the scattering process ( = 0 for elastic scattering), and is the energy broadening of the transition [START_REF] Loudon | The quantum theory of light[END_REF].

The homogeneous linewidth of the ISBT can be represented as follows:

2 = ℏ 1 + 2 (2.35)
with T1 is the lifetime of the excited electrons in the 2 nd subband, and T2 is the dephasing time.

Sample description and experimental setup Sample description

As mentioned in section 2.3.3, each period of our quantum well structure consists of an 8.3-nm-thick GaAs well and 20-nm-thick Al0.33Ga0.67As barriers. We often deal with multiple quantum well (MQW) structures which have been grown by molecular beam epitaxy on semi-insulating GaAs substrates. The donor doping (Si) is introduced during the growth of each quantum well either in the well (bulk doping) or in the barrier (modulation doping).

According to the theory of ISB transitions, only the z-component of the electric field can excite ISB transitions in quantum wells. Consequently, samples are shaped in a configuration that allows the excitations of ISB transitions. The thickness of the MQW structure (~1 um) is smaller than the excitation wavelength (~10 um). The position of the MQWs relative to the nodes and antinodes of the excitation wave is therefore important.

We choose the multi-pass waveguide configuration to increase the coupling between the excitation field and the quantum wells, as light is reflected and passes through the quantum well region several times. In detail, a 5-nm/100-nm-thick layer of Ti/Au is first deposited on the sample's surface. The presence of the deposited metallic layer leads to an antinode of the electric field at the metal-semiconductor interface and hence maximizes the field overlap with the active region. The sample is then shaped in a multi-pass waveguide structure by mechanical polishing to obtain 45° double facets as depicted in figure 2.6.a. The sample is mounted on copper blocks and placed inside a continuous flow cryostat equipped with antireflection coated Zin-Selenide (ZnSe) windows for measurement at cryogenic temperatures.

Experimental setup

To characterize the intersubband absorption, a standard transmission spectroscopy approach is utilized with a Fourier transform infrared spectrometer (FTIR) from Bruker (Vertex 70v). This FTIR is equipped with a globar source, which is a silicon carbide bar heated up by a high voltage supply. A specific beam splitter is employed to obtain the desired spectrum (KBr for mid-infrared). The light source is then polarized 2.4 Sample description and experimental setup by a wire grid holographic Thallium Bromoiodide (KRS-5) polarizer and focused on the 45°-facet prism. The transmitted signal is measured by a DTGS (deuterated triglycine sulfate) detector. The transmission spectrum is then obtained by doing a Fourier transform of the measured interferogram.

In addition, the presence of optical elements (Ex: beam splitter) within the FTIR leads to a difference of the light intensity between TE and TM polarizations as one can notice from the upper panel of figure 2.6.b. Practically, to solve the issue, we will normalize the transmissions of a sample over those of the reference (chamber vacuum). Therefore, we perform two measurements for the sample and two measurements for the vacuum chamber with TM and TE polarizations. The final transmission spectrum is obtained by normalizing the measurements of the sample to that of the vacuum reference in order to correct for the presence of anisotropy in the probe signal:

Transmission spectrum =
An example of the typical transmission spectrum of a sample, named HM3983 (38 QWs and n2D = 1 × 10 12 (cm -2 )), is shown in figure 2.6.b. It is clear that signal intensities coming out from the Globar source are slightly different for TM and TE polarizations (top and middle panels). This confirms that the normalization of the measurements is essential. Under TM-polarized illumination, the sample absorbs a significant amount of the signal and shows a sharp ISB transition.

Experimental investigations on linewidth broadening mechanisms of ISB-transitions

The objective of this experimental work is to gauge the influence of some scattering mechanisms and the possibilities to decrease their contribution to the linewidth of ISB transitions within MQW structures. A deeper understanding of relaxation mechanisms is very important in view of optimizing the ISBT linewidth and to approach the intrinsic linewidth limitation due to phonons [START_REF] Faist | Phonon limited intersubband lifetimes and linewidths in a two-dimensional electron gas[END_REF]. We classify here several relaxation mechanisms relevant to our quantum well structures, and discuss the countermeasures adopted to decrease their contribution:

i. Ionized impurities scattering ii.

Inhomogeneous broadening in multiple quantum wells iii.

Interface roughness and the growth interruption technique

Ionized impurities scattering

In this section, we study with transmission spectroscopy the ionized impurities scattering mechanism by adjusting the positions of the Si-donor layers within the QWs. 

Experimental investigations on linewidth broadening mechanisms of ISBtransitions

Additionally, the measured ISBT linewidths are compared to the value obtained from a nominal undoped sample under photo-injection of carriers and which is effectively free from ionized impurities scattering.

We consider the first set of samples, which includes two doped and one undoped samples. The doped samples consist of 35 repetitions of QWs, where the doping is introduced in different manners. In the first (HM3770) the wells were volume-doped with nominal concentration n2D = 1.05×10 11 cm -2 . The second (HM3818) was remotely δ-doped at the center of the barriers with n2D = 1.02×10 11 cm -2 (modulation doping).

The undoped sample (HM4105) consists of 87 repetitions. Here, the number of quantum wells is superior in order to enhance the absorption of the ISBT since the number of photo-excited charges will be relatively low in comparison to the doped samples. Furthermore, a rapid calculation shows that a 532nm beam can be absorbed over 0. While for the doped samples (HM 3770/3818), we used the experimental approach already described in section 2.4.2 (experimental setup) and depicted in figure 2.7.a, it is indispensable to bring carriers from the valence band to the 1 st subband in the case of the undoped sample (HM4105). In this respect, a photo-induced absorption experimental scheme has been implemented [START_REF] Helman | Intersubband spectroscopy of doped and undoped GaN/AlN quantum wells grown by molecular-beam epitaxy[END_REF]. The sample is also shaped in a multipass waveguide configuration with double polished facets and without the top metallic layer to let the access of the photoexcitation beam to the active region. A continuouswave pump laser (532nm) is used to photo-excite the electrons from the valence band to the 1st confined level of the conduction band as illustrated in figure 2.7.b. The Globar source was polarized and focused on the 45° facet out of the FTIR and the collected signal was sent to an MCT detector. The spectrum was recorded using a step scan approach along with a synchronous detection scheme to improve the signal-to-noise ratio. Note: the photo-induced absorption measurement was performed by Arnaud Jollivet.

The transmission spectra of the doped samples (HM3770 and HM3818) recorded at 78K are shown in figure 2.8.a. The black dots show the experimental data while the red lines represent a Voigt fit. Here, the Voigt convolution function is chosen to fit our experimental data since it is the most appropriate one as both homogenous (Lorentzian shape) and inhomogeneous broadenings (Gaussian shape) contribute to the total 2.5 Experimental investigations on linewidth broadening mechanisms of ISBtransitions linewidth [START_REF] Manceau | Immunity of intersubband polaritons to inhomogeneous broadening[END_REF]. The ISB transition energy of the modulation-doped sample is redshifted by 9.7 meV with respect to the sample doped within the well. This is the consequence of the Hartree potential due to donors and charges separation [START_REF] Liu | Intersubband transitions in quantum wells: Physics and device applications[END_REF]. That effectively reduces the depth of the QW and consecutively compensates for the depolarization shift induced by the plasma frequency [START_REF] Ando | Electronic properties of two-dimensional systems[END_REF], [START_REF] Warburton | Influence of Collective Effects on the Linewidth of Intersubband Resonance[END_REF], [START_REF] Graf | Direct Observation of Depolarization Shift of the Intersubband Resonance[END_REF], [START_REF] Liu | Intersubband transitions in quantum wells: Physics and device applications[END_REF].

Interestingly, a linewidth reduction of a factor of 2 is noticed between the modulationdoped sample with a full width at half maximum (FWHM) of 6.3 meV, and the volume doped sample with a 13.1 meV FWHM. This observation reveals that the ionized impurities scattering strongly broaden the linewidth of ISBT in the volume-doped sample, which is in good agreement with the literature [START_REF] Dupont | Influence of ionized impurities on the linewidth of intersubband transitions in GaAs/GaAlAs quantum wells[END_REF].

To acquire more information on the influence of ionized impurities scattering, we measured the ISB transition of the undoped sample at 78K using the photo-induced absorption spectroscopy technique already described. The undoped sample is unaffected by the ionized impurities scattering channel. 

Inhomogeneous broadening of ISBT in multiple quantum wells

This section aims to investigate the inhomogeneous linewidth broadening existing in multiple quantum well structures. The analogous phenomenon exists in atomic physics, where atoms in a gas moving with different velocities cause random shifts of each emitter resonance, called Doppler broadening [START_REF] Demtr | Atoms, Molecules and Photons: An Introduction to Atomic-, Molecular-and Quantum Physics[END_REF]. Another example of the inhomogeneous broadening can also be observed in the optical transitions of assemblies of quantum dots [START_REF] Gammon | Homogeneous Linewidths in the Optical Spectrum of a Single Gallium Arsenide Quantum Dot[END_REF].

Regarding the ISBT broadening, the inhomogeneity arises mainly from the presence of multiple quantum wells. More specifically, it is due to slight imperfections, such as well-to-well thickness variation, single well width fluctuation, and non-uniform distribution of doping across the quantum wells. A comprehensive insight into the inhomogeneous broadening is shown in figure 2.9. Here, we assume that each quantum well presents a Lorentzian absorption line shape at a certain energy. The well-to-well width fluctuation in the MQW induces different absorption peaks at various energies. Therefore, the absorption line shape of the MQW is represented by a broad Voigt convolution (dashed gray curve).

The presence of the inhomogeneity in ISB transitions is experimentally investigated in a set of samples that was designed to study the LO-phonon -polariton scattering process (chapter 4). The details of the samples are summarized in table 2.2.
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Absorption Energy Figure 2.9: Sketch of well-to-well thickness variation -a source of inhomogeneity in a multiple quantum well structure. Supposing that each quantum well gives a Lorentzian absorption line shape at a certain energy. The absorption line shape of the multiple quantum well is represented by a broad convolution (dashed gray curve) The transmission spectra of four samples at 300K and 78K are stacked in figure 2.10. The spectra present the same tendency at room and nitrogen liquid temperatures. The peak absorption frequency blue-shifts with increasing doping concentration. The explanation for this tendency comes from the depolarization shift. Once again, similar physics can be found in atomic physics, where atoms in a gas interact with each other, resulting in a shift of the atomic energy levels as a function of the density of atoms in the gas [START_REF] Demtr | Atoms, Molecules and Photons: An Introduction to Atomic-, Molecular-and Quantum Physics[END_REF].

Most remarkably, the ISBT linewidths broaden dramatically with increasing doping. Especially for highly doped samples, HM 3872 and HM3875, low-energy shoulders beside the absorption peaks are clearly observed at 78K. Doping concentration can be a factor causing the inhomogeneity in the ISBT of MQWs. Furthermore, common tendencies occur in all studied samples including ISBT linewidths that are larger and absorption peaks that redshift as the temperature rises from 78K to 300K. The former is mainly due to the more effective phonon scattering processes of LO and LA phonons as temperature increases [START_REF] Unuma | Intersubband absorption linewidth in GaAs quantum wells due to scattering by interface roughness, phonons, alloy disorder, and impurities[END_REF], [START_REF] Von Allmen | Intersub-band absorption in GaAs/AlGaAs quantum wells between 4.2 K and room temperature[END_REF]. The latter observation comes from the temperature dependence of the band effective mass model and the nonparabolicity factor in GaAs [START_REF] Manasreh | Intersubband infrared absorption in a GaAs/Al0.3Ga0.7As quantum well structure[END_REF], [START_REF] Covington | Infrared intersubband absorption in GaAs/AlAs multiple quantum wells[END_REF], [START_REF] Larrabee | Temperature dependence of intersubband transitions in InAs/AlSb quantum wells[END_REF]. As the temperature increases, more electrons populate large wavevector states. Besides that, a significant reduction in the transition energy stems from the band nonparabolicity of GaAs with increasing electron wavevectors. As a result, increasing temperature causes redshifts in the absorption peaks.

To acquire more knowledge on the origin of the inhomogeneity in our MQWs, we consider a high doped sample showing a low-energy shoulder in the absorption spectra (figure 2.10 for n2D = 4.4 × 10 12 cm -2 or n2D = 7.6 × 10 12 cm -2 ). Since the origin of the inhomogeneity may come from the presence of multiple quantum wells, we investigate the ISBT linewidth as a function of the number of quantum wells. To do that, we removed quantum wells from the sample HM3872 (n2D = 4.4 × 10 12 cm -2 ) by a wet chemical etch with a solution of sulfuric acid (H2SO4 : H2O2 : H2O). Knowing the etch rate and using different etch times, we obtained three different versions of sample HM3872 with 27, 21, and 10 quantum wells, respectively. The samples were then shaped in multi-pass waveguide configurations and the absorption measurements were recorded at room (300K) and low temperature (78K) as reported in figure 2.11.a-b. As 

Growth interruption

A few experimental reports have shown that the ISBT linewidth is dominated by the interface roughness existing between the boundaries of two materials in heterostructures [START_REF] Unuma | Intersubband absorption linewidth in GaAs quantum wells due to scattering by interface roughness, phonons, alloy disorder, and impurities[END_REF], [START_REF] Campman | Interface roughness and alloy-disorder scattering contributions to intersubband transition linewidths[END_REF]. Especially, roughness at the interfaces of GaAs/AlGaAs multiple quantum wells was estimated to be of the order of one atomic layer (a = 2.83 Å), with lateral periodicities of the order of 300 Å [START_REF] Weisbuch | Optical characterization of interface disorder in GaAs-Ga1-xAlxAs multi-quantum well structures[END_REF], [START_REF] Goldstein | Effect of Well Size Fluctuation on Photoluminescence Spectrum of AlAs-GaAs Superlattices[END_REF]. More importantly, it was reported to dominate the broadening of ISBT, especially for wells narrower than 10nm [START_REF] Campman | Interface roughness and alloy-disorder scattering contributions to intersubband transition linewidths[END_REF], [START_REF] Unuma | Intersubband absorption linewidth in GaAs quantum wells due to scattering by interface roughness, phonons, alloy disorder, and impurities[END_REF]. It is therefore critical for our applications to evaluate the impact of interface roughness, and to investigate possible countermeasures.

One solution to reduce the interface roughness is to apply the growth interruption technique, which had been successfully used in the past at heterostructure interfaces to smooth them out. Specifically for our material, the influence of the growth interruption depends on many factors, including the types of interfaces (GaAs-on-AlGaAs or AlGaAs-on-GaAs), the Al-concentration of the barrier, the specific design of the multiple QW systems [START_REF] Tanaka | Atomic-Scale Structures of Top and Bottom Heterointerfaces in GaAs-AlxGa1-xAs (x=0.2-1) Quantum Wells Prepared by Molecular Beam Epitaxy with Growth Interruption[END_REF], [START_REF] Tanaka | Atomistic models of interface structures of GaAs-AlxGa1-xAs (x = 0.2-1) quantum wells grown by interrupted and uninterrupted MBE[END_REF], the growth conditions and the concentration of residual impurities in the MBE system. In the following, we study its influence when applied to one or both types of interfaces AlGaAs-on-GaAs (named normal interface) and GaAs-on-AlGaAs (named inverted interface).

Here, we study a third batch of samples, where we applied the growth interruption (G.I.) technique. The set of samples, including eight samples (grown in the same batch), targets to study the ISBT broadening mechanism of interface roughness. All the samples are grown in the same configuration with 38-repetitions, and nominally doped to n2D = 1.02×10 12 cm -2 at the center of the barriers (strongly reducing the scattering from ionized impurities, as already shown. The growth interruption is applied during the process for either one or both interfaces (GaAs-on-AlGaAs and AlGaAs-on-GaAs) for 30 s, 60 s, and 120 s of interruption time. The details of the sample set are listed in The transmission spectra of this set were measured at 78K. The result of the growth interruption on the inverted interfaces is represented in figure 2.12.a, as a function of the interruption time. We note a similar transition frequency between the 0s-G.I. sample and the modulation-doped sample of the first set (section 2.5.1). The sheet doping concentration is one order of magnitude higher for samples in this third batch, demonstrating once again the balance between the depolarization shift and the Hartree potential. Remarkably, the linewidths are reduced by 1 meV for 30s-G.I. and 120s-G.I. samples. This phenomenon is similar to previous observations done by photoluminescence measurements [START_REF] Sakaki | One Atomic Layer Heterointerface Fluctuations in GaAs-AlAs Quantum Well Structures and Their Suppression by Insertion of Smoothing Period in Molecular Beam Epitaxy[END_REF], [START_REF] Tanaka | Atomic-Scale Structures of Top and Bottom Heterointerfaces in GaAs-AlxGa1-xAs (x=0.2-1) Quantum Wells Prepared by Molecular Beam Epitaxy with Growth Interruption[END_REF], [START_REF] Tu | Properties of (Al,Ga)As/GaAs heterostructures grown by molecular beam epitaxy with growth interruption[END_REF]. As the inverted interface (GaAs-on-AlGaAs) is known to be rougher than the normal interface [START_REF] Petroff | Impurity trapping, interface structure, and luminescence of GaAs quantum wells grown by molecular beam epitaxy[END_REF], the growth interruption favors the processes of diffusion and migration of atoms at the inverted interface, resulting in smoother interfaces and, in turn, narrower linewidths.

On the other hand, the result of the growth interruption on the normal interfaces is presented in figure 2.12.b, as a function of the interruption time. Here, the ISBT linewidths increase gradually with interruption time. The unfavorable influence of the growth interruption on the normal interfaces is probably due to the potential accumulation of impurities on GaAs surfaces. The finding that the influence of the G.I is different for top and bottom interfaces is relatively similar to previous observations [START_REF] Tanaka | Atomic-Scale Structures of Top and Bottom Heterointerfaces in GaAs-AlxGa1-xAs (x=0.2-1) Quantum Wells Prepared by Molecular Beam Epitaxy with Growth Interruption[END_REF], [START_REF] Tanaka | Atomistic models of interface structures of GaAs-AlxGa1-xAs (x = 0.2-1) quantum wells grown by interrupted and uninterrupted MBE[END_REF].

Experimental investigations on linewidth broadening mechanisms of ISBtransitions

To summarize the impact of G.I on both interfaces, we display the relationship of linewidth on G.I times in figure 12.c. We observe evidently the gradual increase of ISB linewidth up to 11% when the growth interruption is applied for normal interfaces while it decreases by 11% when applying the technique to the inverted ones. Moreover, in contrast to previous Photo-Luminescence measurements [START_REF] Tanaka | Atomic-Scale Structures of Top and Bottom Heterointerfaces in GaAs-AlxGa1-xAs (x=0.2-1) Quantum Wells Prepared by Molecular Beam Epitaxy with Growth Interruption[END_REF]- [START_REF] Tanaka | Atomistic models of interface structures of GaAs-AlxGa1-xAs (x = 0.2-1) quantum wells grown by interrupted and uninterrupted MBE[END_REF], the 120.s-120.s G.I. for both interfaces shows an ISBT broadening of 7.7 meV, which is close to the no G.I. value and suggests that the beneficial and detrimental effects of G.I. at the two interfaces tend to balance out. Finally, we anticipate that similar results could be obtained for another III-V material system, such as InGaAs/AlInAs, as similar 120s.
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.12: a) ISB transmission spectra of the samples where the growth interruption was applied on the inverted interfaces (0s, 30s, 60s, and 120s). b) ISB transmission spectra of the samples, where the growth interruption was applied on the normal interfaces (0s, 30s, 60s, and 120s). c) The dependence of the ISBT linewidth on the growth interruption time.

interfaces smoothing led to a narrowing of excitons photoluminescence [START_REF] Singh | Role of interface roughness and alloy disorder in photoluminescence in quantum-well structures[END_REF]. Most of the work presented in this sub-paragraph has been reported in the following publication [START_REF] Tran | Evidence of Intersubband Linewidth Narrowing Using Growth Interruption Technique[END_REF].

Chapter conclusion

In conclusion, this chapter has presented the study of intersubband transitions in GaAs/AlGaAs QWs with the aim to optimize the ISBT linewidth. We have focused on some relaxation mechanisms that mainly contribute to the linewidth of ISB transitions within our structures including ionized impurities, interface roughness, and inhomogeneous broadening. We have found that the influence of ionized impurities has been reduced significantly when donor doped layers are placed far away from the well regions (modulation-doped). We have also applied the growth interruption technique for inverted interfaces (GaAs-on-AlGaAs) as a tool to improve the ISBT linewidth up to ~10%. In addition, we have experimentally observed the presence of inhomogeneity broadening in ISBT spectra for samples with a relatively high doping concentration due to the possible variations of well width thickness and doping within our MQWs. In chapter 4, we will study the effects of the linewidth narrowing by using the growth interruption technique and the inhomogeneous broadening in the strong light-matter interaction regime.

Chapter 3 Optical microcavities for Intersubband Polaritonic devices

This chapter presents the properties and characteristics of the optical microcavity, which is designed to enable the strong coupling between intersubband transitions in MQWs and mid-infrared radiation. First, I start the chapter with a general introduction to basics concepts, categories, and applications of optical cavities. In our case, we need to couple mid-IR radiation of ≈10 μm, from free space into the multiple quantum well system. I then introduce different optical resonators, which have been developed to study ISB polaritons. Our approach mostly focuses on metal-insulatormetal (MIM) cavities, owing to their extreme confinement and -at the same timeelevated overlap with the active region. Their design (using Rigorous Coupled Wave Analysis -RCWA), fabrication, and optical characterizations are discussed. Finally, I present several regimes of operation of MIM resonators which have been studied during this thesis, including the dispersive regime (wavevector-dependent energy dispersion) for optical pumping experiments, the non-dispersive regime (wavevectorindependent energy dispersion) for electrically contacted devices, and a new type of cavity platform based on low-index substrates (CaF2/BaF2) for loss reduction and twoports optical access in view of ultrafast pumping investigations.

A general introduction to optical cavities

Definition and characterization of an optical cavity

An optical cavity (also named resonator) is a structure that can store light at resonant frequencies determined by its material composition and geometry. The simplest optical cavity we can imagine is the Fabry-Perot resonator (figure 3  If light is confined in three dimensions within a cavity, a mode volume ( ) is introduced as the spatial extension of an optical mode in the cavity. For a given energy stored in the actual cavity, the effective mode volume represents a spatial region where the electric field is uniform, and its electric field intensity equals the maximum value of this cavity as the following equation:

= ∫ (r)| (r)| 2 3 r [ (r)| (r)| 2 ] (3.1)
where (r) is the dielectric constant, (r) is the electric field, and is the volume of the cavity.

 The Quality factor (Q-factor) represents the ability of a cavity to store the electromagnetic energy. The energy stored in the cavity will decay gradually and the quality factor is defined as

= 2 ℎ . (3.2)
It is also related to the photon lifetime and can be represented as

= . = Δ , (3.3) 
where is the photon lifetime, is the frequency of m th mode, and Δ is the linewidth (FWHM) of this mode [START_REF] Vahala | Optical microcavities[END_REF], [START_REF] Kavokin | Microcavities[END_REF].

Categories of optical microcavities and their applications

I will now present a non-exhaustive list of dielectric/semiconductor optical cavities and their confinement mechanisms, such as micropillars, whispering gallery mode cavities (microdisk/ microtoroid), photonic crystal cavities, and plasmonic cavities (figure 3.2). 

= . = ∕ 4
, where is the central wavelength having the maximum reflectance. In principle, incident light with wavelength will be partially reflected at each interface of a DBR. All reflected rays will have the same phase and cause a constructive interference. The reflectivity of each DBR increases with the number of dielectric pairs. The spacer, thickness of ∕ , is introduced between these two DBRs, that is where light is confined. In a micropillar, light is also confined laterally by total internal reflection. Such DBR mirrors have been extensively used within the exciton-polariton communities [START_REF] Bajoni | Polariton lasers. Hybrid light-matter lasers without inversion[END_REF].

Micro-disks and microtoroids are categorized in the group of "whispering gallery mode" cavities, where the optical modes are confined by the continuous total internal reflection at the dielectric/air interface (figure 3.2.b). The total internal reflection happens when light goes from a medium with a higher refractive index to a lower one. When the incident angle satisfies the condition: > = sin ( ∕ ), light is totally reflected as shown in the dashed region of figure 3.2.b. The specific name of the cavity comes from the explanation of John William Strutt (Lord Rayleigh) on an acoustic wave guided around a closed concave surface, in the Whispering Gallery in Saint Paul's Cathedral London [START_REF] Foreman | Whispering gallery mode sensors[END_REF]. The "whispering gallery mode" cavities provide very high-quality factors when the smoothness of the dielectric material is optimized. It has been recently employed to the demonstration of Ge-Sn optically pumped lasers in the MIR [START_REF] Elbaz | Ultra-low-threshold continuous-wave and pulsed lasing in tensile-strained GeSn alloys[END_REF].

Photonic crystals (PhCs) are spatially periodic structures of different refractive index dielectric materials. PhCs are classified into three categories one-dimensional (the DBR can also be considered as a 1D PhC), two-dimensional, and three-dimensional depending on the dimensionality of the structures. More importantly, the periodicity of the PhC can induce a frequency band gap where no electromagnetic waves can propagate in the structure. By introducing a region where the periodicity is broken (called defect), one can obtain a localized mode within the defect region. Taking the 2D Optical microcavities for Intersubband Polaritonic devices perforated slab photonic crystal as an example, there are two different mechanisms of light confinement at work: a guided mode along the vertical direction, and in-plane localization by the 2D PhC array of holes etched into the slab. The resonant mode is localized tightly within the defect region, and photons can only escape from the cavity through defects, scattering, and absorption [START_REF] Joannopoulos | Photonic Crystals: Molding the Flow of Light, 2nd Edition[END_REF]. Such approach has for instance been successfully applied for the demonstration of surface-emitting QCLs in the MIR and THz range [START_REF] Colombelli | Quantum Cascade Surface-Emitting Photonic Crystal Laser[END_REF], [START_REF] Chassagneux | Electrically pumped photonic-crystal terahertz lasers controlled by boundary conditions[END_REF]. In addition, using photonic crystal nanocavities enables to demonstrate ultra-low threshold lasers (287 nA at 150K) [START_REF] Ellis | Ultralow-threshold electrically pumped quantum-dot photoniccrystal nanocavity laser[END_REF].

Table 3.1: A brief summary of quality factors (Q) and mode volumes of different cavity types

Plasmonic cavities are the ideal approach when sub-wavelength confinement is required. Generally, plasmonic cavities are based on noble metals (such as Ag and Au) which can support surface plasmon polaritons (SPPs) at the interface between a metal and an insulator [START_REF] Brongersma | The Case for Plasmonics[END_REF]. Plasmonic cavities can overcome the diffraction limit and confine light in an ultra-small volume (much smaller than λ) near the interface between a metal and an insulator [START_REF] Hugall | Plasmonic Cavity Coupling[END_REF]. Remarkably, with localized surface plasmon polaritons, there has been a recent demonstration of single-molecule strong coupling regime [START_REF] Chikkaraddy | Single-molecule strong coupling at room temperature in plasmonic nanocavities[END_REF].

Optical cavities for mid-infrared intersubband polaritons

In this section, I will present a non-exhaustive review of microcavities that have been used for ISB polariton devices.

In order to comply with the selection rule of ISB transitions (discussed in chapter 1), it is necessary to design a cavity confining the electric field along the growth axis (TM polarized). High Q-factor distributed Bragg cavities feature only a fraction of the electric field with TM polarization and they cannot be used for ISB devices. To overcome this problem, initial works proposed to use cavities based on total internal reflection [START_REF] Liu | Rabi splitting of the optical intersubband absorption line of multiple quantum wellsinside a Fabry-P\'erot microcavity[END_REF]. Intersubband polaritons were experimentally observed for the first time in 2003 using this approach [START_REF] Dini | Microcavity Polariton Splitting of Intersubband Transitions[END_REF]. In that demonstration, light is confined between the semiconductor-air interface on top and a low-index AlAs cladding layer at the bottom. The sample was mechanically shaped in a 60-degree wedge-prism configuration. Light is injected from the bottom substrate by oblique incidence and the angle-resolved reflectivity measurement was done by manually rotating the sample holder within a Nicolet FTIR (figure 3 [START_REF] Dupont | Vacuumfield Rabi splitting in quantum-well infrared photodetectors[END_REF]. c) The quantum cascade approach to exploit the electroluminescence from intersubband polaritonic systems by electrical injection -taken from [START_REF] Sapienza | Electrically Injected Cavity Polaritons[END_REF]. d) The double metal cavity with the top grating mirror for coupling light from free space, and exploiting the strong/ultra-strong couplings in the THz region -taken from [START_REF] Todorov | Strong Light-Matter Coupling in Subwavelength Metal-Dielectric Microcavities at Terahertz Frequencies[END_REF]. e) The MIM cavity, which features an angular dispersion, used for exploiting the strong coupling in the mid-IR region -taken from [START_REF] Manceau | Mid-infrared intersubband polaritons in dispersive metalinsulator-metal resonators[END_REF].

Optical microcavities for Intersubband Polaritonic devices straight onto the facet and deflected inside the substrate (figure 3.3.b). The light is efficiently coupled inside the waveguide when the in-plane wave vector of the radiation matches the wave vector of the waveguided mode.

A quantum cascade approach was proposed to investigate the electroluminescence from an intersubband polaritonic system by electrical injection [START_REF] Colombelli | Quantum cascade intersubband polariton light emitters[END_REF]. The resonator was also based on total internal reflection, with a top metallic mirror and a bottom cladding layer (low index AlAs). The experimental results were also reported in [START_REF] Sapienza | Electrically Injected Cavity Polaritons[END_REF] [125] (figure 3.3.c).

Despite these efforts, there are still several drawbacks in these cavity designs. First, the area for optical injection is quite small because of the small area of the wafer edge.

Second, the condition of the internal total reflection limits the number of probed angles.

The aforementioned reasons prevent this design from being a practical platform for ISB polariton devices.

Interestingly, a different confinement mechanism was proposed in a MIM cavity with a top metallic grating mirror and a bottom metallic mirror [START_REF] Todorov | Strong Light-Matter Coupling in Subwavelength Metal-Dielectric Microcavities at Terahertz Frequencies[END_REF], [START_REF] Todorov | Ultrastrong Light-Matter Coupling Regime with Polariton Dots[END_REF] (figure 3.3.d). The cavity allows to not only confine the light more tightly inside, but also access the cavity by the surface at any angle. This type of cavity was first used to demonstrate the strong/ultra-strong light-matter coupling at THz frequencies and was then extended to the mid-infrared region [START_REF] Manceau | Mid-infrared intersubband polaritons in dispersive metalinsulator-metal resonators[END_REF] (figure 3.3.e).

In the context of this thesis, I will mainly use the metal-metal cavity with a top grating metallic mirror to exploit the strong coupling regime between an ISB transition and an optical cavity mode. Despite the presence of Ohmic losses from the metal, these cavities offer significant advantages: elevated confinement of light (mid-IR and THz) inside the cavity, large surface area for easy optical access, and the possibility of engineering the system dispersion (energy vs -vector).

Confinement mechanism at a metal-dielectric interface

In this section, I will discuss the confinement mechanism at a metal-insulator interface by (i) introducing the classic Drude model for the optical properties of metals, and (ii) discussing the surface-plasmon polaritons (SPPs) at the interface.

The Drude model

The model of the electrical conduction of metals was first proposed by Paul Karl Ludwig Drude [START_REF] Drude | Zur elektronentheorie der metalle[END_REF] and is called "the classic Drude model". This model is commonly used to describe the optical properties of metals that stem from free electrons [START_REF] Fox | Optical Properties of Solids[END_REF], [START_REF] Gaponenko | Introduction to nanophotonics[END_REF].

We consider the oscillating motion of a free-electron under the alternating electric field ( ) = ωt of an optical field. In general, electrons will oscillate under an applied electromagnetic field, and their motions suffer collisions characterized by a damping 3.

3 Confinement mechanism at a metal-dielectric interface term = 1 ∕ , where is a scattering time. The equation of motion of the electron has the form:

+ = -( ) = - ωt (3.4)
where ω is the angular frequency of the optical field, is its magnitude. We note that the equation of the free electron does not contain the term of the restoring force as in the case of bound electrons in semiconductors (the Lorentz-Drude model -chapter 1). The position of the electron casts in the form = ωt . We then substitute this form into the equation of motion (1):

- ωt -ω ωt = -( ) = - ωt ⇔ - -ω = -( ) (3.5) 
and therefore, the position of the electron is:

= ( + γω) (3.6)
We assume that the electron density in the metal is N, therefore the polarization is linked to the displacement of electrons as = -N . We substitute the polarization into the displacement relation = ε + and obtain:

D=ε + = - Ne ( + γω) = (ω) (3.7) 
Consequently, the dielectric function of the metal is:

(ω) = 1 - Ne 1 ( + γω) = 1 - ( + γω) (3.8)
where = Ne is the plasma frequency of the metal.

( ) = ( ) + ( ) ( ) = 1 - 1 + ( ) = (1 + ) (3.9)
In the same manner, we find the relation between the conductivity of the metal ( ) and the dielectric function (ω). To do that, we rewrite the equation of motion of the electron as:

+ = -( ) = - ωt , (3.10) 
where is the velocity of the electron. Under the oscillating electric field, the velocity of the electron casts in the form = . By substituting the velocity into (3.10), we obtain:

( ) = - 1 1 - ( ).
(3.11)

The current density is defined as a function of the velocity and electric field: = -= .

(3.12) Therefore, the electrical conductivity becomes: 

( ) = 1 1 - = 1 - . ( 3 

Propagation of EM waves at a metal-dielectric interface Surface Plasmon Polaritons

Now, we study the surface plasmon polaritons by considering the wave propagating at the interface between a dielectric ε1 and a metal ε2 as depicted in figure 3.5. We first start with Maxwell's equation:

∇ × ∇ × = - ∇ - = 0 (3.16)
This equation is solved individually in different regions and the solutions are obtained by applying appropriate boundary conditions at the interfaces. In order to find proper solutions for propagating waves, we assume that the electric field is a harmonic timedependent function ( , ) = ( ) and the equation (3.16) becomes:

∇ + = 0 (3.17)
This equation is known as the Helmholtz equation, where = ∕ is the wave vector of the propagating wave. In the considered case, the dielectric function is a function of , where the propagation constant of the traveling wave, ( ), equals the wave vector in the propagation direction, , = . By inserting the form of the electric field into the equation (3.17), we obtain:

∇ + ( ) = 0 ⇔ ( ) + [ -] = 0 (3.18)
Similarly, we have the wave equation for the magnetic field H:

( ) + [ -] = 0 (3.19)
We can separate the solutions into two categories, depending on the polarization of the propagating waves: TM-modes and TE-modes. For the transverse magnetic mode (TMmodes) only the field components Ex, Ez, and Hy are non-zero. For the transverse electric mode (TE-modes) only the field components Hx, Hz, and Ey are non-zero. We write two sets of equations for the propagation of these two modes:

For TM-modes

+ [ ( ) -] = 0 = - 1 = - (3.20) 
For TE-modes

+ [ ( ) -] = 0 = 1 = (3.21) 3.
3 Confinement mechanism at a metal-dielectric interface Now, we consider the solution for TM-modes in the two media,

In medium 1 (dielectric) (z > 0, ε1 > 0) In medium 2 (metal) (z < 0, ε1 < 0)

( ) = ( ) = ( ) = - ( ) = ( ) = - ( ) = - (3.22) 
where and are the z-components of the wave vector in medium 1 and 2, respectively. By applying the continuity conditions of Hy and at the interface, we obtain that = and,

= -, (3.23) 
The condition is satisfied when one medium is a metal (negative dielectric function for visible light) and one medium is dielectric (positive dielectric function). Additionally, the z-components must satisfy the wave equation for TM mode, therefore

= - = - (3.24) 
Finally, we find the dispersion relation:

= ( ) + ( ) , (3.25) 
which is called the dispersion relation of the surface plasmon polariton mode (SPP-mode).

For TE-modes, we obtain:

In medium 1 (dielectric) (z > 0, ε1 > 0) In medium 2 (metal) (z < 0, ε1 < 0)

( ) = ( ) = - ( ) = ( ) = ( ) = ( ) = (3.26)
By applying the continuity condition for Ey and Hx at the interface, we infer that A2(kz1 +kz2) = 0. The condition for the confinement at the interface requires Re[kz1] > 0 and Re[kz2] > 0; this condition is fulfilled when A2 = 0 and thus A1 = A2 = 0. Therefore, we cannot excite surface modes with TE polarization because the continuity condition cannot be satisfied.

The SPP energy dispersion relation (eq 3.25) at the GaAs/Au interface is plotted in figure 3.6. At low energy excitation in the MIR and THz, the SPP dispersion approaches asymptotically the light line in GaAs (blue line). For large values of , the SPP dispersion approaches the surface plasmon energy of the GaAs/Au interface. We note that the SPP mode does not couple with the free space radiation because it is always below the light line in GaAs (blue line = / , = 3.3). There are several methods used to excite the SPP mode such as the Kretschmann configuration and a diffraction grating [START_REF] Maier | Plasmonics: fundamentals and applications[END_REF]. In the next section, we will see how optical modes can be guided in a metal-insulator (or dielectric)-metal platform and folded in the first Brillouin zone when the top metal layer is opened with a periodic grating.

Confinement mechanism of metal-insulator-metal cavities

In this section, I will analyze the optical modes confined in MIM cavities. I first solve Maxwell's equations for confined modes in a MIM cavity formed by two plane mirrors. I then discuss the cavity mode when the top mirror is patterned with a 1D metallic grating.

Metal-insulator-metal cavity

As discussed in section 3.3.2, the electromagnetic waves whose frequencies are below the plasma frequency of a metal can be confined to sub-wavelength structures. For instance, the plasma frequencies of gold and silver are around 2183 THz and 2180 THz 

k x (mm -1 )
corresponding to the energies of 9.026 eV and 9.013 eV [START_REF]Pt, Ag, Ti, and W in the infrared and far infrared[END_REF]. As a result, optical cavities based on metal can be employed to confine radiation from the visible region down to the THz.

We have introduced the classic Drude model and the surface plasmon polaritons (SPPs) existing at the interface between insulator and metal. We now consider the case of the propagation of electromagnetic waves in a metal-insulator-metal cavity. The MIM cavity consists of a semiconductor layer (thickness L) sandwiched between two plain metallic mirrors (figure 3.7.a). We keep in mind that, at the frequencies of our interest, light cannot travel in the metal, but only propagate at the interfaces. The guided modes in the MIM cavity are the solutions of the Helmholtz equations:

+ ( ) + ( ) = 0 (3.27)
where x is the propagation direction.

We first study the case of TE mode. The electric field is transverse (along the ydirection) to the direction of propagation x (figure 3.7.a). The electric field can be written in the following form:

( , ) = ( ) - (3.28) 
The wave travels along the x-direction as a plane wave with being the propagation constant, while ( ) is a function to be determined. We assume that the size of the metal plane is much bigger than the thickness of the dielectric layer L, therefore the derivation of the electric field is invariant along y. Substituting (3.28) into the equation (3.27), we get:

+ + + = 0 ( ) + ( -) ( ) = 0 (3.29)
The solution of ( ) has the form:

( ) = ( ) + ( ) (3.30) 
We apply the boundary condition at the metal interfaces and assume that the metal is a perfect conductor. The electric field is zero at the interfaces:

 z = 0 ⇔ ( ) = ( )  z = L ⇔ ( ) = ( ) = 0 ⇔ = n , where n = 1,2,3 (3.31) 
Finally, we find the solutions for the TE-modes:

( ) = n ( , ) = n -j = = - n , n = 1,2,3 (3.32)
where is the wavevector for nth TE guided modes. = -n is the dispersion relation.

Similarly, for TM modes, the magnetic field is transverse (along y-direction) to the direction of propagation x. The solution of the magnetic field has the form: ( , ) = ( ) -j .

(3.33)

The waves travel along the x-direction as a plane wave with being the propagation constant, and ( ) is a function to be determined. Substituting (3.33) into the Helmholtz equation, we get:

+ + + = 0 ( ) + ( -) ( ) = 0.
(3.34)

In the case of TM modes, the magnetic field does not change its sign when reflected at the dielectric-metal interface (a different boundary condition: The E-field is maximum at the interface). Therefore, the solution for ( ) should take the following form: The energy dispersion of the TM/TE propagation modes. For higher order modes, there are cut-off frequencies determining the lowest frequencies that EM waves can be confined in the cavity. In contrast, the TM0 mode shows no cut-off frequency.

( ) = ( ) (3 
3.4 Confinement mechanism of metal-insulator-metal cavities

 z = L ⇔ ( ) = ( ) = 0 ⇔ = m
, where m = 0,1,2,3…

Finally, we find the solution for the TM-modes:

( ) = m ( , ) = m -j = = - m , m = 0,1,2,3… (3.36) 
(3.36a)
where is the wavevector for the m th TM guided mode. (3.36a) is the dispersion relation.

In summary, both TE (transverse electric) and TM (transverse) modes can be confined in the double metal structures, their TM and TE mode profiles are depicted in figure 3.7.a. Interestingly, for m = 0, only the TM mode (TM0) can be supported. Furthermore, TM mode profiles show antinodes (max E-field) at the metal/dielectric interface due to the fact that the evanescent wave decreases exponentially in the dielectric medium; while TE mode profiles show nodes at the metal-dielectric interface since they reflect inside and satisfy the boundary conditions.

We now plot the energy dispersion versus the propagation wave vector for confined TE and TM-modes (figure 3 

In contrast to the higher-order TM and TE modes, the TM0 mode does not have a cutoff frequency. The cutoff frequency of an electromagnetic mode is defined as the lowest frequency (or the longest wavelength) that the electromagnetic wave can be confined in the cavity (satisfy the resonant condition between two mirrors = 2 ⁄ ). The cutoff frequencies of higher-order modes are calculated by the equation:

= ⋅ (3.38)
Therefore, the cavity is able to confine the TM0 mode at any frequency. On the other hand, the higher TM and TE modes do have cutoff frequencies that depend on the thickness of the dielectric layer. Consequently, the TM0 is the most favorable mode due to the independence of the thickness of the semiconductor layer.

Metal-insulator-metal cavity with a periodic opening on the top metallic mirror

In this part, I consider the MIM cavity geometry with a grating periodic opening on the top metallic mirror as shown in figure 3.8.a. It is now patterned with a one-dimensional metallic grating structure having a period Λ and filling factor ff (the ratio between the metal grating width and the period). The filling factor can take values from 0 to 1. The advantages of the top grating mirror are not only the ability to inject light from the surface, but also the new degrees of freedom to engineer the confined mode in the MIM cavity. The propagation of electromagnetic waves along the grating direction (x-axis in figure 3.7) is modulated by the grating structure. Due to the presence of the grating structure, the TM0 mode is folded in the first Brillouin zone to form optical branches separated by photonic gaps as schematically represented in figure 3.8.b.

In order to understand the behavior of electromagnetic waves in the MIM cavity, we employ the rigorous coupled-wave analysis (RCWA) combined with the scattering matrix treatment. This method is a well-known approach to study patterned multilayer structures. The method is discussed in detail in references [START_REF] Whittaker | Scattering-matrix treatment of patterned multilayer photonic structures[END_REF], [START_REF] Li | Use of Fourier series in the analysis of discontinuous periodic structures[END_REF].

The calculated field distributions show that the electromagnetic waves are coupled and confined within the two metallic mirrors (figure 3.8.a). The field under each grating In order to gain more insight into how the electromagnetic waves behave in the MIM cavity, we apply the RCWA simulation to analyze the energy dispersions and the modal confinements. We classify the MIM cavities into two categories: the dispersive cavity and the non-dispersive cavity, depending on the thickness of the semiconductor layer. In a dispersive cavity, the optical modes are delocalized, hence the energy dispersion depends on the in-plane wavevector. On the other hand, in a non-dispersive cavity, the optical modes are localized under the metallic patches, thus the energy dispersion does not depend on the in-plane wavevector. Figure 3.9 shows the energy dispersions and the mode distribution profiles of the dispersive and non-dispersive cavities. In the calculation, we have used the dielectric function of GaAs [START_REF] Palik | Handbook of optical constants of solids II[END_REF]:

= 1 + - - + , (3.39) 
where = 292 cm -1 is the frequency of the longitudinal optical phonon (LO), = 268 cm -1 is the frequency of the transverse optical phonon (TO), = 2.4 cm -1 is the damping constant of the TO phonon, and = 11 is the high-frequency dielectric function. We have also used the permittivity of evaporated gold taken from [START_REF] Olmon | Optical dielectric function of gold[END_REF]:

= 1 - - , (3.40) 
with = the electron relaxation rate, = 14 ± 3 ( ) the effective electron relaxation time, (ℏ = 8.5 ± 0.5 ) the plasma frequency.

In the case of the dispersive MIM cavity (figure 3.9.a), the thickness of the dielectric layer is thick enough to induce mode delocalization and comparable to the distance between two adjacent metallic strips. The parameters (thickness = 1.1 μm, period Λ= 4 μm, and filling factor = 70%) allow the modes confined under each metallic strip to couple with each other, leading to the formation of the dispersive relation.

On the other hand, in the case of a non-dispersive cavity (figure 3.9.b), the thickness of the dielectric layer is very thin compared to the distance between two adjacent metallic strips. The parameters of the non-dispersive cavity (thickness = 0.2 μm, period Λ= 4 μm, and filling factor or duty cycle = 70%) force the optical modes to be confined entirely 

Sample Fabrication and Experimental Optical Setup

below the metallic strips. Each metal strip can be considered as a single independent resonator and the optical modes do not couple with each other, leading to the formation of the non-dispersive energy relation. The frequencies of the confined modes depend on the width of the metal strip according to the following relation taken from [START_REF] Todorov | Optical properties of metal-dielectric-metal microcavities in the THz frequency range[END_REF]:

= = 2 , (3.41) 
where c is the speed of light, ( ) is the frequency (wavelength) of the resonant mode, p is the width of the metal strip (p = Λ × filling factor), neff is the effective refractive index of the cavity mode, and m is the order of the resonant mode (m = 1, 2, 3…).

In both dispersive and non-dispersive cases, the electromagnetic modes are strongly confined within the dielectric layer between the two mirrors. Numerical simulations predict the excellent performances of the MIM cavity regarding the efficiency of radiation coupling from free space into the cavity and the strong confinement of the optical modes.

Sample Fabrication and Experimental Optical Setup

In this section, I will first present the sample fabrication and experimental setups for optical characterizations. I will then provide the measured optical behavior for different regimes of operation: the dispersive cavity and the non-dispersive. Finally, I will present a new platform using a low-index substrate (CaF2 or BaF2). This platform aims to reduce the losses from the bottom metallic mirror of MIM cavities. To do that, we will replace the bottom mirror by a low-index substrate.

Sample Preparation

The scheme of the fabrication procedure is illustrated in figure 3.10. First, the molecular beam epitaxy (MBE) is performed to grow active regions which are multiple quantum well structures (GaAs/Al0.33Ga0.67As) or bare semiconductor material (GaAs) with an etch stop layer (Al0.5Ga0.5As). The MBE growths are done by Giorgio Biasiolour collaborator in TASC (Trieste, Italy). The typical ISB transition inserted within these cavities were presented in chapter 2. Once we receive the epitaxial samples, a host wafer -a GaAs wafer -along with the grown sample are prepared (figure 3.10.a).

They are cleaned to remove dust and a possibly thin oxidized layer with the following steps: (i) rinsing in acetone and isopropanol, (ii) applying soft oxygen plasma for 3 mins, (iii) and rinsing 90 seconds in a solution of HCL:H20 (1:4). Second, a thin layer of Ti/Au (5-10 nm/300-500 nm) is deposited by the evaporator (PLASSYS) (figure 3.10.b). Third, the thermocompression wafer bonding is applied to bond the sample and the host together (figure 3.10.c). The big wafer is then diced into small pieces of 1cm x 1cm. After that, the substrate removal is performed to eliminate the top material (about 500-μm GaAs). At this stage, mechanical polishing is employed first to roughly remove 400 μm and a chemical etch is used to slowly remove the remaining GaAs at a speed of roughly 2 μm/mins in a solution of citric acid powder (C₆H₈O₇)(gram)/H20 (ml)/H2O2 (ml) (3:3:1). The chemical etching process takes advantage of the presence of the stop layer, which can protect the active region due to its much slower etch rate. The sample is then exposed to an oxygen plasma for 5-10 mins and follows by two etching steps in HCl:H20 (1:1) for 90 seconds and pure HF for 90 seconds to remove the stop layer.

Finally, the grating is patterned using electron beam lithography. Due to the size between metal gratings, we use a positive resist PMMA-A6, and the solution MIBK: IPA (1:3) is used to develop it. The top metallic grating is formed by 4-nm-Ti/70-nm-Au using electron beam evaporation. Finally, the remaining resist with the thin metallic 

Optical Experimental Setup

In order to optically characterize the MIM cavity, we perform angle-resolved reflectivity measurements for the dispersive sample and reflectivity measurements under an FTIR microscope for the non-dispersive sample (figure 3.12).

For the dispersive sample, the angle-resolved reflectivity measurements are performed using a commercial unit that precisely monitors the incident angles from 13º to 73º (figure 3.12.a). The Fourier transform infrared spectrometer (FTIR) is equipped with a Globar source that provides broadband incoherent light. The incoming infrared radiation enters a Michelson interferometer system, which consists of a beam splitter separating the light in two arms, one with a fixed and the other with a moving one. They are then recombined to create an interferogram. The beam then enters the grazing angle unit system and is focused on the sample grating. We note here that inside the grazing angle unit, the beam is polarized (TM-modes) to obtain an electric field in the plane of incidence using a wire-grid polarizer. Finally, the reflected signal is detected with a deuterated triglycine sulfate detector (DTGS) and Fourier transform is performed to retrieve the spectrum.

The measurements are repeated on a reference planar gold sample with the same thickness and surface. The reflectance is then obtained by normalizing the sample spectrum over the reference. As the spot size of the incoming infrared beam is larger than the sample area, we therefore isolate the sample by sandpaper to avoid unwanted reflections.

In the case of non-dispersive cavities, the RCWA calculation reveals that a reflectivity at one specific angle is sufficient to give the information on the modes, as discussed in Figure 3.11: Scanning electron microscopy image of a typical top grating section 3.2.3. A similar FTIR system equipped with a mid-IR microscope is used to perform reflectivity measurements. The sample can be placed in a very compact cryostat if measurements at liquid nitrogen temperatures (78K) are necessary (figure 3.12.b). The microscope is equipped with a Cassegrain objective which has a broad incidence angle range between 15° -25°, and magnifications of 16 or 32 times. Using this setup, we can perform measurements on samples with a small size ~ 100 x 100 (μm 2 ).

Experimental results

Dispersive cavity

In this section, we report the experimental results of the angle-resolved reflectivity measurements at room temperature. The studied sample (HM4063) consists of 36 undoped quantum wells with a total nominal thickness of 1.1 μm. The grating is designed with a period of 3.4 μm and the filling factor of 85%. The reflectivity spectra are probed over a large bandwidth and a wide angular range (13° -73°). Figure 3.13.a presents the reflectivity spectra of the sample and a reference at the incident angle of 45°. There are two absorption peaks in the sample spectrum, corresponding to the confined modes. This can be observed more clearly by normalizing the spectra of the sample to that of the reference. The upper mode shows a Q-factor of 26. This is the The optical path is similar to the setup for the angle-resolved reflectivity. The difference here is the presence of the Cassegrain Objective that provides a fixed incident angle for the measurement. This setup can be used to measure samples with a small size ~ 100 x 100 μm 2 .

Experimental results

typical value we can find in our MIM cavities, as the metallic layers induce significant non-radiative losses.

To have more insight into the dispersive relation, we stack the normalized spectra for different angles (figure 3.13.b) and represent them as a color plot (figure 3.13.c). We observe distinctly two dispersive modes, which are the lower and upper photonic modes as discussed in the theoretical section. Furthermore, the same photonic dispersion as a function of the in-plane wavevector R(E, // ) is deduced from the angle-dependent reflectivity spectra R(E, θ) (figure 3.14.a), using the following equation: where Λ is the grating period, // is the in-plane wavevector, is the incident angle, is the energy of the incident light.

Again, we see the two dispersive branches that stem from the transverse magnetic (TM) mode folded in the 1 st Brillouin zone. The RCWA simulation is in good agreement with the experimental results (figure 3.14.b), showing how valuable is this tool in describing these optical resonators.

Non-dispersive cavity

In this part, I present the experimental results on the non-dispersive cavity for the sample named HM4203, which consists of 13 undoped quantum wells (4-nm-thick GaAs/ 10-nm-thick Al0.33Ga0.67A). The total nominal thickness of the active region is 262 nm. As discussed in the theoretical part, a non-dispersive behavior is expected from the reflectance spectra.

To investigate the range of resonant frequencies, I fabricated many square samples with different values of the metal strip width "p". Each sample has a size of 200 x 200 μm 2 as shown in the dashed panel of figure 3.15.a. In each sample, the width of the metal strip "p" takes a certain value and the distance between metal strips "d" is kept constant at 1.7 μm to ensure no cross-talk between adjacent strips. Therefore, each metal strip operates as an independent resonator. In the whole panel, the width of the metal strip "p" varies from 0.5 μm to 5.5 μm with 0.1 μm difference between adjacent samples. An optical image of the panel is shown in figure 3.15.a. 

Two-port optical cavity platform

As discussed in the previous section, when an elevated confinement of the modes in the optical microcavity is crucial, the backplane gold mirror is employed. However, the presence of the metal back mirror brings significant losses, leading to low total qualityfactors. Furthermore, the presence of the metal plane mirror prevents optical access to the active region from the backside. This optical access to the active region, however, can be useful for pump-probe experiments exploring the dynamics of polaritonic systems [START_REF] Günter | Sub-cycle switch-on of ultrastrong light-matter interaction[END_REF], temporal construction of polaritonic states, potential dynamics Casimir radiation [START_REF] Ciuti | Quantum vacuum properties of the intersubband cavity polariton field[END_REF], and the exploitation of coherent perfect absorption [START_REF] Zanotto | Perfect energy-feeding into strongly coupled systems and interferometric control of polariton absorption[END_REF]. In these experiments, having access from both top and bottom surfaces is necessary. Triggered by these potential applications, we designed a new class of cavity, which allows a reduction of the Ohmic losses along with the possibility to optically access the active region from both sides of the sample.

We replaced the backplane Au mirror by a low-index substrate (CaF2 or BaF2). CaF2 is interesting as it has a low refractive index (n = 1.3) and it is transparent in a wide spectral range (from 10 μm to ultra-violet region) as shown in figure 3.16. The use of a low refractive index substrate permits to confine and guide light in the high refractive index semiconductors, and in perspective, it can be a possible waveguiding platform for mid-IR photonic devices [START_REF] Tran | III-V on CaF2: a possible waveguiding platform for mid-IR photonic devices[END_REF].

We explored two transfer approaches: (i) direct transfer of the active region with preprepared grating onto CaF2 exploiting Van-der-Walls forces and (ii) utilization of an intermediate bonding layer (O.S.T.E.MER -off-stoichiometry thiol-ene polymer or epoxy). The two methods are very flexible as we are not limited by the materials for the target substrates, meaning these approaches can be applied to any kind of materials, either flat surfaces or patterned ones. 

Experimental results

Both approaches have the same starting point, which is a pre-prepared sample with a top metallic grating as shown in figure 3.17. The active region material consists of an undoped 1.5 μm-thick GaAs layer grown by Molecular Beam Epitaxy (MBE) onto a 500 nm-thick Al0.5Ga0.5As stopping layer. Once we receive the epitaxial sample, the top surface of the active region is patterned with a grating structure -the parameter of the grating is designed using RCWA simulations. In addition, optical grade CaF2 substrates (thickness: 500 μm) are prepared by a standard cleaning procedure: rinsing in acetone and isopropanol, followed by 5′ O2 plasma).

Direct transfer approach

Note: the transfer approaches have been developed and improved by Mario Malerba, a postdoc in our team.

First, I describe the direct transfer of the III-V semiconductor layer onto a CaF2 substrate. The direct transfer procedure is depicted in figure 3.17.b. We start the procedure by covering the top grating with a thin resist layer (ex: PMMA A4, PMMA A6.. ) to keep the sample clean and protect the grating during the transfer process. The sample is then fixed to a support with a thermolabile mounting adhesive (crystalbond ). The GaAs substrate is removed by mechanical polishing and chemical etching of citric acid/H2O/H2O2 (3:3:1) to reach the stopping layer. We then remove the stop layer in HF (49%) for 90 seconds. The sample is then released from the support in acetone, which dissolves PMMA and mounting adhesive. Note: the patterned active region now is very thin ~ 1-1.5 μm and floats in liquid. The active region is gradually moved from acetone to isopropanol and water, where the CaF2 substrate is placed. The active region is carefully positioned on the CaF2 and the CaF2 substrate is slowly lifted out of the liquid. Finally, the active region rests on the CaF2 substrate after liquid evaporation. Indeed, the patterned active region and the CaF2 substrate are brought in close contact by water's strong surface tension, and Van der Waals interactions keep them bonded together. The benefit of this approach is a clean active region -CaF2 interface. However, the sample cannot be cooled down to liquid nitrogen temperature due to the weak interaction force and further processing cannot be performed.

The energy dispersions of the CaF2-based cavities are probed by angle-resolved reflectivity and compared to the theoretical resonator dispersions calculated by RCWA.

The results of the direct transfer are shown in figure 3.18. The z-components of the electric field show the field confinement in the active region close to the metal grating. The energy dispersion of the CaF2-based cavity is similar to that of the dispersive metal-insulator-metal cavity because the thickness of the active region is thick enough. 

Experimental results

However, differently from the MIM cavity, an additional light line, which originates from the low-index CaF2 substrate, crosses the upper photonic branch. The numerical simulation shows a good agreement with the experimental result (Figure 3.18.b&c).

We obtain a similar Q-factor of the photonic mode which is in the order of 20. This value is also comparable to the ones obtained from MIM cavities. Furthermore, the transmission at ∕∕ = 0 shows a transmission peak corresponding to the upper polaritonic branch (figure 3.18.c). The transmission measurement confirms the ability to optically access the system from the substrate of the CaF2-cavity.

Ostemer bonding approach

To overcome the limitation of the direct transfer, we developed a more robust bonding strategy that allows the characterization of devices at liquid nitrogen temperature (-196 °C) and further fabrication steps (heating up to 180 °C). The solution is to use a thin polymeric bonding substance with robust thermo-mechanical properties. Here, we chose a commercially available off-stoichiometry thiol-ene agent (Ostemer 322 Crystal Clear, Mercene Labs, Stockholm, Sweden), which is commonly used for microfluidics and micro-electromechanical systems (MEMS). Furthermore, its chemical formulation, based on SH-and OH-groups, makes it suitable for strong chemical bonding also with fluorides.

The bonding technique of a III-V semiconductor active region and CaF2 is described in figure 3.17.c. For this approach we have explored two different schemes: either grating patterning is performed before (case 1), or after (case 2) the bonding to CaF2 in order to demonstrate the compatibility with post-processing. In the former case, the grating is buried at the active region -CaF2 interface (figure 3.18.c); while in the latter case, the grating lies on top of the active region as the traditional procedure (figure 3.10.e). The bonding technique in case 1 consists of the following steps: (i) Ostemer-assisted bonding of the active region to CaF2 by UV irradiation and soft bake hardening; (ii) substrate removal through mechanical polishing and chemical etch; (iii) stopping layer removal in HF and sample release from the support.

The results of the Ostemer-assisted transfer are similar to those from the direct transfer as shown in figure 3.19. In this case, the active region is tightly bonded upside down to the host CaF2 substrate. Moreover, this approach improves the confinement because the refractive index contrast of the air/active region ( = 1 vs. = 3.3) interface is higher than the CaF2 substrate/GaAs one.

Experimental results

cavity thickness and grating parameters. We have numerically analyzed the confinement mechanisms and the mode profiles by RCWA simulations. We have also experimentally demonstrated both dispersive and non-dispersive operating regimes of the MIM cavity. On the other hand, to reduce the Ohmic losses stemming from metallic mirrors and enable optical access from the substrate, we have developed a new cavity platform based on low-index substrates (CaF2). These cavity platforms will be employed to study the strong coupling regime between ISB transitions in doped QWs and cavity modes in chapter 4 (for the dispersive regime) and chapter 5 (for the nondispersive regime).

Introduction

Light interacts with matter in many different ways, including reflection/scattering, absorption, emission, and transmission. The interaction determines the appearance of objects around us (their shapes and colors) and results in many natural phenomena, such as airglow, alpenglow, and aurora (northern light). One of the most observable phenomena that we can see in our daily life is the rainbow, where droplets of water can reflect, refract, and disperse incoming sunlight into a spectrum of colors.

The light-matter interactions discussed above take place in free space. Interestingly, the interaction can be altered when an optical cavity is present. This research field is named cavity Quantum ElectroDynamics (cQEDs). The cQED field was triggered by the important discovery of E. Purcell in 1946 [START_REF] Purcell | Spontaneous Emission Probabilities at Radio Frequencies[END_REF] -called Purcell's effect. Purcell demonstrated that the strength of the light-matter interaction can be depressed or enhanced by adjusting the electromagnetic local density of states (DOS), according to the formula:

= 3 4 ⋅ , (4.1)
where is the Purcell factor, and are the quality factor and mode volume of the resonator, respectively;

is the wavelength of the emitted photon in free space.

To gain more insight into the effect, we consider the matter part as a two-level system or a quantum emitter with a ground and an excited state. When an excited emitter, in free space, radiatively relaxes into the ground state, a photon is emitted: the phenomenon is named spontaneous emission. When an optical cavity is present, the spontaneous emission is enhanced by the Purcell effect. The first experimental evidence of the Purcell effect was provided in 1983 in the group of Serge Haroche [START_REF] Goy | Observation of Cavity-Enhanced Single-Atom Spontaneous Emission[END_REF]. This regime is known as the weak-coupling regime between light and matter (figure 4.1.a). In this scenario, the cavity structure induces resonant modes whose presence leads to the enhancement of the spontaneous emission. In weak coupling, the photon emission is irreversible because the coupling rate (g) is smaller than the damping rates of the quantum emitter (γQE) and the cavity (γCav).

If one may engineer the optical cavity to obtain strongly confined optical fields, the coupling strength can exceed the damping rates (g >> γQE, γCav) and a new regime of light-matter interaction, called the strong coupling regime, arises. In this scenario, a coherent energy exchange between the quantum emitter and the cavity mode takes place. The exchange rate, g, is faster than any decay process in the system. Therefore, the emission/reabsorption of a photon is now reversible, and the dynamics of the system is noticeably different from the weak coupling regime.

Experimentally, the strong coupling regime was first observed in a high Q-factor microwave cavity for a collection of Rydberg atoms [START_REF] Kaluzny | Observation of Self-Induced Rabi Oscillations in Two-Level Atoms Excited Inside a Resonant Cavity: The Ringing Regime of Superradiance[END_REF] and a single atom [START_REF] Meschede | One-Atom Maser[END_REF], and a decade later within an optical microcavity [START_REF] Thompson | Observation of normal-mode splitting for an atom in an optical cavity[END_REF]. The first observation of the strong coupling in solid-state physics was demonstrated by Weisbuch et al. in 1992 for a 2D excitonic system in quantum wells embedded in a semiconductor DBR microcavity [START_REF] Weisbuch | Observation of the coupled exciton-photon mode splitting in a semiconductor quantum microcavity[END_REF]. In this scenario, the periodic exchange of energy between photon and the quantum emitter leads to the mixing of the photon and the matter together to form two new eigenstates (half-light, half-matter quasi-particles) called exciton-polaritons.

More recently, a new type of polaritons, namely "intersubband polaritons", was first proposed in 1997 [START_REF] Liu | Rabi splitting of the optical intersubband absorption line of multiple quantum wellsinside a Fabry-P\'erot microcavity[END_REF] and observed in 2003 [START_REF] Dini | Microcavity Polariton Splitting of Intersubband Transitions[END_REF]. The intersubband polaritons are the result of the strong coupling between intersubband transitions within confined electronic states in the conduction band of quantum wells and a quantized electromagnetic mode in a microcavity. denotes the damping rate of the cavity (light part), is the damping rate of the quantum emitter (matter part), g is the coupling constant between the quantum emitter and the cavity photon mode, is the probability of the quantum emitter in the excited state. When the coupling is smaller than the damping rates of each component, we have the weak coupling regime. In this regime, the electron in the excited state will decay exponentially and emit a photon by spontaneous emission. b) The strong coupling regime. In this regime, the coupling strength exceeds the damping rates of the system. The lifetime of photons in the cavity is longer than the energy exchange time. Therefore, the emitted photon from the quantum emitter can be reabsorbed. is the Rabi frequency.

The quantum treatment of the strong coupling regime -Jaynes-cummings Hamiltonian for a two-level system

Single quantum emitter

We consider the interaction between a quantum emitter (or two-level system) and a single photon in a cavity [START_REF] Grynberg | Introduction to quantum optics: from the semi-classical approach to quantized light[END_REF], [START_REF] Baranov | Novel Nanostructures and Materials for Strong Light-Matter Interactions[END_REF]. In our case, intersubband transitions play the role of the quantum emitter, and the total Hamiltonian of the system has the form: The quantization of the cavity photon field gives the Hamiltonian in the form:

ℋ = + + , ( 4 
= ℏ + (4.4)
where and are photon creation and annihilation operators. For simplicity, we take the zero of the energy of cavity photon field coinciding with the global ground state of the system, | , 0⟩, therefore = ℏ .

The interaction Hamiltonian casts in the form of the electric dipole term:

H = -. ( ) (4.5) 
where ( ) = ℰ + is the electric field operator at the position of the two-level system (ℰ = ℏ is the electric field confined in the cavity), = + is the dipole moment operator of the quantum emitter. Here the long-wavelength approximation is used, which assumes that the spatial variation of the electric field is neglected at the position of the two-level system.

Substituting the terms into the interacting Hamiltonian, we get:

H = -. ( ) =- ℰ + + = - ℰ + + + . (4.6)
Using the rotating wave approximation, we neglect and (counter-rotating terms). This is valid when the intensity of the electromagnetic radiation is low and near the resonance. The form of the total Hamiltonian becomes: The interacting picture in the rotating wave approximation is known as the Jaynes-Cumming model [START_REF] Jaynes | Comparison of quantum and semiclassical radiation theories with application to the beam maser[END_REF]. To construct the basis of the quantum states for the whole system, we use the basis of the uncoupled systems, i.e. cavity and ISB transition: | , 1⟩ for an electron in the ground state with a single photon in the cavity and | , 0⟩ for the excited state with no photon in the cavity. The total Hamiltonian is then rearranged in the matrix representation with respect to this basis:

ℋ = ℏ + ℏω + ℏg + (4.7)
ℋ = ℏ ℏg ℏg ℏ (4.9)
To find the state, | ⟩, of the new coupled states, arising from the light-matter interaction, we diagonalize the total Hamiltonian:

ℋ | ⟩ = | ⟩ ⇔ ℏ ℏg ℏg ℏ = ⇔ ℏ - ℏg ℏg ℏ - = 0 (4.10)
where the state | ⟩ is an eigenstate of the Hamiltonian with the corresponding eigenvalue E. The condition to have non-trivial solutions for the components , is that the determinant of coefficient must equal zero

⇒ ℏ - ℏg ℏg ℏ - = 0 ⇔ -(ℏ + ℏ ) -ℏ g = 0 (4.11)
Therefore, the eigen-energies of the polaritons are 

/ = ℏ + ℏ 2 ± (ℏ -ℏ ) + (2ℏg) 2 . ( 4 
= + ℏΩ ⇔ | ⟩ = 1 √2 (| , 1⟩ + | , 0⟩) = -ℏΩ ⇔ | ⟩ = 1 √2 (| , 1⟩ -| , 0⟩). (4.13)
The above model does not take into account the losses of the system. In reality, we should incorporate the damping terms into our calculation. It can be done phenomenologically by adding complex energies to the ISB transition, -ℏ , and the cavity, -ℏ . We get:

ℋ = -ℏ ℏg ℏg -ℏ (4.14)
Following the same procedure, we obtain the eigen-energies of the system with losses:

∕ = ℏ( ) ± ℏ [( ) ℏ( )]
.

(4.15)

At resonance, = , the Rabi splitting is: 

2ℏΩ = ℏ 4g -( - ) (4.16)

N-emitters

The above model tells us that the strong coupling is attained when the Rabi spitting exceeds the damping rate of the cavity and ISB transition. The enabling parameters to engineer the light-matter coupling are the strength of the electric field (small mode volume, high-Q factor) and the oscillation strength of the quantum emitter. In nearly all cases, especially with electrons, it is difficult to achieve the strong coupling regime (SCR) with a single emitter even when the cavity mode is optimized. A possible approach that one can use is to couple a collection of identical quantum emitters to the cavity, as they can act as a collective matter excitation [START_REF] Ciuti | Quantum vacuum properties of the intersubband cavity polariton field[END_REF] or a giant oscillator as described by the Tavis-Cummings model [START_REF] Tavis | Exact Solution for an $N$-Molecule-Radiation-Field Hamiltonian[END_REF], [START_REF] Tavis | Approximate Solutions for an $N$-Molecule-Radiation-Field Hamiltonian[END_REF] or Dicke model [START_REF] Dicke | Coherence in Spontaneous Radiation Processes[END_REF].

We describe therefore the strongly coupled system of N-emitters and a single cavity photon mode. The total Hamiltonian of the system becomes:

ℋ = ℏ + ℏω † + ℏg + † (4.17)
The (N+1) -dimensional space of the system consists of N states for emitters, | . . . . . . , 0⟩ with = 1: , and one state for the photon mode, | . . . , 1⟩. The global ground state for the system is = | . . . ⟩ ⊗ |0⟩ = | . . . , 0⟩. In the matrix representation, the total Hamiltonian takes the following form:

ℋ = ⎝ ⎜ ⎛ ℏ ℏg ℏg … ℏg ℏg ℏ 0 … 0 ℏg 0 ℏ ⋱ ⋮ ⋮ ⋮ ⋱ ⋱ 0 ℏg 0 … 0 ℏ ⎠ ⎟ ⎞ (4.18)
We now write the characteristic equation to find eigenvectors and eigen-energies of the interacting system:

ℏ - ℏg ℏg … ℏg ℏg ℏ - 0 … 0 ℏg 0 ℏ - ⋱ ⋮ ⋮ ⋮ ⋱ ⋱ 0 ℏg 0 … 0 ℏ - = 0 ⇔ = (ℏ -) [(ℏ -)(ℏ -) -ℏ g ] = 0 (4.19)
Interestingly, the characteristic equation tells us that there are only two bright states in the system (mixed states between light part and matter part), and (N-1)degenerate states (dark states). The dark states are a linear combination of | . . . . . . , 0⟩ and do not couple with the electromagnetic field (figure 4.2.b). The eigenenergies of the polaritons become:

/ = ℏ + ℏ 2 ± ℏ -ℏ + (2ℏg)
2 .

(4.20)

At resonance, we obtain two new eigenstates:

Optically pumped intersubband polaritonic devices

/ = 1 √2 | … , 1⟩ ± 1 √ | … … , 0⟩ , (4.21) 
and the Rabi splitting is:

2ℏ = 2√ ℏg. (4.22)
In the case of multiple quantum well structures, the number of quantum emitters (N) is the number of electrons from doped donors ( ). The Rabi splitting becomes:

2ℏ = ℏ 4 * (4.23)
where is the sheet doping concentration within each quantum well, is the number of quantum wells, and is the thickness of the cavity, assuming that the electromagnetic overlap factor of the quantum wells in the cavity equals unity.

The presence of N emitters therefore significantly enhances the Rabi splitting by a factor of √ . Experimentally, however, it is challenging to obtain a collection of identical particles, because of the inhomogeneous broadening of the two-level system. We will discuss this problem later on section 4.3.2 of this chapter.

State of the art of the ISB polaritonic field

Soon after their first experimental demonstration [START_REF] Dini | Microcavity Polariton Splitting of Intersubband Transitions[END_REF], intersubband polaritons appeared as an interesting system for both fundamental and applicative studies. Theoretically, they can be considered as bosons and in turn, be subject to final statestimulation like their excitonic counterpart [START_REF] Liberato | Stimulated Scattering and Lasing of Intersubband Cavity Polaritons[END_REF]. They were also seen as a promising candidate to reach the so-called ultrastrong coupling regime where the quadratic terms of the Hamiltonian can no longer be neglected [START_REF] Ciuti | Quantum vacuum properties of the intersubband cavity polariton field[END_REF] and where the coupling constant (Ω ) becomes a significant fraction of the bare transition energy. They were also envisioned as a potential source of non-classical light [START_REF] Liberato | Quantum Vacuum Radiation Spectra from a Semiconductor Microcavity with a Time-Modulated Vacuum Rabi Frequency[END_REF]. All these theoretical predictions have triggered interest in the field.

The ultra-strong coupling regime

As the coupling strength is increased by coupling many quantum emitters to a cavity mode or engineering the mode volume of the optical resonator, a new regime, called ultra-strong coupling regime, emerges when the Rabi splitting is comparable to the bare transition energy. The common definition of the USC is when the Rabi frequency becomes larger than 10% of the bare frequency (Ω ⁄ ≥ 0.1). In this regime, the Jaynes-Cummings model cannot explain the physical phenomena as the counter-rotating terms are not negligible: the quantum Rabi model is a better choice to describe this regime [START_REF] Forn-Díaz | Ultrastrong coupling regimes of light-matter interaction[END_REF], [START_REF] Frisk Kockum | Ultrastrong coupling between light and matter[END_REF]. In the USC regime, the ground state is a squeezed vacuum state which can consists of photons and excited emitters. The ultra-strong coupling regime was experimentally observed in several systems: ISB transitions coupled to plasmon waveguides in the mid-infrared region [START_REF] Günter | Sub-cycle switch-on of ultrastrong light-matter interaction[END_REF], [START_REF] Dupont | Giant vacuum-field Rabi splitting of intersubband transitions in multiple quantum wells[END_REF], [START_REF] Anappara | Signatures of the ultrastrong light-matter coupling regime[END_REF], ISB transitions embedded MIM resonators within the mid-IR range [START_REF] Todorov | Strong Light-Matter Coupling in Subwavelength Metal-Dielectric Microcavities at Terahertz Frequencies[END_REF], [START_REF] Jouy | Transition from strong to ultrastrong coupling regime in midinfrared metal-dielectric-metal cavities[END_REF] and THz region [START_REF] Todorov | Ultrastrong Light-Matter Coupling Regime with Polariton Dots[END_REF], multisubband plasmons in a MIM resonator [START_REF] Delteil | Charge-Induced Coherence between Intersubband Plasmons in a Quantum Structure[END_REF], and parabolic quantum wells in a metamaterial resonator [START_REF] Geiser | Ultrastrong Coupling Regime and Plasmon Polaritons in Parabolic Semiconductor Quantum Wells[END_REF]. The ultra-strong coupling regime was also demonstrated with the cyclotron transition of a two-dimensional electron gas (2DEG) coupled to a metamaterial resonator under an applied magnetic field (Landau polaritons) [START_REF] Scalari | Ultrastrong Coupling of the Cyclotron Transition of a 2D Electron Gas to a THz Metamaterial[END_REF].

Furthermore, the possibilities to modulate non-adiabatically the light-matter coupling strength within a sub-cycle time scale [START_REF] Günter | Sub-cycle switch-on of ultrastrong light-matter interaction[END_REF], [START_REF] Porer | Nonadiabatic switching of a photonic band structure: Ultrastrong light-matter coupling and slow-down of light[END_REF] are promising for the emission of Casimir radiation [START_REF] Ciuti | Quantum vacuum properties of the intersubband cavity polariton field[END_REF].

Electrically injected emitters

Another class of experiments has focused on the electrical injection into the intersubband polaritonic system, to investigate their electroluminescent properties [START_REF] Sapienza | Electrically Injected Cavity Polaritons[END_REF], [START_REF] Chastanet | Surface emitting thermally assisted polaritonic lightemitting device[END_REF], [START_REF] Colombelli | Quantum cascade intersubband polariton light emitters[END_REF], [START_REF] Jouy | Intersubband electroluminescent devices operating in the strongcoupling regime[END_REF], The active region is typically based on a quantum cascade structure, allowing electrons to be injected into the excited subband and extracted from the fundamental subband after a relaxation process (figure 4.4.b). When the transition is coupled to a cavity mode, the electroluminescent signal of the lower polariton mode [START_REF] Delteil | Charge-Induced Coherence between Intersubband Plasmons in a Quantum Structure[END_REF]. b) the pump -probe (THz pulse) scheme; intersubband transition, which is induced by near-IR femtosecond pumped laser, coupled to TM-mode, taken from [START_REF] Günter | Sub-cycle switch-on of ultrastrong light-matter interaction[END_REF]. c) intersubband transition in parabolic QWs coupled to LC resonators, taken from [START_REF] Geiser | Ultrastrong Coupling Regime and Plasmon Polaritons in Parabolic Semiconductor Quantum Wells[END_REF]. d) cyclotron transitions of quantum wells coupled to THz metamaterials (Landau polaritons), taken from [START_REF] Bayer | Terahertz Light-Matter Interaction beyond Unity Coupling Strength[END_REF]. and the weakly coupled ISB transition with a higher-order mode are observed (as shown in figure 4.4.c). On the other hand, in the weak-coupling device, The evidence of ISB transition is shown in figure 4.4.e [START_REF] Jouy | Intersubband electroluminescent devices operating in the strongcoupling regime[END_REF]. The electroluminescence from the upper polariton branch (upon electrical injection) was observed in a quantum cascade heterostructure in ref [START_REF] Delteil | Optical phonon scattering of cavity polaritons in an electroluminescent device[END_REF]. Importantly, that work provided the first experimental evidence of the scattering between the ISB polariton and longitudinal optical phonons (LO-phonon). The theoretical study of the polariton -LO-phonon stimulated scattering has been instead proposed in reference [START_REF] Liberato | Stimulated Scattering and Lasing of Intersubband Cavity Polaritons[END_REF].

These pioneering works highlight potential applications of ISB polaritons for novel mid-infrared optoelectronic devices. However, the presence of dark states limits the efficiency of the electrical injection, because the dark states do not couple with light, but they participate in electronic transport [START_REF] Liberato | Quantum theory of electron tunneling into intersubband cavity polariton states[END_REF]. b) The active region of the quantum cascade heterostructure consists of an injection region, a QW region, and an extraction region [START_REF] Jouy | Intersubband electroluminescent devices operating in the strongcoupling regime[END_REF]. Electroluminescent spectra recorded from c) the sample in the strong coupling regime and e) the sample in weak coupling regime, showing the evidence of ISB transition [START_REF] Jouy | Intersubband electroluminescent devices operating in the strongcoupling regime[END_REF]. d) the experimental evidence of the scattering between polaritons and the LO-phonon in the electrical injection scheme [START_REF] Delteil | Optical phonon scattering of cavity polaritons in an electroluminescent device[END_REF].

Electrical Control of the light-matter coupling strength

We now mention some experiments that permit to control the light-matter coupling strength in ISB polariton devices. The ability to control the coupling strength is possible via an applied electrical gate [START_REF] Anappara | Electrical control of polariton coupling in intersubband microcavities[END_REF]. The idea is to implement an electrical gate as shown in figure 4.5.a. With no applied bias, the reflectivity measurement shows two clear dips, indicating two polaritonic states. The device is operating in the strong coupling regime. Under an applied bias, the polariton modes disappear gradually as a function of the bias and a single peak appears in the reflectivity spectra. The device is now operating in the weak coupling regime. The underlying physic comes from the fact that electrons in the quantum wells can be depleted gradually under the applied bias. For a square quantum well structure, with no applied bias, there are two polariton modes in the reflectance. Under an applied bias, the strong coupling is switched off and the two polaritonic modes disappear [START_REF] Anappara | Electrical control of polariton coupling in intersubband microcavities[END_REF]. b) For an asymmetric quantum well structure. In each asymmetric QW, there are an undoped thinner quantum well and a central-doped thicker quantum well. The structure is embedded in a cavity, in which the cavity mode is resonant with the ISB transition in the thinner QW. With no applied bias, the device operates in the weak coupling regime. Under an applied bias, electrons can tunnel from the lowest subband state of thicker quantum well to the lowest subband state of the smaller one. This tunneling process induces the ISB transition in the thinner QW and hence the formation of the strong coupling as two dips appear in reflectivity spectra [START_REF] Anappara | Tunnelassisted manipulation of intersubband polaritons in asymmetric coupled quantum wells[END_REF].

a) b)

A similar experiment was also demonstrated for an active region of asymmetric quantum wells [START_REF] Anappara | Tunnelassisted manipulation of intersubband polaritons in asymmetric coupled quantum wells[END_REF]. Each asymmetric quantum well consists of a thin square quantum well and a wider one. The wider QW is doped at the center while the thinner QW is undoped. The cavity mode is resonant with the ISB transition in the thinner QW. At zero bias, the device operates in the weak coupling regime, and the cavity mode appears in the reflectivity spectra. Under an applied bias, a tunneling process happens between the lowest confined states of the asymmetric quantum well. Electrons can transfer from the wider QW to the thinner one. This process induces the ISB transitions in the thinner quantum well, hence the strong coupling regime is attained. Figure 4.5.b. shows the asymmetric QW structure and the reflectivity spectra of the device as a function of the applied bias.

These preliminary results have triggered our study on the development of amplitude modulators that will be discussed in the next chapter.

Strong/Ultra-strong Coupling regime with few electrons

Another trend in the field is to demonstrate the strong coupling for only a few electrons within each resonator. In a system of a macroscopic number of quantum emitters, polaritons can be considered as bosons [START_REF] Ciuti | Quantum vacuum properties of the intersubband cavity polariton field[END_REF]. However, this approach is no longer valid with a small number of electrons as we explore the few-electron c-QED regime. Moreover, reducing the interacting dipoles offers a promising experimental platform to realize optical bistability, photon-blockade, and reduce the number of dark states. To enter the few-electron SC regime, a possible approach is to minimize the mode volume while maintaining good confinement. Experimentally, the strong/ultra-strong coupling regime with few-electrons was demonstrated for intersubband transitions coupled to metamaterial nanocavities [START_REF] Benz | Strong coupling in the sub-wavelength limit using metamaterial nanocavities[END_REF], mid-infrared nano-antennas [START_REF] Malerba | Towards strong light-matter coupling at the single-resonator level with sub-wavelength mid-infrared nano-antennas[END_REF], 3D THz metaatoms [START_REF] Paulillo | Room temperature strong light-matter coupling in three dimensional terahertz meta-atoms[END_REF], THz LC resonators [START_REF] Jeannin | Ultrastrong Light-Matter Coupling in Deeply Subwavelength THz LC Resonators[END_REF], and cyclotron transitions in nanogap hybrid LC microcavities [START_REF] Keller | Few-Electron Ultrastrong Light-Matter Coupling at 300 GHz with Nanogap Hybrid LC Microcavities[END_REF] (shown in figure 4.6).

Perspectives for optical pumped ISB polaritonic devices

Owing to their bosonic nature, ISB polaritons can be subject to final -state simulation using scattering mechanisms based on longitudinal optical phonon (LOph) interaction or polariton-polariton scattering. For a bosonic system, the scattering rate ( ) Optically pumped intersubband polaritonic devices towards a final state is proportional to the population of the final state by the following equation [START_REF] Bajoni | Polariton lasers. Hybrid light-matter lasers without inversion[END_REF]:

= + 1 , (4.24) 
where is the probability of a polariton to relax from an injection state to the final state, is the number of polaritons in the final state. The stimulated scattering is triggered when the population of polariton exceeds one, then a large number of polaritons can accumulate and build up a macroscopic quantum state. This is the idea behind the polariton lasing, which is then detected as a coherent emission of light from the macroscopic state.

In ISB polaritonic systems, the evidence of polariton scattering via interaction with a LO-phonon has been provided in an electrical injection configuration, as discussed in the previous section. However, the electrical injection into a polaritonic system is inefficient due to the presence of dark states. The direct optical injection into the bright ISB polariton states is promising because we can precisely choose the position of the injection state and trigger the scattering processes using a tunable laser. This approach is challenging for electrical injection. When I started this thesis, there was no such optically pumped experiment for the ISB polariton systems yet.

In chapter 3, we have shown that our MIM cavity offers a positive quadratic dispersion that can be used to mimic the dispersion of the excitonic-polariton counterpart (discussed in chapter 1). In that system, the exciton-polariton lasers have been successfully demonstrated with both optical pumping [START_REF] Kasprzak | Bose-Einstein condensation of exciton polaritons[END_REF] and electrical pumping [START_REF] Schneider | An electrically pumped polariton laser[END_REF]. More recently, the concept of polariton lasers was proposed for ISB polariton systems [START_REF] Colombelli | Perspectives for Intersubband Polariton Lasers[END_REF], [START_REF] Liberato | Stimulated Scattering and Lasing of Intersubband Cavity Polaritons[END_REF].

In order to obtain the accumulation of polaritons and -in turn -stimulated scattering, the lifetime of polaritons in the final state must be longer than the stimulated scattering time towards the final state ( ). The lifetime of the lower polariton branch can be expressed in term of the photon lifetime and lifetime of intersubband transitions, as follows:

1 , = | | , + 1 -| | , , (4.25) 
where , is the radiative or (total) lifetime of the lower polariton branch, , is the radiative (total) lifetime of a photon in the microcavity, and , is the radiative (total) lifetime of the ISB transition. The coefficients , are the Hopfield coefficients for the LP [START_REF] Hopfield | Theory of the Contribution of Excitons to the Complex Dielectric Constant of Crystals[END_REF], that gauge the photonic and material fractions of the lower polariton states

(| | = 1 -| | ).
We recall the quantum representations of two polariton states in terms of the Hopfield coefficients: Using this information, we proceeded with electromagnetic calculations (RCWA or finite element method (FEM)) to determine the grating structure of the metal-metal cavity. The grating has a period of 4.35 μm and a filling factor of 85%. The fabrication procedure is described in section 3.5.1 of chapter 3. The angle-resolved reflectivity measurements are performed from 13° to 73° (resolution 2°). Figure 4.8 shows the reflectivity spectrum of the sample embedded in the metal-metal cavity (green curve) versus a reference sample (blue curve) at an incident angle of 45°. The normalized spectrum (red curve) reveals two reflectivity dips on both sides of the ISB transition (dashed line), which are the two polariton modes -upper polariton (UP) and lower polariton (LP). The mode splitting shows the first evidence of strong coupling regime.

| ⟩ = | , 1⟩ + | , 0⟩ | ⟩ = | , 1⟩ + | , 0⟩.
We then gather all reflectivity measurements at different incident angles and reconstruct the polaritonic dispersions: In these polaritonic dispersions, the lower and upper polaritons (minima of the reflectivity spectra) are extracted and marked by black dots. The dispersions show a clear anti-crossing behavior of the two polariton branches distributed on the lower and higher energy side of the ISB transition. This is the second evidence of the strong coupling regime. Moreover, the Rabi splittings at different angles are then determined from the energy difference between the upper and lower polaritons (figure 4.9.b). This plot reveals a minimum splitting 14 meV at 35°. The minimum Rabi splitting ( 2ℏΩ), is then calculated from (E-// ) dispersion (figure 4.9.c), is 13.2 meV at // = 0.46, where the weight of light and matter in the polariton modes are equal 50% -50%. The minimum splitting is the typical characteristic of the coupling between the ISB transition and the optical cavity mode. The minimum splitting is larger than both linewidths of the ISB transition (10.8 meV) and of the cavity mode (6 meV). This is in agreement with the condition for strong coupling regime. investigate experimentally how the inhomogeneous broadening of the ISB transitions can affect to the strong coupling regime. The parameters of the four samples we have studied can be found in table 4.1. We have inserted these doped MQW samples inside metal-metal cavities. We first probe the reflectance spectra of an undoped active region in a metal-metal cavity to obtain the linewidth of the cavity mode. The MIM cavity with the undoped MQWs is designed similarly to the cavities with doped active regions. The metallic grating has a period of 3.8 μm and a filling factor of 83%. Figure 4.10 shows the normalized spectra of the MIM cavity at 300K and 78K, respectively. The cavity mode changes slightly with temperature. The linewidth of the cavity mode remains constant at low temperature mainly because the conductivity of gold does not change noticeably between 300K and 78K [START_REF]Pt, Ag, Ti, and W in the infrared and far infrared[END_REF]. We then probe the reflectance spectra of the doped active regions embedded in metalmetal cavities. To experimentally probe the reflectivity at liquid nitrogen temperatures (78K), the samples are mounted inside a cryostat and the whole system is inserted within the FTIR. The incident angle of 15° is fixed for all the measurements and the beam size is chosen to cover the sample surface (2.5 mm × 2.5 mm). Thinly grained sandpaper is placed around the samples to suppress light reflected from outside the sample surface. We now focus on the relationship between polariton linewidths and the linewidths of the two uncoupled systems (the ISB transition and the cavity mode). In figure 4.12, we present the linewidths of the lower polariton (yellow triangles), the upper polariton (green triangles), the ISB transition (blue dots), and the cavity mode (red dots) as a function of the doping concentration at 300K and 78K. The same data are also collected and shown in table 4.1. Additionally, the average value of the cavity and the ISB transition linewidths, -is represented by the dashed line. This value corresponds to the expected polariton linewidth at zero detuning, where the weight contributions of the two uncoupled systems (the Hopfield coefficients) are equal (50% -50%) [START_REF] Hopfield | Theory of the Contribution of Excitons to the Complex Dielectric Constant of Crystals[END_REF]. The spectra recorded at room temperature (300K), b) at nitrogen liquid temperature (78K). The reflectivity dips correspond to the lower and upper polaritons. c) The Rabi splitting as a function of the sheet doping concentration. The experimental data (black dots) agree with a square root fitting function (red curve), that confirms the square root dependence of the Rabi splitting on the doping concentration.

Sample

In the strong coupling regime, the polariton linewidths should follow the average dashed lines. However, the experimental data show a different behavior: the UP and LP linewidths are smaller than the expected average weighted by the Hopfield coefficients. The differences between the polariton linewidths and the average increases with the doping concentration. As we discussed in chapter 2, the linewidth of the ISB transitions consists of homogeneous and inhomogeneous parts. The inhomogeneity increases with the doping concentration. These observations suggest that the polariton linewidths are insensitive to the important inhomogeneous broadening of the bare ISB transitions, especially in highly doped samples.

The underlying physic behind these phenomena was theoretically discussed in reference [START_REF] Houdré | Vacuum-field Rabi splitting in the presence of inhomogeneous broadening: Resolution of a homogeneous linewidth in an inhomogeneously broadened system[END_REF], which revealed the influence of the inhomogeneous broadening in the strong coupling regime. When many oscillators are coupled to a single cavity mode, only one oscillator can couple with the cavity mode to form the bright polaritonic states. The remaining oscillators do contribute to the Rabi splitting but do not participate in the linewidths of polaritons (as clearly shown in figure 4.2 in the theoretical section). Therefore, the inhomogeneous broadening does not affect the positions of the polariton modes and their linewidths. A similar experimental result of the suppression of the inhomogeneous broadening in the strong coupling regime was also observed in the Ref. [START_REF] Murphy | Linewidth-narrowing phenomena with intersubband cavity polaritons[END_REF]. As a consequence, the strong coupling provides a valuable tool to gauge the homogeneous linewidth of the collection of oscillators as it largely suppresses the inhomogeneity. 

Optical pumping experiments into ISB polaritons and evidence of LO-phonon -polariton scattering

In this section, we will experimentally investigate the longitudinal optical (LO) phonon and the ISB polariton scattering processes under resonant injection of laser light.

In this respect, we have designed the active region (HM3872) with an appropriate sheet doping concentration of 4.4 x 10 12 cm -2 at the center of the barriers. The sample consists of 36 repetitions of QWs. Each period has an 8.3-nm-thick GaAs well and a 20-nm-thick Al0.3Ga0.7As barrier. The ISB transitions of the sample at 300K and 78K are detailed in section 2.5.2 of chapter 2. The sample is then embedded in a MIM resonator, in which the grating has a period of 4.26 μm and a filling factor of 72%. More importantly, the polariton dispersion of this sample shows one optical phonon energy (LOph = 294 cm -1 / 36 meV in GaAs) separation between the injection and the final states. This information on the polaritonic dispersion of sample HM3872 is very useful to precisely identify the correct incidence angle (the injection state) to optically stimulate a polariton-LO phonon scattering process between the upper polariton injection and the lower polariton final states. The energy of the longitudinal optical phonon (LO-ph) in GaAs at 78 K and at k = 0 is 294 cm -1 . Therefore, we can determine the resonant pumping configuration at an incidence angle of 41°. The injection state is marked by a blue circle

Using the gathered information, we now move to the optical pumping experiment. The pump laser source is a commercial quantum cascade laser (QCL) from Daylight solutions. The laser is tunable from 1026 to 1140 cm -1 with a maximum average output power in pulsed mode (100 kHz, 2 us) of 111 mW (peak power within the pulse is 5 times more). The incident laser beam is projected on the sample surface through an anti-reflection (AR) coated ZnSe lens (f#2), and the specular component of the reflected light is measured by a power meter. The emitted light is collected at normal incidence with an AR-coated ZnSe lens (f #1.5) and evaluated using an FTIR spectrometer equipped with a liquid-nitrogen cooled Mercure Cadmium Telluride (MCT) detector.

We also estimated the beam waist at the focal point to be 170 μm (1/e 2 ) by using a knifeedge technique. Therefore, the average pump intensity can reach up to 500 W/cm 2 (2.5 kW/cm 2 peak power). Figure 4.13.c shows the measurement scheme on the sample.

In order to verify that the pump angle on the sample is correct, we measure the 0 th order reflected light from the sample at 78K while tuning the QCL laser wavenumber in 2 cm -1 steps. The normalized reflectivity at the incidence angle of 41° is obtained by dividing the data with the one measured on a plane gold reference. The shaded region represents the tunable range of the laser. The lower state is also probed at 78 K by FTIR. When the configuration of the optical pumping is well determined, we then fix the pump wavelength at the maximum absorption of the injection (UP) state (1118 cm -1 ) and record the light emitted at normal incidence. Since the signal is extremely small, a synchronous detection approach is employed in the optical pumping experiment. We measure an average power of 77 mW impinging on the sample and 75% of light is coupled into the upper polariton state at this angle and frequency. Therefore, an average power of 58 mW is injected in the upper polariton state.

To reduce the amount of stray light coming from the pump beam diffused at the surface of the sample, we have placed a long-wave pass filter in front of the detector (30 dB attenuation at the pump wavelength). Figure 4.13.d (lower panel) displays the experimental spectrum obtained with a step-scan recording technique. We clearly observe the presence of two peaks separated by the energy of one optical phonon (293 cm -1 ). The taller peak corresponds to the laser pump diffused by the imperfections of the grating, while the second lower peak corresponds to the signal emitted from the surface normal. Noticeably, the two peaks match with the maximum absorption of both injection and lower states.

To have more precise measurements, we have increased the resolution of the measurement down to 0.5 cm -1 (limited by scanning resolution), and obtained the LOph Optically pumped intersubband polaritonic devices separation at 293.5 cm -1 , as shown in Figure 4.14.a. The spectral shape of the emitted light is similar to that of the injected laser light and no convolution with the LOph lineshape is observable. We can extract a full width at half maximum (FWHM) for the emitted light of 1 cm -1 .

To verify the experimental results, we then study the dependence of the emission on the injection laser frequency. The emission spectra for different pump wavenumbers were recorded in steps of 8 cm -1 . The integration time of the measurements was kept similar. The data are reported in Figure 4.14.b. The amount of emitted light is directly proportional to the absorption at the injection frequency. Moreover, the LOph energy separation is rigorously respected as we tune the pump wavenumber. In addition, the reported results have been achieved with an approximate incident peak power of 1.25 kW/cm 2 . This power is extremely low due to the limitation of our laser sources.

We have performed theoretical calculations to estimate the pump intensity required to achieve the stimulated scattering based on the Fermi golden rule for the electronphonon scattering in ISB polaritons [START_REF] Ferreira | Evaluation of some scattering times for electrons in unbiased and biased single-and multiple-quantum-well structures[END_REF]. We start with the electron-phonon Fröhlich Hamiltonian and we estimate the matrix elements for the coupling between LOphonons and ISB plasmons [START_REF] Liberato | Stimulated Scattering and Lasing of Intersubband Cavity Polaritons[END_REF]. The total rate for the spontaneous process UP  LP + LOph is given by the following relation:

= ℏ , (4.31) 
where is the LO phonon angular frequency; is the wave-vector of the final ISB polariton state; is the group velocity of the final state at = 0; is the quantum well width;

, are the ISB plasmon Hopfield weights in the initial and final ISB polariton states; = [ -] is the relative dielectric constant due to phonons;

and is a numerical factor of order 0.03. Applying the theoretical calculation for our devices, we find the scattering efficiency is about ~10 , which is in a reasonable agreement with our experimental scattering efficiency of 6 × 10 .

If we put the numbers, the ISB polariton/LO-phonon scattering appears in the μs range due to two reasons: first, the lower polariton mass is relatively low compared to the electron mass; second, the intrasubband process of the scattering between polariton and phonon.

The process of the bosonic stimulation can be seen as a coherent down-conversion of an upper ISB polariton into a signal idler pair of a lower polariton and a phonon. Using the formalism of the parametric oscillation theory in planar devices [START_REF] Wouters | Parametric oscillation threshold of semiconductor microcavities in the strong coupling regime[END_REF], we can derive a value for the threshold pump intensity (I ):

I = ℏ Γ Γ Γ 4 , (4.32) 
where Γ is the damping rate of the LO-phonon, Γ P and Γ are damping rates of upper and lower polaritons, is the pump photon frequency, and is the number of quantum wells.

We apply the equation for a typical structure, with parameters ℏΓ ~ 4 , ℏΓ ~ 7 and ℏΓ < 0.36 and 75% of light absorbed within the UP state, hence the threshold intensity of the order of 70 kW/cm 2 . The threshold intensity corresponds to an incident average power of ≈ 20 for a single quantum well in ref [START_REF] Manceau | Resonant intersubband polariton-LO phonon scattering in an optically pumped polaritonic device[END_REF]. In turn, this threshold has to be multiplied by the number of quantum wells within the active region.

Demonstration of the strong coupling regime within the CaF 2 platform

In chapter 3, we have developed a waveguiding platform based on low-index substrates (e.g. CaF2). In this section, we investigate the possibility that the platform can be employed to obtain the strong coupling regime with ISB transitions. Therefore, we will employ the same transfer techniques, that have been developed for bare active regions, to embed doped active regions instead.

We used a doped active region (HM4148) with a total thickness of 1.5 μm. The sample consists of 50 repetitions of 8.3-nm GaAs wells/20-nm Al0.33Ga0.67As barriers. The barriers are nominally δ-doped to n2D = 1.34 × 10 12 cm -2 at their center. We first measure the intersubband (ISB) transition of this sample. Figure 4.15.a shows an ISB transition of 118 meV, with a linewidth of 19.9 meV at 300 K.

Using the transfer techniques with the polymer bonding (OSTEMER) presented in section 3.6.3, we implemented CaF2-based cavities with this doped active region. We studied two approaches: in the 1 st approach, the metallic grating is fabricated before the transfer, while the grating is patterned after the transfer in the 2 nd approach. the Rabi energies at the anti-crossing. They are the classic signature of a system operating in the strong light-matter coupling regime.

Interestingly, the polaritonic splitting is slightly larger in the buried grating configuration (the first approach). This is correctly reproduced in the numerical simulations (figures 4.15.c and e). The origin is attributed to the electromagnetic overlap factor, which is larger in the buried grating device than in the normal orientation. The presence of the buried grating reduces the amount of the electromagnetic field leaking in the substrate. The buried grating orientation also permits to excite more uniformly the active region, from the top surface, with a near-IR laser beam in view of pump-probe experiments [START_REF] Günter | Sub-cycle switch-on of ultrastrong light-matter interaction[END_REF]. These numerical simulations are in very good agreement with the experimental results. Note: the numerical value of the CaF2 refractive index (n = 1.3) can be fine-tuned thanks to the position of the "CaF2 light line" that crosses the polaritonic branches.

Furthermore, we have also explored the performance of these devices at low temperature. To demonstrate the compatibility of the devices for low-temperature operation (e.g. quantum well infrared detectors), we mounted the samples on copper blocks and placed them into an open flow cryostat and cooled down to 78 K. After a few cooling/warm-up cycles, there is no sample degradation was observed. Figure 4.16.a shows the reflectivity spectra of the sample at normal incidence (k// = 0) for both 300 K and 78 K. At 78K, a slight linewidth narrowing and a spectral blue-shift of the polaritonic modes were observed. At last, since one of the desired features of the III-Von-CaF2 bonding is the transparency of the substrate in the mid-IR, we probed the transmittance (2nd port of the system) at normal incidence in order to evaluate the level of absorption of the system. Figure 4.16.b reveals the two polaritonic states in transmission at 300 K, whose spectral positions are in excellent agreement with the reflectivity measurement. Most importantly, it is possible to estimate the system absorption as A = 1 -R -T. Therefore, 24% and 28% of the light are absorbed by the upper and lower polaritonic modes, respectively. These values are in line with what is achieved with systems with a double metal cavity when not in critical coupling [START_REF] Singh | Electronic and optoelectronic properties of semiconductor structures[END_REF], and it can be improved with judicious sample design.

Chapter conclusion

In conclusion, we have demonstrated and addressed some issues related to intersubband polaritons. Theoretically, we have used the Jaynes-Cumming model to describe the strong coupling regime for single and N quantum emitters coupled with a cavity mode. This theoretical framework leads to the formation of bright and dark polaritonic states. We have demonstrated experimentally the SCR in the dispersive MIM cavity. We have observed that the polariton linewidths are insensitive to the important inhomogeneity of the collective ISB transitions. More importantly, we have successfully performed the optical pumping experiment into the bright polariton states and observed resonant intersubband polariton-LO phonon scattering. Despite we are still far from the stimulated scattering, this experiment is a big step toward the development of ISB polariton lasers. Finally, we have successfully demonstrated the strong coupling regime within the CaF2-based cavity. This type of cavity is a promising platform for the polaritonic devices when optical access into the active region from the bottom side is necessary. We then measure the reflectivity spectra of all gratings using the Nicolet FTIR, probed at incident angles integrated from 15° to 25°. Figure 5.1.b shows the reflectivity measurements for some gratings that support the TM03 modes. In each grating, we observe the reflectivity dips (polariton modes) on both sides of the ISB transition (the dashed line). When stacking the measurements upward as the width (p) increases, the anti-crossing behavior of the polariton branches is evident as marked by two dotted curves. These observations verify the onset of the strong coupling regime in the devices.

We can also construct a color plot from all reflectivity measurements (figure 5.1.d). We note that the strong coupling originating from the TM03 mode is stronger than those from the TM01 and TM02 modes. We only observe partially the appearance of TM02 in the reflectivity measurements because the TM02 is non-radiative at normal incidence. On another hand, the TM01 mode originates from relatively narrow metallic patches, thus the overlap between the active region with this mode is small to induce resolvable resonances in the color plots.

The experimental results can be reproduced by the RCWA simulation. Figure 5.1.c shows a good agreement between the experiment (blue circle) and the RCWA simulation (black curve) for the 4.1-μm-patch grating. Furthermore, the dispersion of all gratings is simulated and represented in color plots for an undoped active region (figure 5.1.e) and a doped sample (figure 1.f). These simulated results show an excellent agreement with the experimental results. Moreover, the color dispersions also provide us a guide tool to select good devices for further studies.

Mid-infrared modulators based on ISB polaritons.

In this section, we use the sample fabricated in section 5.1 to implement mid-infrared modulators. The operating principle of the devices relies on the ability to modulate the strong coupling regime with an electrical gate. In fact, the light-matter coupling strength (Rabi splitting) is related to the number of electrons in the system as ∝ √N. At zero bias, the device operates in the strong coupling regime. Under an applied bias, the device transitions towards the weak coupling regime because electrons are depleted from the quantum wells. When the device transitions between the strong and weak coupling regimes, the large change of reflectivity depth at the polaritonic energies is exploited to modulate the intensity of a mid-IR laser.

Sample preparation

In this study, we use two samples having the same structure but different doping concentrations, i.e., HM4099 ( n2D = 1.76 × 10 cm ) and HM4098 (6 × 10 cm ). In order to control electrically the strong coupling regime, we fabricate an electrical gate on top of the grating by an optical lithography step (using resist AZ5214) and a metal deposition of 10-nm-thick Ti/ 300-nm-thick Au. Note that both the top electrical gate and the bottom metallic mirror are Schottky contacts, which is an efficient approach to deplete electrons from the system. Afterward, a mesa etching step is applied to remove material outside the sample area. This is done by an optical lithography step (using resist S1818) to protect the grating and electrical pad and an ICP (inductively coupled plasma) etching by a gas mixture of Cl2/BCl3. 

Demonstration of the modulation principle

To demonstrate the ability to modulate the strong coupling (ISB polaritons), we present here the evolution of the strong coupling under an applied bias. As we apply an appropriate on the device, electrons can be removed from the system. Therefore, the coupling strength (the Rabi spitting -energy difference between two polariton modes) can be totally or partially reduced. The devices can move from the SCR towards the weak coupling regime. Figure 5.3.a shows the evolution of the strong coupling regime under different applied biases for sample HM4099 (the 4.1--patch grating). At zero bias, the reflectivity spectrum displays two discrete polaritonic modes (red curve). The positions of the reflectivity minima are marked by two red dashed-dotted lines. Under applied biases, either negative (blue curves) or positive (green curves) values, the energy difference between two polaritonic modes (Rabi splitting) is reduced by 25% (at ±6 ). Since the Rabi splitting is proportional to doping ( ∝ √N), therefore more than 40% of the number of electrons is reduced. These measurements reveal that electrons are partially depleted from the quantum wells since the doping concentration is relatively high in sample HM4099. In order to show that electrons can be mostly depleted from the system, we perform similar measurements for sample HM4098. Figure 5.3.b shows a transition of the system from SCR towards the weak coupling as two discrete polariton modes (red curve) collapse to a single peak of the cavity resonant mode at 6V/-6V.

We also estimate the modulation depth, achievable on an incoming laser beam with our modulator. The modulation depth is defined as min , , with and being reflectivity at zero and applied biases, respectively. Figure 5.3.c shows the modulation depths for 3V (black curve) and 6V (red curve), the yellow area represents the tunable range of our mid-IR laser. It shows that a depth of 10% can be reached for a few frequency ranges and a modulation depth between 20% and 30% can be obtained around 1030 cm -1 . This frequency lies in the tunable range of our mid-IR QCL laser.

These experiments reveal the possibility to switch from the strong coupling regime to the weak coupling regime by modulating electron concentration under an electrical configuration. This platform holds the potential for the development of an amplitude modulator in the mid-IR range. Here, we can use the device to modulate an incoming laser beam, e.g., a quantum cascade laser (QCL), in a reflectivity configuration. By modulating the electron density at a very high speed, which can be implemented with radio frequency (RF) techniques, the amplitude of the reflectivity spectrum can be Strong coupling regime using non-dispersive MIM cavity altered rapidly. Therefore, the reflected beam from the grating surface is modulated at a high speed.

Experimental setup

In this section, we discuss the experimental setup which is used to study the modulation bandwidth and speed. The experimental setup is shown in figure 5.4. A mid-IR laser (continuous-wave, tunable commercial QCL from Daylight Solutions) is focused on the modulator. At the same time, the sample is supplied with a radio frequency (RF) signal from a synthesizer signal generator and a DC power supplier. The reflected (and modulated) beam is collected through a beam splitter and then sent to a detector D0, which is a fast MCT Vigo detector with a nominal bandwidth of 1KHz -837 MHz. The output of the detector is sent to either the spectrum analyzer. We use low-frequency measurements to align the experiments. In this case, the reflected signal is sent to an MCT detector D1 (50 MHz bandwidth) and the output from the detector is sent to a lock-in amplifier. Visible and MiR cameras are also used to align the experimental setup. Note: this experimental setup was developed by Stefano Pirotta. 

Experimental results

Figure 5.5 shows the normalized beat-note spectra obtained from the smaller grating (4.1--patch) of HM4099 at an impinging laser frequency of 1010 cm -1 . The signal is detected up to a modulation speed of 1.5 GHz, which is beyond the VIGO detector 3dB cut-off of 837 MHz. The measurements show the ultra-fast feature of our modulator.

We also measured the modulator bandwidth by scanning the response of the sample as a function of the modulation frequency. Figure 5.6.a presents the normalized response of the small device ( 100× 100

) at a frequency of 1010 cm -1 , measured at 300K. The device is supplied with 10dBm/DC@989 mV. The result shows that the modulator operates at frequencies larger than 1 GHz with a -3dB cut-off at ~ 750 MHz (vertical dashed line in figure 5.6.a). The cut-off frequency is linked to the surface area of the device. According to the theoretical RC-cut-off frequency, = with C being the device capacitance and R the resistance of the system, we can estimate = 510 MHz with R (~50 Ω) being the resistance of the RF synthesizer. The estimated value is in fair agreement with the experimental result. It reveals that the RC time constant limits the bandwidth of our modulator. The sample is supplied with 10 dBm/DC@ -989 mV at four different modulation frequencies 100 MHz, 500 MHz, 1 GHz, and 1.5 GHz. Solid blue and red curves correspond to laser on and off, respectively. Furthermore, we measure the modulation depth (or contrast) as a function of the laser frequency for the larger grating. Figure 5.6.b shows the normalized modulation contrast (dots) at room temperature and 78K. By overlaying with the results from DC response measurements (solid lines) in figure 5.3.c, we find a good agreement between DC and RF responses of the modulator. These results confirm that the operating principle is the modulation of the Rabi splitting by using an RF signal.

Strong coupling regime for ionizing transitions

Throughout this thesis, we have worked with ISB polaritons. They are hybrid quasiparticles, half-light half-matter, which are created in the strong coupling regime between the cavity modes (in a MIM cavity) and the ISB transition in MQWs. In this scenario, the nature of the matter excitation, the ISB transition, is a bound-to-bound transition between bound subband states in the QW conduction band (as discussed in chapter 2). The spectroscopic spectrum of bound-to-bound transitions shows either a Lorentzian line shape in the case of the homogeneous broadening or a Voigt function in the case of the inhomogeneous broadening.

In this section, we will investigate the light-matter interaction for a different matter excitation, namely bound-to-continuum ionizing transitions. Indeed, E. Cortese et al. [START_REF] Cortese | Strong coupling of ionizing transitions[END_REF] has theoretically proposed that the bound-to-continuum transitions can be strongly coupled with cavity resonant modes, leading to the formation of discrete polaritonic resonances. More importantly, the electronic part of these polaritonic resonances corresponds to bound excitons which do not exist in the uncoupled system, the ionizing transitions with their inherent continuum nature (non-excitonic). This reveals that the bound excitons are created by the coupling with the cavity mode.

Particularly, the bound exciton states are not standard excitons which rely on the Coulombic force between electrons and holes. They are kept together by the exchange of virtual cavity photons.

Theoretical Background

In this section, we will discuss the theoretical background of the strong coupling of ionizing transitions with cavity modes. We consider the case of bound-to-continuum transitions in quantum wells, which can be an ideal platform offering a matter excitation with an ionizing nature. We will follow the approach developed in literature by E. Cortese et al. [START_REF] Cortese | Strong coupling of ionizing transitions[END_REF]. The quantum model is presented in the appendix.

Description of the strong coupling of ionizing transitions

We present here the theoretical results for the strong coupling of bound-to-continuum transitions in a quantum well with a cavity mode. Figure 5.7.a illustrates a typical ionizing transition in a semiconductor quantum well. The QW thickness (LQW) is designed in such a way that there is only one bound state within the well region and a set of continuum unbound states above the potential well (V).

In this case, the unbound electronic states create a semi-finite ionization continuum with the lower limit being the first ionization energy. We denote ℏ as the first ionization energy, in which electrons are free with no kinetic energy. Figure 5.8 presents a calculation result for the second case (ℏ > ℏ ). The active region consists of one single quantum well with a thickness of 4nm. Its electronic structure shows a continuum with the first ionization energy of 184.4 meV (ℏ ). The active region is then coupled with a cavity mode of 195 meV (ℏ ) (yellow line). The strong light-matter coupling results in the formation of an observable polaritonic mode below the lowest edge of the continuum at a critical value of doping.

We also show the color map of the excited electronic density for the lowest-lying polariton mode in blue and all other modes in the continuum in red as shown in figure 5.8.c-g. Interestingly, the overlap of those modes in the continuum forms a uniform band with a homogeneous density (in red) that becomes vanishing in the true continuum. These features reveal the nature of a bound-to-continuum excitation. On the other hand, the excited states (blue curve) only appear above a critical value of doping. Therefore, these results confirm that the bound exciton state is present only when the polariton mode emerges.

Bound exciton mediated by a photon

To clearly illustrate the novel bound exciton, figure 5.9 shows the essential difference between standard excitons (attractive interaction) and repulsive electron-hole interaction in the bound-to-continuum transition. In the case of interband transitions in undoped QW, electrons in the valence band -with a negative effective massparticipate in the transition. The electron-hole mapping describes an electron vacancy in the valence band as a hole with a positive charge and a positive effective mass (figure 5.9.b). Therefore, the excitonic peak (E ) originates from a bound state of an electron and a positively charged hole. The standard bound exciton binds together by an attractive interaction, and its reduced effective mass is -= * -+ * -. On the other hand, in the case of an intersubband transition (or a bound-to-continuum transition) in a doped QW, electrons in the first subband state -with a positive effective mass -participate in the transition. The electron-hole mapping describes an electron vacancy in the first subband as a hole with a positive charge and a negative effective mass (figure 5.9.d). Moreover, in GaAs QW, the electron effective mass in the excited subband is * is larger than the one in the first subband * . Therefore, the reduced effective mass of the intersubband electron-hole pair is negative -= * -- * - [START_REF] Cortese | Excitons bound by photon exchange[END_REF].

As a consequence, the negative reduced effective mass will result in a repulsive electron-hole interaction, which shows that bound states cannot exist in the matter excitation with the nature of the ionizing transition. However, when the ionizing transition is strongly coupled with a cavity photon, the bound states are created via the exchange of a virtual photon.

Implementation of the bound-to-continuum transitions in quantum wells.

To implement the ionizing transitions, we grew two quantum well structures with different well width and doping, HM4229 (LQW = 4 nm), and HM4230 (LQW = 3.5 nm). Sample HM4229 consists of 13 repetitions of 4-nm GaAs/10-nm Al0.33Ga0.67As QWs. The δ-doping is implemented at the centers of barriers with a nominal sheet concentration of 5 × 10 cm -2 . Sample HM4230 consists of 13 repetitions of a 3.5-nm-thick GaAs separated by a 10-nm-thick Al0.33Ga0.67As. The δ-doping is implemented at the centers of barriers with the nominal sheet concentration of 4.77 × 10 cm -2 .

We then probe the optical transitions by using standard optical transmission technique. Figure 5.10.a shows the transmission spectra of samples HM4229 (the red curve) and HM4230 (blue curve). We also compare those spectra to the bound-to-bound ISB transition of sample HM4099 (green curve) on the same scale. We can notice that the line shapes of the studied samples are asymmetric and extremely broad compared to a typical bound-to-bound ISB transition. Moreover, the purpose of growing these two samples is to verify the existence of the bound-to-continuum transitions. In the case of ISB transitions, when the well thickness decreases, the energy difference between two quantized subband states increases. This leads to a blueshift of the absorption peak. On the other hand, in the case of a bound-to-continuum transition, there is only one bound state in the well. The absorption peak redshifts when the well width is made thinner. electrons in the single bound state can undergo different transitions to any delocalized states of the continuum. This results in an asymmetric and broad transmission line [START_REF] Capasso | Observation of an electronic bound state above a potential well[END_REF]. More importantly, we notice some narrower features around 140 meV, which red-shift when the well width is reduced. These features can be identified as the lower edge of the continuum. Therefore, we have confirmed the presence of bound-tocontinuum transitions in our samples.

Implementation of the photonic cavity: Coupling the matter excitation to a specific cavity mode

To enable strong light-matter coupling, we insert those active regions into metal-metal cavities. The top-view optical image of the cavities is shown in figure 5.11.a. The MIM cavities operate in the non-dispersive regime. We can vary the frequency of the resonant modes by tuning the metal patch width, as discussed in section 5.1. We first probe the resonant modes in MIM cavities sandwiching an undoped active region with the same thickness as the doped one. The energy dispersion of the cavity mode is shown in figure 5 In the presence of the bound-to-continuum in transitions in the doped active regions, we probe the reflectivity spectra of sample HM4229 at 78K. Figure 5.12.a shows the reflectivity map of this sample as a function of the bare cavity energy. Below the first ionization energy marked by the blue dashed line, we observe narrow polaritonic modes, which redshift about 20 meV compared to the bare cavity modes (white circles). The reflectivity minima of the polaritonic modes are marked by the blue circles. On the other hand, above the first ionization energy, we obtain only broad and undefined features that come from the bound-to-continuum spectrum. We identify and mark those features by the red circles.

We also extract the linewidths of the polaritonic modes, broad continuum features, and bare cavity modes from the data by a Lorentzian fit and plot them in figure 5.12.c. The linewidths of the polaritonic modes are mainly governed by those of the bare cavity. Above the first ionization energy, the linewidths are very broad for the absorption features. Moreover, both the polaritonic modes and the broad features in the continuum are at frequencies lower than the bare cavity modes. Nevertheless, they are very different in terms of linewidths, which remain separated for all bare cavity energies. These characteristics are not compatible with the standard polaritonic description, which has been studied previously in this thesis. In a standard polaritonic system, the linewidths 

Section conclusion

We have demonstrated experimentally the strong coupling of ionization transitions, leading to the formation of discrete polariton modes below the ionization threshold.

The agreement between the theoretical proposal and the experimental results reveal that the strong light-matter interaction non-perturbatively modifies the nature of the matter excitation as localized states are created from the delocalized states. However, unlike usual excitons, where electron-hole pairs are kept together by the Coulomb interaction, the aforementioned localized states are mediated by the exchange of cavity photons. This phenomenon opens up an interesting perspective, in which cavity quantum electrodynamics is a tool to modify the nature of hybridizing resonances.

Chapter conclusions

In summary, we have experimentally demonstrated the formation of ISB polaritons in non-dispersive MIM cavities. By applying an electrical gate on top of gratings, we have The matter fraction P of the discrete polariton mode. Taken from [START_REF] Cortese | Excitons bound by photon exchange[END_REF] Strong coupling regime using non-dispersive MIM cavity shown that the device can transition in and out of the strong coupling regime by modulating the electronic density. From that idea, we have successfully developed amplitude modulators for the mid-IR region that can modulate free-space laser beams up to a speed of 1.5 GHz at room temperature. This possibly is the first demonstration of a practical device relying on ISB polaritons. As a second application, we have experimentally demonstrated the strong coupling of ionizing bound-to-continuum transition in thin quantum well structures with light. The excellent agreement between the experimental results and the theoretical prediction has revealed that the strong light-matter interaction can non-perturbatively modify the nature of the excitation wavefunction. In the considered case, localized bound states are created below the ionizing threshold in the strong coupling while they are not present in the weak coupling regime.

Chapter 6 Conclusions and perspectives Chapter 6 Conclusions and perspectives My Ph.D. thesis focused on the study of the strong light-matter coupling regime between intersubband transitions in semiconductor quantum wells, and photonic cavity modes, with particular attention to metal-insulator-metal systems. More in detail, I tried and developed optoelectronic devices for the Mid-IR spectral range, whose operation in the strong coupling regime can lead to improved/novel functionalities.

To achieve my goals, I had to optimize some important key aspects of the polaritonic systems under study. I explored techniques to optimize the linewidth of intersubband transitions, and to improve the quality factors of the metal-metal resonators I employed. These initial developments are described in Chapters 2 and 3.

Chapter 2 focused on "the matter part" of the polaritonic excitations, namely intersubband transitions in multiple QWs. The transition linewidth was optimized on one hand by finding the optimal position for the silicon dopants in the barriers. On the other hand, I explored -in collaboration with our colleagues in TASC Laboratory (Trieste, ITALY) -the use of growth interruptions to obtain smoother inverted interfaces in the structures.

Chapter 3 focused instead on the photonic resonators. I have developed metalinsulator-metal cavities that permit to couple light via a top patterned mirror andsimultaneously -confine light at sub-wavelength scales between the two metallic mirrors. In particular, I showed that it is possible to design these resonators to engineer a dispersion that mimics the one of excitonic polaritons, which has been the key enabling tool behind the demonstration of stimulated scattering and lasing in these systems. I also developed a novel waveguide/cavity platform based on low-loss/lowindex materials (CaF2, BaF2…) that replaces the bottom metallic mirror. This architecture is useful when optical access from both sides of the device is necessary, or when nanostructures and/or electrical connections must be present on both sides of the sample.

In the remaining chapters, based on these developments, I proceeded to perform studies of fundamental polaritonic properties or to develop real-world devices operating in strong coupling. In particular, I mention the observation of resonant intersubband polariton-LO phonon scattering in an optically pumped polaritonic device and the development of mid-IR ultra-fast modulators.

Chapter 6 Conclusions and perspectives

In chapter 4, after providing the necessary theoretical background, I have successfully performed a relatively complex optical pumping experiment: photons are injected into the UP branch of a judiciously designed sample; the generated polaritons emit LO-phonons and scatter towards the LP final state (the energy minimum at // = 0); and emission is detected from LPs radiatively decaying at the final state. The key design constraint here was to obtain an energy distance between the final state and the pumping position of exactly one LO-phonon. In this same chapter, I have demonstrated that intersubband polaritons are immune from the inhomogeneity of the intersubband transitions. This is an important result in view of implementing polaritonic devices, that is the focus of the last chapter of the thesis.

In chapter 5, we have developed a free-space amplitude modulator for mid-IR radiation  = 10 m) that can operate up to at least 1.5 GHz and at room temperature.

The device relies on a semiconductor hetero-structure enclosed in a metal-metal optical resonator. The operating principle is in reality quite simple: at zero bias, it operates in the strong light-matter coupling regime. By applying an appropriate bias, the device transitions towards the weak coupling regime. The large change in reflectivity due to the disappearance of the polaritonic states is exploited to modulate the intensity of a mid-IR laser.

I would like to mention that in the last part of the thesis I moved back to more fundamental topics: I provided the experimental demonstration of the strong coupling regime for bound-to-continuum transitions, a phenomenon that has been recently proposed in a theoretical paper. Specifically, we have shown that the light-matter interaction permits to bind together charged particles not by Coulomb interaction, but by the exchange of transverse photons.

While important results have been realized during this thesis, what are their

perspectives? There is definitely plenty of room for improvement.

In terms of polariton lasers, we are still far from the threshold for the stimulated scattering regime, as even stimulation was not observed yet. This is in part due to the limitation of our pumping source, a commercial QC laser, that can reach power densities of only a few kW/cm 2 . To overcome this point, more powerful lasers will be employed such as CO2 lasers or Optical parametric oscillator (OPO) systems.

Additionally, it is also important to implement structures with lower predicted thresholds. This involves mainly reducing the number of QWs, and also increasing the electron-phonon interaction using for instance more polar materials. 

7 .

 7 Il est important de noter qu'il n'existe à ce jour aucune démonstration expérimentale d'un tel mécanisme stimulé avec les polaritons ISB. viii Alors que le schéma d'injection électrique est une caractéristique clé en vue du développement de dispositifs commerciaux, nous avons opté pour le schéma de pompage optique afin de démontrer ce mécanisme de stimulation par l'état final. En effet, l'injection électrique est une tâche ardue car la plupart des électrons injectés se couplent aux nombreux états polaritoniques sombres, inhérents à la nature collective des transitions intersous-bandes. Il convient donc de souligner certains aspects importants en ce qui concerne les dispositifs polaritoniques à pompage optique :  Développement d'une cavité optique afin d'obtenir un comportement dispersif nécessaires aux différents mécanismes de diffusion.

Figure 1 :

 1 Figure 1 : L'illustration schématique du laser polariton. De nouvelles branches de polaritons naissent du fort régime de couplage entre l'émetteur quantique et le mode photon de la cavité. Dans le cadre d'une expérience de pompage optique, des polaritons sont injectés dans le système ; les polaritons subissent alors des mécanismes de relaxation tels que les processus de diffusion polariton-polariton et polariton-phonon. Ils perdent progressivement leur énergie et s'accumulent vers l'état final (le minimum d'énergie de la branche inférieure du polariton), appelé diffusion stimulée par l'état final. Le processus se produit continuellement, c'est pourquoi un nombre massif de polaritons occupent l'état final, ce qui conduit à la création d'un condensat -un état cohérent à longue portée. Enfin, des photons cohérents sont émis par le condensat (effet laser) lorsque la partie photonique des polaritons s'échappe de la cavité optique.

Figure 2 :

 2 Figure 2 : Transitions intersous-bandes (ISB) dans les puits quantiques. a) Illustration typique de la structure des bandes électroniques dans une structure à puits quantiques multiples. b) Évidences expérimentales de l'existence de l'inhomogénéité dans nos puits quantiques multiples. Spectres de transmission du même échantillon avec différents nombres de puits quantiques 36, 27, 21, 10, respectivement, mesures à 78K. c) Les effets du temps d'interruption de la croissance sur la largeur de raie d'une transition ISB.

Figure 3 :

 3 Figure 3: Microcavités optiques. a) Visualisation schématique de la cavité métal-isolantmétal (MIM) avec le miroir à réseau périodique métallique supérieur. L'image de la cavité de haut en bas. La dispersion photonique est le résultat du repliement du mode TM0 dans la première zone de Brillouin. b) Résultat expérimental de la dispersion photonique de la cavité dispersive. c) Résultat expérimental de la dispersion photonique des cavités non dispersives en fonction de la taille de la bande métallique. d) Résultat expérimental de la dispersion photonique de la cavité CaF2.

Figure 4 :

 4 Figure 4: Le régime de couplage fort. a) Le régime de couplage fort entre une transition ISB et un mode photonique, conduisant à l'apparition de deux modes polaritoniques (UP et LP). La force de couplage ( ) dépasse les taux d'amortissement du système ( , ). b) Le résultat expérimental de la dispersion du polariton en fonction du vecteur d'onde dans le plan. c) L'accord entre la simulation RCWA et le résultat expérimental. d) La preuve expérimentale de la diffusion polariton -LO-phonon. (Panneau supérieur) L'état d'injection (initial) et l'état final du système polaritonique, séparés par une énergie de LO-phonon. (Panneau inférieur) Spectre d'émission de l'échantillon HM3872 sous injection de lumière résonnante. L'injection et les états finaux sont résonants et séparés exactement par une énergie LOph.
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 11 The mid-infrared and terahertz spectral ranges Chapter 1

Figure 1 . 1 :

 11 Figure 1.1:The schematic illustration of polariton lasing. New polariton branches arise from the strong coupling regime between quantum emitter and cavity photon mode. Under an optical pumping experiment, polaritons are injected into the system; polaritons then suffer relaxation mechanisms such as polariton-polariton and polariton-phonon scattering processes. They gradually lose their energies and accumulate toward the final state (the energy minimum of the lower polariton branch), called the final state stimulated scattering. The process continuously happens, hence a massive number of polaritons occupy the final state, leading to the creation of a condensate -a long-range coherent state. Finally, coherent photons are emitted from the condensate (lasing) as the photonic part of polaritons escape the optical cavity.
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Figure 2 . 1 :

 21 Figure 2.1: a conventional scheme of the band structure of solids, taken from [59].

Figure 2 . 2 :

 22 Figure 2.2: a) The unit cell of a zinc-blende crystal structure, for example GaAs; taken from [60]. b) The Brillouin Zone of the zinc-blende crystal structure.

Figure 2 . 3 :

 23 Figure 2.3: The band structures of GaAs and AlAs, taken from [60].

Figure 2 . 4 :

 24 Figure 2.4: The typical illustration of a multiple quantum well structure (MQW). a) The multiple quantum well structures (ex. GaAs/AlGaAs quantum well) grown on GaAs substrate. b) Close-up in the MQW structure: GaAs wells are sandwiched between two AlGaAs barriers. c) In each quantum well, electrons are confined in the well material (GaAs), but freely move in the x-y plane -a so-called two-dimensional electron gas (2DEG). d) the band structure of quantum wells
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 23 by the relation = -and follow the Coulomb gauge condition . ( , ) = 0.

  of the initial and final states. From equation (2.10), we can express the states | ⟩ and | ⟩ as follows: and ( ) are the periodic Bloch functions of the initial and final bands (conduction or valence band), ( ) and ( ) are the envelope functions of initial and final states along the z-direction, ‖ and ‖ are the in-plane wave vectors of the initial and final states.

  .31) where = * ℏ ( )| | ( ) is the oscillator strength between the first and second subbands. is approximately 0.96 for most of the cases used within this thesis, and is the refractive index of the background (ex: GaAs substrate).

  35 meV for a bare potential (figure 2.5.a). When donors are introduced within the barriers (modulation-doped), the transition redshifts to the energy of 106.3 meV because the conduction band is modified by the Hartree potential (figure 2.5.b). Additionally, we obtain a plasma frequency of 6.1 THz, which corresponds to an energy of 25.2 meV. Therefore, by taking into account the collective effect, the renormalized energy of ISBTs is 109 meV.

Figure 2 . 5 :

 25 Figure 2.5: a) A Schrodinger-Poisson calculation shows a transition of 118.35 meV in our typical quantum well structure -8.3 nm / 20 nm GaAs/Al0.33Ga0.77As. b) When donors are introduced within barriers with a concentration of 1 × 10 12 (cm -2 ), the ISB transition red-shifts to 106.3 meV.

Figure 2 . 6 :

 26 Figure 2.6: a) Illustration of a sample in the multipass waveguide configuration and the measurement scheme. b) Example of an ISB transmission spectrum in the sample named HM3983.

Figure 2 . 7 :

 27 Figure 2.7: a) (upper panel) Schematic of the absorption spectroscopy of MIR photons within a doped QW. The 1st subband (conduction band) is filled with electrons and MIR photons are absorbed by the quantized states. (lower panel) Schematic of the experimental approach with a 45 degrees facets multipass prism. b) (Upper Panel) Schematic representation of the photoinduced absorption spectroscopy with undoped QW. Electrons are promoted from the valence band to the conduction band using a CW laser at 532 nm. MIR photons are then absorbed by the quantized states. (lower panel) Schematic of the experimental approach with a 45 degrees facets multipass prism illuminated by a CW laser.

Figure 2 . 8 .

 28 b shows the absorption spectrum with an ISB transition at 127 meV. In this situation, electrons are promoted from the valence band up to the conduction band and then relax to the 1 st confined level inside QWs. The charge density is relatively weak; hence, the influence of the depolarization shift can be neglected. X-ray diffractometry measurement indicated a difference of 0.4 nm in well thickness in between the undoped and modulation-doped samples, confirming the blue-shift of 8 meV for HM4105. More interestingly, the ISBT FWHM of the undoped sample is equal to 6.4 meV, which is comparable to the linewidth of the modulation-doped sample. This confirms that for relatively low-doped structures, if the donors are remotely placed in the barriers, impurity scattering weakly contributes to the broadening of the transition.

Figure 2 . 8 :

 28 Figure 2.8: a) Transmittance spectra of the sample doped within the well (upper panel) and the modulation doped sample at 78K (lower panel). The red curves are the Voigt fitting functions. (b) The photo-induced absorption spectrum of the undoped sample at 78K with its fit (red).
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 210 Figure 2.10: Transmission spectra of four samples recorded at 300K and 78K in multi-pass waveguide configurations

Figure 2 . 11 : 29 2. 5

 211295 Figure 2.11: Experimental evidences of the existence of the inhomogeneity in our MQWs. a) Transmission spectra of four versions of the samples HM3872 with different quantum well numbers 36, 27, 21, 10, respectively, recorded at 300K and b) at 78K in multipass waveguide configurations. c) The linewidths of four samples with decreasing quantum well numbers at 300K and 78K. d) The absorption central frequencies of four samples with decreasing quantum well numbers at 300K and 78K.

  .1), which consists of two mirrors facing each other. Light can be reflected many times and resonantly confined between these two mirrors. The resonant modes are determined by the relation between the wavelength of light ( ) and the cavity length ( ): = 2 ⁄ , with being the refractive index of the cavity, andbeing the order of a resonant mode. Along with the development of state-of-the-art nanofabrication techniques, the concept of optical resonators was translated to dielectric/semiconductor-based structures at small scales. Their dimensions are usually of the order of the wavelength.An optical microcavity is characterized by two figures of merits: the mode volume () and the quality factor (Q-factor).

Figure 3 . 1 :

 31 Figure 3.1: Schematic view of a Fabry-Perot optical cavity. It consists of two mirrors facing each other to trap the light inside.

Figure 3 . 2 :

 32 Figure 3.2: Examples of optical microcavities: a) micropillar; b) "whispering gallery mode" cavities (microdisk, microtoroid); c) photonic crystal, and d) and plasmonic cavity.

2 Figure 3 . 3 :

 233 Photonic crystal Plasmonic cavity Quality factor ~ 7000-22000 ~ 1-4 x 10 8 ~ 10 4 < 100Mode Volume ~ 5( /n) 3 > 6 ( /n)3 1.2( /n) 3 < 10 -5 ( /n)3 
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 133 40 Optical microcavities for Intersubband Polaritonic devices For a typical metal, the value of the scattering time ranges from 10 to 10 s at room temperature, hence, ( ) ≈ = , and we derive the relation between the dielectric function and the electrical conductivity: Propagation of an electromagnetic wave in a bulk metal The Drude model tells us that the conductivity and dielectric function of a metal are frequency dependent. More importantly, the plasma frequency is a crucial characteristic of the metal, which depends on the electron density N. For typical metals the electron density is approximately N = 10 cm -3 , the plasma frequencies are around ∝ 10 (λ p ~ 200 nm), hence metals reflect light below the plasma frequency (the dielectric function in eq. (3.5) becomes negative). This explains why we see the "shiny" color of metals in daily life since the frequencies of visible light (430 -750 10 , ~ 400 -800 nm). Now we take a closer look at the propagation of electromagnetic waves for different frequency regimes.Figure 3.4 plots the real part of the dielectric function of a metal. For electromagnetic waves having frequencies below the plasma frequency < , there is no propagation in the metal because the real part the dielectric function is negative ( ( ( )) < 0). Waves are reflected by the plasma of charged particles.

Figure 3 . 4 :

 34 Figure 3.4: The real part of the dielectric function of a metal for different frequencies. Below the plasma frequency ( ), EM waves decay in metal because of the negative dielectric function. Above the plasma frequency ( ), EM waves can propagate in a metal.
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 35 Figure 3.5: The propagation of electromagnetic waves at the interface between a metal and a dielectric

Figure 3 . 6 :

 36 Figure 3.6: The dispersion relations of surface plasmon polariton (SPP) modes at the GaAs/Au interface (red curve). The light lines in GaAs and air are shown respectively in blue and green dashed lines. The black dashed represent the energy of surface plasmon for the GaAs/Au interface. ( (

. 35 )Figure 3 . 7 :

 3537 Figure 3.7: a) The propagating modes in the metal-metal cavity for both TM and TE polarizations. b)The energy dispersion of the TM/TE propagation modes. For higher order modes, there are cut-off frequencies determining the lowest frequencies that EM waves can be confined in the cavity. In contrast, the TM0 mode shows no cut-off frequency.

  .7.b). The relation between energy and wavevector is deduced as:

Figure 3 . 8 :

 38 Figure 3.8: a) Schematic view of the MIM cavity with the top periodic metallic grating mirror and the field distributions ( and | |) along the z-axis. The propagation of EM waves in the top grating MIM cavity is modulated by the grating structure along the x-axis. b) The photonic band structure of the MIM cavity, stemming from the folding of the TM0 mode in the first Brilouin zone of the grating structure. Photonic bandgaps show the region where no EM waves can propagate.

Figure 3 . 9 :

 39 Figure 3.9: The calculated energy dispersions and the field distributions for dispersive and non-dispersive metal-insulator-metal (MIM) cavities. a) The energy dispersion of the dispersive MIM cavity; (parameters of the device: thickness = 1.1 μm, period Λ= 4 μm, and filling factor = 70% -metal strip size = 2.8 μm). The field distributions are plotted for an incident angle of 30 degree the lower and upper modes. b) The energy dispersion of the non-dispersive MIM cavity; (parameters of the device: thickness = 0.2 μm, period Λ= 4 μm, and filling factor or duty cycle = 70% -metal strip size = 2.8 μm). The field distributions are plotted for an incident angle of 30 degree for TM01, TM02, and TM03. Each metal strip behaves as an independent resonator.

Figure 3 . 10 :

 310 Figure 3.10: Scheme of the fabrication procedure. a) Epitaxial growth of the active region and preparation of a host wafer. b) Metal evaporation of a layer of 10-nm-Ti/300-nm-Au for c) Thermocompression wafer bonding of the sample and the host wafer. d) dicing of the big wafer into smaller pieces of 1 cm x 1cm. e) grating transfer onto the sample by electron beam lithography on PMMA-A6 resist, development in MIBK : IPA (1:3), metal evaporation of a thin layer 4-nm-Ti/70-nm-Au, and lift-off.
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 535 Sample Fabrication and Experimental Optical Setup

  layer is lifted off to obtain the complete sample. A top view of the sample by the scanning electron microscope is shown in figure3.11.

Figure 3 . 12 :

 312 Figure 3.12: Schematic view of the experimental setups utilized for the reflectivity measurements. a) Angle-resolved reflectivity measurements for the dispersive MIM cavity. The setup consists of a Globar source, a Michelson interferometer system, a grazing angle unit, and a DTGS detector. b) The FTIR Nicolet microscope setup for the non-dispersive MIM cavity.The optical path is similar to the setup for the angle-resolved reflectivity. The difference here is the presence of the Cassegrain Objective that provides a fixed incident angle for the measurement. This setup can be used to measure samples with a small size ~ 100 x 100 μm 2 .

Figure 3 . 13 :

 313 Figure 3.13: The experimental results on the dispersive cavity. The MIM cavity (HM4063) has a thickness of 1.1um, the grating period is 3.4 μm and duty cycle is 85%. a) The reflectivity spectra of the sample and a gold reference at 45º. The normalized spectrum is obtained by dividing the spectrum of the sample over that of the reference. The normalized spectra of the sample are stacked in b) and represented in color plot, energy versus incident angle, in c).

Figure 3 . 14 :

 314 Figure 3.14: The photonic dispersion of the dispersive cavity; a) Numerical simulation by RCWA b) Experimental measurements.

Figure 3 .

 3 Figure 3.15: a) Optical image of many MIM resonator arrays. The size of each square sample is 200 x 200 μm 2 (dashed region). The larger square on the top right is the reference sample. b) The reflectivity spectra of MIM resonators for different metal strip widths. The circle dots represent the peak positions of confined modes TM01, TM02, TM03. c) RCWA simulation for MIM cavities, calculated at a fixed incident angle of 15°. The metal strip sizes are varied from 0.5 μm to 5.5 μm. d) The color plot of the reflectivity spectra for different MIM cavities, showing clearly the confined modes TM01, TM02, TM03 and so on …
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 2316 Figure 3.16: Transmission spectrum of CaF2 in the mid-infrared region, measured by FTIR. The CaF2 substrate is 500-μm-thick.

Figure 3 . 17 :

 317 Figure 3.17: Fabrication flow of a cavity on low index substrates. a) Traditional Au-Au thermo-compressive wafer bonding for MIM cavities; b) Direct transfer; c) Bonding with an adhesion layer

Figure 3 . 18 :

 318 Figure 3.18: III-V semiconductors on CaF2 substrate -the direct transfer. a) The schematic view and the field distribution in the cavity. b) The RCWA simulation for the CaF2 cavity. c) The experimental photonic dispersion of CaF2 cavity, showing two distinct lower and upper mode. The transmission at ∕∕ = 0 is also probed for the CaF2 platform, the peak corresponds to the upper polaritonic branch.
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 41 Figure 4.1: Schematic view of the light-matter interaction in a cavity. a) The weak coupling regime.denotes the damping rate of the cavity (light part), is the damping rate of the quantum emitter (matter part), g is the coupling constant between the quantum emitter and the cavity photon mode, is the probability of the quantum emitter in the excited state. When the coupling is smaller than the damping rates of each component, we have the weak coupling regime. In this regime, the electron in the excited state will decay exponentially and emit a photon by spontaneous emission. b) The strong coupling regime. In this regime, the coupling strength exceeds the damping rates of the system. The lifetime of photons in the cavity is longer than the energy exchange time. Therefore, the emitted photon from the quantum emitter can be reabsorbed. is the Rabi frequency.

  .2) where , H , and H are the Hamiltonians of the photon in the cavity, the intersubband transition, and the light-matter interaction, respectively. The two-level system (ISB transition) consists of a ground state | ⟩ and an excited state | ⟩ separated by a transition energy, ℏ , hence its Hamiltonian is = ℏω (4.3) where = | ⟩⟨ | and = | ⟩⟨ | are ladder operators. The electronic transition in the two-level system is characterized by a dipole moment = ⟨ |q | ⟩ with q being the elementary charge of electrons.
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 691 The strong light-matter coupling regime with ISB transitions where g = -ℰ ℏ ⁄ . By substituting the value of the oscillator strength of the intersubband transition from chapter 2,

. 11 )

 11 At resonance, = = , we obtain the two eigenstates corresponding to the two eigen-energies of the polaritons separated by the Rabi splitting 2ℏΩ = 2ℏg (4.12) (shown in figure4.2.a):

Figure 4 . 2 :

 42 Figure 4.2: "Quantum" picture of the light-matter interaction and the formation of the new states denoted as UP -upper polariton and LP -lower polariton for a) single quantum emitter, b) N identical emitters.
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 711 The strong light-matter coupling regime with ISB transitions

Figure 4 . 3 :

 43 Figure 4.3: Experimental platforms for demonstrations of ultra-strong coupling regime. a) multisubband transitions embedded in a MIM resonator, taken from[START_REF] Delteil | Charge-Induced Coherence between Intersubband Plasmons in a Quantum Structure[END_REF]. b) the pump -probe (THz pulse) scheme; intersubband transition, which is induced by near-IR femtosecond pumped laser, coupled to TM-mode, taken from[START_REF] Günter | Sub-cycle switch-on of ultrastrong light-matter interaction[END_REF]. c) intersubband transition in parabolic QWs coupled to LC resonators, taken from[START_REF] Geiser | Ultrastrong Coupling Regime and Plasmon Polaritons in Parabolic Semiconductor Quantum Wells[END_REF]. d) cyclotron transitions of quantum wells coupled to THz metamaterials (Landau polaritons), taken from[START_REF] Bayer | Terahertz Light-Matter Interaction beyond Unity Coupling Strength[END_REF].

Figure 4 . 4 :

 44 Figure 4.4: a) Scheme of electrical injection into a polaritonic device, taken from [55].b) The active region of the quantum cascade heterostructure consists of an injection region, a QW region, and an extraction region[START_REF] Jouy | Intersubband electroluminescent devices operating in the strongcoupling regime[END_REF]. Electroluminescent spectra recorded from c) the sample in the strong coupling regime and e) the sample in weak coupling regime, showing the evidence of ISB transition[START_REF] Jouy | Intersubband electroluminescent devices operating in the strongcoupling regime[END_REF]. d) the experimental evidence of the scattering between polaritons and the LO-phonon in the electrical injection scheme[START_REF] Delteil | Optical phonon scattering of cavity polaritons in an electroluminescent device[END_REF].

Figure 4 . 5 :

 45 Figure 4.5: Control of the strong coupling regimes. a) Schematic view of the device with a top electrical gate.For a square quantum well structure, with no applied bias, there are two polariton modes in the reflectance. Under an applied bias, the strong coupling is switched off and the two polaritonic modes disappear[START_REF] Anappara | Electrical control of polariton coupling in intersubband microcavities[END_REF]. b) For an asymmetric quantum well structure. In each asymmetric QW, there are an undoped thinner quantum well and a central-doped thicker quantum well. The structure is embedded in a cavity, in which the cavity mode is resonant with the ISB transition in the thinner QW. With no applied bias, the device operates in the weak coupling regime. Under an applied bias, electrons can tunnel from the lowest subband state of thicker quantum well to the lowest subband state of the smaller one. This tunneling process induces the ISB transition in the thinner QW and hence the formation of the strong coupling as two dips appear in reflectivity spectra[START_REF] Anappara | Tunnelassisted manipulation of intersubband polaritons in asymmetric coupled quantum wells[END_REF].

Figure 4 . 6 :

 46 Figure 4.6: Experimental platforms for the demonstration of the strong/ultra-strong coupling regime with few-electrons: a) intersubband transitions coupled to metamaterial nanocavities, taken from[START_REF] Benz | Strong coupling in the sub-wavelength limit using metamaterial nanocavities[END_REF]; b) mid-infrared nano-antennas, taken from[START_REF] Malerba | Towards strong light-matter coupling at the single-resonator level with sub-wavelength mid-infrared nano-antennas[END_REF]; c) 3D THz meta-atoms, taken from[START_REF] Paulillo | Room temperature strong light-matter coupling in three dimensional terahertz meta-atoms[END_REF]; d) cyclotron transitions in Nanogap Hybrid LC Microcavities, taken from[START_REF] Keller | Few-Electron Ultrastrong Light-Matter Coupling at 300 GHz with Nanogap Hybrid LC Microcavities[END_REF]; e) THz LC resonators, taken from[START_REF] Jeannin | Ultrastrong Light-Matter Coupling in Deeply Subwavelength THz LC Resonators[END_REF].
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 2643 Experimental demonstration of the strong coupling regime and related linewidth issues

  (i) the energy as a function of the incident angle (E-theta ( )) as shown in figure 4.9.a and (ii) the energy as a function of the normalized wavevector (E-// ) as shown in figure 4.9.c. The relation between these two representations follows equation (3.42) in chapter 3.

Figure 4 . 8 :

 48 Figure 4.8: Typical reflectivity spectra of a doped sample embedded in a MIM cavity, probed at an incidence of 45°. (Inset) The sample (HM4046) has a nominal doping concentration of 1.02 x 10 12 cm -2 per quantum well. The MIM cavity grating parameters are: period of 4.35 μm and duty cycle of 85%. The blue curve shows the reflectivity of a plane gold reference. The green curve shows the reflectivity of sample HM4046 embedded in the MIM cavity. The incident beam is TM-polarized. The red curve shows the normalization spectrum of the sample over the reference. The two dips around the ISB transition (the dashed line) represents two polariton modes, upper polariton (UP) and lower polariton (LP).

Figure 4 . 9 :

 49 Figure 4.9: a) The polariton dispersion for sample HM4046 as a function of the incident angle, from 13° to 73° (resolution 2°). The dashed line shows the position of the ISB transition. Black dots represent the lower and upper polariton branches. The anti-crossing behavior of LP and UP is evidence of the strong coupling regime. b) The splitting, the energy difference between LP and UP, at different incidence angles. The energy splitting occurs at 35°, and it is 14 meV. c) The polariton dispersion as a function of the in-plane wavevector. d) The agreement between the RCWA simulation and experimental results. Red dots show lower and upper polariton branches, extracted from the measurements. Blue curves show LP and UP branches, calculated form the RCWA simulation. The green curve shows the simulated photonic mode of the MIM cavity.

Figure 4 . 10 :

 410 Figure 4.10: Reflectivity spectra of a MIM cavity with an undoped MQWs, probed at an incident angle of 15° at 300K and 78K. The grating parameters: period of 3.8 µm, and filling factor of 83%.

Figure 4 .

 4 11.a-b represents the reflectance of all the samples at 300K and 78 K, respectively. For each sample, we modified the grating period to obtain the minimum Rabi splitting of the ISB polaritonic dispersion at an angle of 35 • , while the filling factor is kept constant at 80%. The energy distance between two polaritonic modes -the Rabi splitting -increases approximately as the square root of the doping concentration (as shown in equation 4.22) (figure 4.11.c).

Figure 4 . 11 :

 411 Figure 4.11: Reflectance spectra of the metal-metal cavities with four differently doped active regions, probed at an incident angle of 15°. a) The spectra recorded at room temperature (300K), b) at nitrogen liquid temperature (78K). The reflectivity dips correspond to the lower and upper polaritons. c) The Rabi splitting as a function of the sheet doping concentration. The experimental data (black dots) agree with a square root fitting function (red curve), that confirms the square root dependence of the Rabi splitting on the doping concentration.
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 412 Figure 4.12: Summary of the experimental linewidths of ISB transitions (blue dots), bare grating resonator (red dots), lower polaritons (yellow down triangles), and upper polaritons (green up triangles). Panel (a) reports the results at 300 K. Panel (b) at 78 K. The dashed lines in the two panels represent the average of cavity and ISB transition linewidths (γ + γ ) / 2 that correspond to the expected polariton linewidth at zero detuning, i.e., when the Hopfield coefficients are equal to 0.5.

Figure 4 .

 4 Figure 4.[START_REF] Deacon | First Operation of a Free-Electron Laser[END_REF].a shows the polaritonic dispersion of sample HM3872. Note: this calculated dispersion is fitted with experimental parameters. The final state of the polariton dispersion is determined as the energy minimum of the lower polariton (LP) branch at normal incidence. This final state is the point where the polaritons get scattered from the upper branch: it is of crucial importance to precisely measure its spectral position. The final state is marked by the red circle.

Figure 4 .

 4 [START_REF] Deacon | First Operation of a Free-Electron Laser[END_REF].b shows the experimental setup for the optical pumping measurements.

Figure 4 .

 4 13.d (upper panel) shows the positions of the injection and lower state, respectively at 1118 cm -1 and 824 cm -1 .

Figure 4 .

 4 Figure 4.13: a) The polariton dispersion of sample HM3872 recorded at 300 K. This calculated dispersion is fitted with experimental data. The injection and final states are marked respectively by blue and red circles. b) Schematic representation of the experimental setup for the optical pumping experiment. c) Measurement scheme on sample surface. d) (Upper) Reflectivity of the sample at normal incidence (light color) probed by FTIR and at 41° probed by a QCL laser (dark color). Measurements were performed at 78 K. The LP state, at normal incidence, corresponds to the final state while the dashed part represents the UP state. (Lower) Emission spectrum of sample HM3872 under resonant light injection. The power of the incident laser is 58 mW. The measurement was performed in a step-scan configuration at a resolution of 4 cm -1 and a temperature of 78 K. The separation between the injection and final states is exactly by one optical phonon energy.

Figure 4 .

 4 Figure 4.14: a) Emission spectra of sample HM3872 under resonant optical pumping. These spectra are recorded with increasing spectral resolutions (from the top: 4 cm -1 , 1 cm -1 , and 0.5 cm -1 ). Within the resolution limit of the spectrometer, it allows us to accurately measure the LO phonon energy at 293.5 cm -1 , very close to the bulk value in GaAs. b) Emission spectra of sample HM3872 for different values of the pump laser wavenumber. The emitted light follows rigorously the injected one, and it is always separated from the injection by one LOph energy. The amount of emitted light is directly proportional to the absorption at the injection frequency.

Figure 4 .

 4 15.b-e presents the polaritonic dispersions for the two different systems. The top panel shows the results of the 1 st approach, in which the cavity features a buried grating. The bottom panel shows the results of the 2 nd approach. In both systems, the energy dispersion shows new eigenmodes (figures 4.15.b and d) -separated by twice

Figure 4 . 15 :

 415 Figure 4.15: Experimental demonstrations of the strong coupling regime in the lowindex substrate platform. a) The intersubband transition of doped sample HM4148 at 300K. The sample is embedded in the CaF2 cavity by Ostemer bonding technique focusing two approaches. The top panel describes the up-side-down grating configuration where the grating is fabricated before the transfer. The grating has a period of 4.95 μm and a filling factor of 83.3%. b) Experimental measurements and c) RCWA simulation. The dotted lines show the position of the ISB transition. The bottom panel describes the normal grating orientation where the grating is patterned after the transfer. The grating has a period of 5.35 μm and a filling factor of 84%. d) Experimental results and e) RCWA calculation.
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 416 Figure 4.16: a) The reflectivity measurements at the normal incidence for the up-side-down grating sample in the strong coupling regime at 300K and 78K, respectively. b) The transmission measurement for the same sample at 300K, showing the coincidence of polariton modes between the transmission and reflectivity measurements. We can extract the absorbances for UP ~ 0.24 and LP ~ 0.28.

Figure 5 .

 5 Figure 5.2.a shows the top-view SEM image of a device having a top electrical contact pad. We also fabricated devices with a smaller size of 100 μm × 100 μm to investigate the modulation speed (discussed later).Figure 5.2.b shows optical images of the smaller device, taken before and after the ICP etching step.

  Figure 5.2.a shows the top-view SEM image of a device having a top electrical contact pad. We also fabricated devices with a smaller size of 100 μm × 100 μm to investigate the modulation speed (discussed later).Figure 5.2.b shows optical images of the smaller device, taken before and after the ICP etching step.
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 52 Figure 5.2: Top view images of the modulators. An additional contact pad is transferred on top of the grating by photolithography and evaporation of a thin Ti/Au layer. a) SEM image for a sample with a size of 200 × 200 . b) Optical images for samples with a size of 100 × 100 , before (left panel) and after (right panel) the mesa etching process.

Figure 5 . 3 :

 53 Figure 5.3: The modulation principle a) The reflectivity spectra of sample HM4099 (the 4.1μm-patch) under different applied biases at 300K. At zero bias, the reflectivity shows two polaritonic modes (red curve) as represented by two dashed-dotted lines. Under an increasing bias, either negative or positive values, the Rabi splitting gradually reduces. b) The reflectivity spectra of sample HM4098 (n2D = 6 × 10 cm ). Two discrete polariton modes (red curve) gradually collapse to a single peak of the cavity mode as a function of the applied bias. c) The modulation depth of sample HM4099 at 3V (black curve) and 6V (red curve) applied biases, extracted from reflectivity measurement. The modulation depth is defined as min , . The yellow area represents the frequency range that our laser source can cover.

Figure 5 . 4 :

 54 Figure 5.4: The experimental setup to measure the modulator bandwidth. Mid-IR beam (from a QCL) is focused on the sample by a ZnSe lens (L2). The reflected beam is then collected through the beam splitter and sent to the detectors D0 (a fast MCT Vigo detector with a bandwidth 1 kHz -837 MHz) or D1 (a detector with a bandwidth of 50 MHz). Electrical bias is applied to the sample through the signal generator. Electrical signal from the detector is sent to the spectrum analyzer to collect the beat-note spectrum.
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 655 Figure 5.5: Normalized beat-note spectra for HM4099 ( × device).The sample is supplied with 10 dBm/DC@ -989 mV at four different modulation frequencies 100 MHz, 500 MHz, 1 GHz, and 1.5 GHz. Solid blue and red curves correspond to laser on and off, respectively.

Figure 5 . 6 :

 56 Figure 5.6: a) Normalized response of sample HM4099 (the smaller device) at 300K. The sample is supplied with 10 dBm/DC@-989 mV and the laser frequency is 1010 cm -1 . The vertical dashed-dotted line shows the nominal -3 dB cut-off at 837 MHz of the Vigo detector. b) Normalized modulation depth (dots) for the large sample 200 μm × 200 μm as a function of the QCL laser frequency (1026 -1100 cm -1). The modulator is supplied with a 0 -3 V sinusoidal signal at 10 kHz and the modulated beam is detected by the 50 MHz MCT and the lock-in. The results follow with the modulation depth measured from FTIR reflectivity (figure 5.3.c), normalized to 1 at 1026 cm -1 , verifying that the operating principle of the modulator is the transition in and out of the strong coupling regime.
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 57 Figure 5.7: Bound-to-continuum transitions in quantum well. a) Electronic states of a quantum well, in which a bound-to-continuum transition can be induced under excitation. The well width (LQW) is designed thin enough to have only one quantized bound state in the QW and a set of continuum states above the quantum well. ℏ is denoted as the first ionization energy, and is the potential well. b) Schematic representation of a bound-to-continuum transition in momentum space (in-plane wavevector).Since the quantum well is doped, electrons populate the bound state (orange) and a collective transition is generated (dashed-dotted blue arrows) from the bound state to the continuum state. Taken from[START_REF] Cortese | Strong coupling of ionizing transitions[END_REF].

  as a function of doping in figure 5.8.b. The ground state coincides with the first bound subband. For several values of doping (vertical dashed lines), we present the excited electronic density ( ) 2

Figure 5 .

 5 Figure 5.10.b schematically represents the origin of a bound-to-continuum transition:electrons in the single bound state can undergo different transitions to any delocalized states of the continuum. This results in an asymmetric and broad transmission line[START_REF] Capasso | Observation of an electronic bound state above a potential well[END_REF]. More importantly, we notice some narrower features around 140 meV, which red-shift when the well width is reduced. These features can be identified as the lower edge of the continuum. Therefore, we have confirmed the presence of bound-tocontinuum transitions in our samples.

Figure 5 . 10 :

 510 Figure 5.10: Bound-to-continuum transitions in quantum wells. a) (Top panel) A typical narrow bound-to-bound ISB transition. (Bottom panel) The transmission spectra of samples, HM4229 (red curve) and HM4230 (blue curve), probed at 300K. The asymmetric and broad absorption lines stem from a collective transition from the single bound state to a set of continuum states. The transmissions show a small redshift when the quantum well thickness is thinner. b) Schematic representations of bound-to-continuum transitions in quantum wells, 4-nm-thick well (left panel) and 3.5-nm-thick well (right panel). When the well is made thinner, the bound state moves upward, leading a redshift of the bound-to-continuum transition spectrum.
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 511 Figure 5.11: The cavity mode in MIM cavities. a) The top-view optical image of the gratings. The metal strip size is varied to tune the resonant frequency. b) The reflectivity measurements of the gratings are probed at 78K for an undoped active region having the same thickness as the doped samples. The dispersion shows the TM03 mode, and white dots mark the reflectivity minima.
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 512 Figure 5.12: Strong coupling of bound-to-continuum transitions -Experimental results. a) Reflectivity measurements as a function of the cavity mode energy for sample HM4229. The dashed line shows the position of the lower edge of the continuum. White circles mark the reflectivity minima extracted from the undoped sample, blue and red circles represent the polariton mode and reflectivity minima respectively below and above the lower edge the continuum. b) Reflectivity spectra of several gratings for the doped sample (solid line) and the cavity mode (solid line and circles). c) Linewidths for the photonic mode (gray circles), the polariton mode (blue circles), and the broad features (red circles) above the lower edge of the continuum as a function of the mode energy.

  of the polaritons are weighted averages of the light and matter linewidths, and they should cross around the anti-crossing.Applying the theory (the appendix), we can reproduce the experimental results and estimate the weight of the matter part of the polariton mode ( ). The calculated result is shown in figure5.13. It is clear that the polariton mode below the ionization energy is defined for non-zero values of , showing a substantial occupation of the lightgenerated electronic wavefunction ( ).

Figure 5 . 13 :

 513 Figure 5.13: Calculation of the matter weight. a) The eigenmode calculated from the theoretical model. Above the ionization threshold, the figure is uniformly black because the discrete modes used in the numerical diagonalization are too closely spaced to be resolved. b)The matter fraction P of the discrete polariton mode. Taken from[START_REF] Cortese | Excitons bound by photon exchange[END_REF] 

Furthermore, we

  can explore a different mechanism to populate the final state, polariton-polariton scattering instead of polariton-phonon scattering. Chapter 6 Conclusions and perspectives Finally, gain could be revealed using pump-probe techniques to populate the final state and accelerate the stimulated scattering, very much in line with what had been done in the case of exciton-polariton systems. In terms of devices, certainly, the mid-IR modulators are the most promising ones. The team is implementing now new device designs to obtain faster modulation speeds, ideally up to 10 GHz or more. Attaining those speeds would open up important perspectives for applications, for instance, the development of practical systems for telecom transmission over mid-IR carriers. Applications would open up at a more fundamental level too, as modulators are a useful tool for ultra-high-resolution spectroscopy. Finally, I would like to mention perspectives for infrared detectors operating in the strong light-matter coupling regime. I have been involved in preliminary work on this topic (See publication list), although I did not include it in my thesis manuscript. Operating infrared detectors (in particular quantum cascade mid-IR detectors) in the regime of strong light-matter coupling, could result in an important increase in performance. And also, of course, in wavelength tunability of the photo-response. Université Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France Titre : Dispositifs polaritoniques intersous-bandes dans la gamme spectrale du moyen-infrarouge Mots clés : Transitions intesousbandes, Cavité métal-métal, Polaritons intersousbandes, La diffusion polariton-phonon. Résumé : Les polaritons intersousbandes (ISB) sont le résultat du régime de couplage fort lumièrematière entre les transitions intesousbandes de puits quantiques dopés et un mode photonique en microcavité. En raison de leur nature bosonique, les polaritons ISB peuvent être sujet à une diffusion stimulée par l'état final via différents mécanismes tels que lla diffusion polariton-polariton ou la diffusion polaritonphonon. Les polaritons ISB sont très prometteurs dans la perspective du développement d'une nouvelle classe de laser, qui repose sur la diffusion stimulée par l'état final au lieu de l'inversion de population des lasers classiques. Cette thèse est consacrée au développement de dispositifs optoélectroniques (lasers et modulateurs) basés sur les polaritons ISB. À cet égard, nous avons développé une plateforme de cavité métal-métal (MIM) avec une ouverture périodique sur le miroir métallique supérieur, qui peut être utilisée pour réaliser des expériences d'injection électrique et optique dans les polaritons ISB. Nous avons démontré la formation des polaritons ISB et leur immunité à la présence d'un élargissement inhomogène. En outre, nous avons optimisé la largeur de ligne des transitions ISB par une technique de croissance d'épitaxie appelée interruption de croissance. En utilisant ces cavités MIM, nous avons réussi à démontrer la diffusion des polaritons vers un état final via leur interaction avec des phonons optiques longitudinaux (LO) sous injection résonante de lumière cohérente. Nous avons également développé des modulateurs d'amplitude en espace libre, qui reposent sur le changement de réflectance du régime de couplage fort auquel un biais de radiofréquence (RF) est appliqué. Enfin, nous avons montré l'existence d'une nouvelle forme d'état excitonique dans la bande de conduction des puits quantiques dopés. Pour cette démonstration, nous avons profité du fort confinement offert par le résonateur MIM pour lier ensemble les charges répulsives d'une transition ionisante. ) polaritons are the result of the strong light-matter coupling regime between intersubband transitions in doped quantum wells and a microcavity photonic mode. Owing to their bosonic nature, ISB polaritons can be subject to final state stimulated scattering via a different mechanism such as polariton-polariton scattering or polariton-phonon scattering. ISB polaritons hold great promises in view of the development of a novel class of laser, which relies on final state stimulated scattering instead of the population inversion in conventional lasers. This thesis is devoted to the development of optoelectronic devices (lasers and modulators) based on ISB polaritons. In this respect, we have developed a metal-metal (MIM) cavity platform with a periodic opening on the top metallic mirror, which can be employed to perform both electrical and optical injection experiments within ISB polaritons. We have demonstrated the formation of ISB polaritons and their immunity to the presence of inhomogeneous broadening. In addition, we have optimized the linewidth of ISB transitions via an epitaxial growth technique known as growth interruption. Using these MIM cavities, we have successfully demonstrated the evidence of polaritons scattering towards a final state via their interaction with longitudinal optical (LO) phonons under resonant injection of coherent light. We have also developed free-space amplitude modulators, which rely on the change of reflectance of the strong coupling regime to which a radio frequency (RF) bias is applied. Finally, we have shown the existence of a new form of excitonic state within the conduction band of doped Quantum Wells. For this demonstration, we have taken advantage of the strong confinement offered by MIM resonator to bind together the repulsive charges of an ionizing transition.

  

Table 2 .

 2 18 um within AlGaAs ( = , = 0.23678). The details of the samples are presented in Table 1 [75].

			Doping	number of	ISB transition	Linewidth
	Sample	detail	(cm -2 )	QWs	(meV)	(meV)
	HM3770	Volume doping	1.05 × e 11	35	129.4	13.1
	HM3818 Modulation doping 1.02 × e 11	35	119.7	6.3
	HM4105 Nominal undoped		87	127	6.4

1: the set of samples for studying the broadening mechanism of ionized impurities

Table 2 .

 2 2: the set of samples for examining the inhomogeneous broadening

			Doping	number	ISB transition	Linewidth
	Sample	detail	(cm -2 )	of QWs	(meV)	(meV)
					300K	78K	300K 78K
	HM3821 Modulation doping 0.6 × e 12	36	112.1	114.7	6.76	4.56
	HM3820 Modulation doping 1.7 × e 12	36	116.4	119.1	9.32	6.99
	HM3872 Modulation doping 4.4 × e 12	36	120.5	123.4 15.36 13.43
	HM3875 Modulation doping 7.6 × e 12	36	125.3	129.7 27.91 21.4

2.5 Experimental investigations on linewidth broadening mechanisms of ISBtransitions

Table 2 .

 2 3. 

	Sample	Detail	Doping (	cm -2 ) number of QWs
	HM4046	0s. G.I	1.02	38
	HM4048	30s. G.I. on AlGaAs/GaAs	1.02	38
	HM4049	60s. G.I. on AlGaAs/GaAs	1.02	38
	HM4042	120s. G.I. on AlGaAs/GaAs	1.02	38
	HM4043	30s. G.I. on GaAs/AlGaAs	1.02	38
	HM4044	60s. G.I. on GaAs/AlGaAs	1.02	38
	HM4045	120s. G.I. on GaAs/AlGaAs	1.02	38
	HM4014 120s. G.I. on both interfaces	1.02	38

Table 2 .

 2 3: the set of samples for studying the broadening mechanism linked to interface roughness. G.I stands for growth interruption.

Table 4 .

 4 1: Summary of the experimental linewidth of ISB transitions and polariton linewidths at 300K and 78K.

		Doping	ISB linewidth	LP linewidth	UP linewidth
		(cm -2 )	(meV)		(meV)		(meV)	
			300K	78K	300K	78K	300K	78K
	HM3821	0.6 × e 12	6.76	4.56	6.94	4.42	6	3.96
	HM3820	1.7 × e 12	9.32	6.99	7.14	3.7	6.13	3.64
	HM3872	4.4 × e 12	15.36	13.43	9.07	6.59	7.43	4.2
	HM3875	7.6 × e 12	27.91	21.4	9.51	8.32	10.5	7

Optical microcavities for Intersubband Polaritonic devices

In the metal-metal platform, the total quality factor ( ) consists of the contributions of a non-radiative (

) and radiative ( ) quality factors, as = + . In a MIM cavity, the total quality factor is mainly limited by ohmic losses in the metallic layers (non-radiative losses -). On the other hand, in the CaF2-based cavity, although the bottom metallic mirror is replaced by a CaF2 substrate, the total quality factor is similar to MIM cavities. This finding is contrary to our expectation, which is the Q-factor improvement when the bottom metallic mirror is replaced by a low-index substrate. The possible reason may come from the reduction of the radiative quality factor ( ) as the confinement factor decreases compared to that case of MIM cavities. However, the CaF2-based cavity platform is still useful for optical access to the active region from the backside.

Chapter conclusion

In summary, this chapter has discussed the optical cavity platforms used to couple midinfrared radiation to the ISB transitions in QWs, that will be used in the rest of this thesis. We mainly rely on the metal-insulator-metal cavity platform with a top grating mirror offering elevated confinement and the ability to tailor the energy dispersion via 

Optically pumped intersubband polaritonic devices

In the previous chapters, we have discussed the implementation of metal-metal microcavities to be employed with intersubband transitions in multiple QWs. This chapter will start with a general introduction to the strong light-matter coupling regime and polaritons. We then shortly review the state of the art of ISB polaritons along with the strategy that our team has adopted towards the demonstration of final state stimulation. In particular, we discuss the optical pumping experiments that have been performed.

Experimentally, we begin with the demonstration of the strong coupling regime in a MIM cavity. We then explore the influence on intersubband polaritons of the ISB transition inhomogeneous broadening. Finally, we provide evidence of the scattering between ISB polaritons and longitudinal optical phonons with optical pumping experiments. This approach appears more efficient than the electrical one because we can selectively inject into the bright polariton states. Finally, we provide result on the proof-of-concept of the strong coupling in CaF2-based cavity.

State of the art of the ISB polaritonic field

We now consider in detail the proposed operating principle of a polariton laser as illustrated in figure 4.7 [START_REF] Colombelli | Perspectives for Intersubband Polariton Lasers[END_REF], [START_REF] Liberato | Stimulated Scattering and Lasing of Intersubband Cavity Polaritons[END_REF]. The polariton laser do relies on the final-state stimulated scattering process, in which polaritons lose their energy by scattering (via the interaction with the longitudinal optical phonons, for instance) and then accumulate at the final state in the lower polariton branch around ⃗ // = 0. Experimentally, we perform the injection of photons into the ISB polariton system by optically pumping the upper polariton branch at an angle θ, and we detect the polariton emission at = 0, orthogonally to the surface of the micro-cavity.

In the optical pumping scheme of figure 4.7, we can write rate equations to estimate the external efficiency of the system ( = ⁄ ) [START_REF] Colombelli | Perspectives for Intersubband Polariton Lasers[END_REF]:

where is the absorption at the injection state, is the polariton density of the UP state, is the polariton density of the LP state at = 0, is the frequency of the pump photon, is the frequency of the emitted photon, / is the input-output power, is the LO-phonon mediated scattering time, is the UP lifetime stemming from all the other decay phenomena, is the total lifetime of the LP state These equations provide us a useful guide to optimize the devices.

In summary, we have briefly discussed the proposal of an ISB polariton laser in a MIM micro-cavity. To engineer our structure for studying both the formation of ISB polaritons and the possible ISB polariton laser, we have to optimize the lifetime of polaritons by maximizing the lifetimes of the photonic and material components. The polariton linewidths ( / ) (inversely proportional to the lifetime) are linked to the linewidths of the uncoupled systems ( , ) by the following equation:

Therefore, that is why we followed the strategy to optimize both ISB transition and cavity Q-factor as shown in previous chapters.

Experimental demonstration of the strong coupling regime and related linewidth issues

The measurement of the polaritonic dispersion

In this section, I will discuss the experimental results on the strong coupling regime between ISB transitions in QWs and a photonic mode in a MIM resonator. We consider an active region (HM4046), which consists of 38-repetitions of 8. To gain more insight into the experiments, we employ RCWA simulations to fit the experimental results. To describe the ISB transition in doped quantum wells, we model a doped QW structure as an effective anisotropic medium according to the Załużny's model in Ref [START_REF] Załużny | Coupling of infrared radiation to intersubband transitions in multiple quantum wells: The effective-medium approach[END_REF]. On one hand, TM-polarized electromagnetic waves can excite the ISB transition along the growth direction (the z-axis) in doped quantum wells. On the other hand, EM waves cannot excite the ISB transitions along the x-y plane. Additionally, we take into account the optical phonon contribution to the dielectric function of the background material (GaAs). The dielectric function of the doped quantum well structures casts in the form:

where is an effective plasma frequency of the 2D electrons in the QWs; is the relative permittivity at high frequency;

is the linewidth (FWHM) of the ISB transition; is the dielectric constant of the well material (GaAs); and is the oscillator strength (~ 0.96) for the transition between 1st and 2 nd subband in the quantum well. Importantly, the lower polariton (LP) branch exhibits an energy minimum at // = 0 where polaritons could accumulate and emit coherent light. This energy dispersion is similar to the exciton-polariton dispersion as discussed in chapter 1. The developed system is suitable for both optical and electrical injection of carriers.

Immunity of ISB polaritons to inhomogeneous broadening

In section 2.5.2 of chapter 2, we have discussed experimentally the evidence of the inhomogeneous broadening in the ISB transitions. The inhomogeneity originates from the presence of multiple, non-identical quantum wells. In this section, we will 5.1 Strong coupling regime in the non-dispersive regime of MIM cavities Chapter 5

Strong coupling regime using non-dispersive MIM cavity

This chapter is devoted to the demonstration and study of the strong coupling regime in non-dispersive MIM cavities and to the development of optoelectronic devices based on ISB polaritons. First, we will show the formation of the strong coupling regime by embedding a thin doped active region in MIM cavities. In the non-dispersive regime, the cavity resonant modes are tuned by varying the width of the metal strips. We then apply the devices to develop an amplitude modulator for mid-IR radiation. The operating principle of the modulator relies on the ISB polaritons: the modulation is performed through the switching between the strong and weak coupling regimes under the application of an electric field. Finally, we investigate a new concept for strong coupling, where the matter excitation is a bound-to-continuum transition (also known as an ionizing transition) in a semiconductor QW. The strong interaction results in a novel discrete resonance below the lower limit of the continuum, which can be considered as a bound exciton state.

Strong coupling regime in the non-dispersive regime of MIM cavities

In this section, to demonstrate the SCR, we use a sample named HM4099. The sample consists of only 7 repetitions of quantum wells. Each quantum well comprises an 8.3nm-well separated by a 20-nm barrier. The δ-doping is implemented in the center of the barrier with a nominal sheet concentration (n2D) of 1.76 × 10 cm -2 . The nominal thickness of the active region is about 368 nm. We then probe the ISB transition of the sample by using the standard transmission spectroscopy as described in chapter 2, section 2.4.2. Strong coupling regime using non-dispersive MIM cavity system is doped with donors. Therefore, electrons populate the first bound subband, and the Fermi level shows the energy of the highest occupied electron. Under an excitation, bound-to-continuum transitions can occur from the populated bound subband to the continuum.

When the transitions are coupled with a cavity mode, one of the hybridized light-matter eigenmodes can appear below the lowest edge of the continuum for an appropriate value of the doping concentration. Moreover, the theory proposes that the appearance of the polariton modes depends on the positions of the photonic resonant mode. On one hand, when the cavity mode lies below the first ionization energy (ℏ < ℏ ), a single discrete mode exists for any doping larger than zero. On the other hand, when the cavity mode lies above the first ionization energy (ℏ > ℏ ), the discrete mode only appears at a certain value of doping as the coupling strength is large enough to push the polaritonic mode out of the continuum. Strong coupling regime using non-dispersive MIM cavity

Experimental demonstration of the theoretical prediction

In this section, we will demonstrate experimentally the strong coupling of bound-tocontinuum transitions in a quantum well structure and a cavity mode. First, we will prepare quantum well structures that show the bound-to-continuum nature. We then couple the active regions with MIM resonators. The considered system is a reasonable platform to explore this new version strong coupling regime. absorbance of an undoped semiconductor QW, which is dominated by an excitonic resonance ( ) below the bandgap energy ( ) and the electron-hole continuum above it. The inset illustrates the origin of the continuum part of the spectrum. In a single-electron picture, the continuum spectrum can be understood as interband transitions of electrons with different inplane wavevectors. b) The electron-hole mapping describes an electron vacancy in the valence band as a hole with positive charge and mass. The excitonic peak originates from a bound state of an electron and a positively charged hole, marked by the red dashed line surrounding the electron-hole pair. c) ISB absorbance of a doped QW which contains only one quantized state, and a continuum of states above the first ionization energy of the QW ( ). Only the bound-tocontinuum transition appears, and no excitonic peak is visible. In the inset, each electron has multiple possibilities to go to any delocalized final states in the continuum. d) The initially filled electron subband has a positive effective mass and the electron-hole mapping leads to a positively charged hole with negative effective mass. Taken from [START_REF] Cortese | Excitons bound by photon exchange[END_REF] 

Appendix

Quantum model for the strong coupling of ionizing transition

We introduce to the theoretical model that shows the formation of the polaritonic modes. This appendix follows the mathematical notation, developed in reference [START_REF] Cortese | Strong coupling of ionizing transitions[END_REF]. We consider here, the continuum transition, which a transition between a bound state (in quantum well) to a series of an infinite number of states in the continuum.

In a quantum well structure, the electronic states can be represented by the in-plane momentum vector and a state index . The band index can run over both bound and continuum states quantized along the growth direction. The field operator for an electron with the in-plane momentum can be written as

where is a fermionic creation operator at n th electronic state and wave vector +

, is the number of electrons.

In the dilute excitation regime [START_REF] Liberato | Stimulated Scattering and Lasing of Intersubband Cavity Polaritons[END_REF], [START_REF] Ciuti | Quantum vacuum properties of the intersubband cavity polariton field[END_REF], the number of excitations is much smaller than , the dipoles operators satisfy bosonic commutation relations:

We now write the Hamiltonian describing the system. We use the Power-Zienau-Woolley Hamiltonian, which is initially developed to describe multisubband polaritons The first term describes the cavity photon, ( ) is the creation (annihilation) operator of a photon with a frequency .

The second term describes the bound-to-continuum transitions, with ≡ ( , ) is a collective electronic transition. We neglected the transition dispersion by assuming the parabolic subband dispersion and the smallness of the photonic momentum. Therefore, we get a dispersionless transition frequency as

The third term describes the dipolar interaction between light and matter. In the considered system, we assume that there is a single bound state in a quantum well, and all quantum wells are identical. Hence, each bound state ( ) has the same electron density . We also neglect intersubband transitions between bound states and consider dielectric constant inside the quantum well.

is the effective length of the optical cavity.

is the plasma frequency of the transition , which takes the following form:

where * is the effective mass of the well, is the frequency of a transition . is the dipole moment of the transition , which can be written as

is an overlap integral between the currents created by different transitions:

The fourth term can be named as , which corresponding to the term term present in the Coulomb gauge. The effective medium approximation corresponds to assume a factorized for overlap integral: where the collective transition operators between single-particle states can be expressed as linear superpositions of multisubband plasmon:

We also introduce the Coulomb-renormalized coupling coefficient

Therefore, the full Hamiltonian of the system becomes:

We now diagonalize this Hamiltonian in terms of bosonic hybrid light-matter polariton operators, which consist of photon and multisubband plasmon operators.

where the index runs over solutions that are in the continuum.

Therefore, we obtain the eigenvalue equation: This equation reveals that there will be a solution if the photonic mode ( ) lies below the frequency of the 1 st ionization < . On the other hand, if the photonic mode 120 Appendix ( ) lies above the frequency of the 1 st ionization > , we need to solve the integral equation to verify whether the interaction is strong enough to push the hybrid light-matter mode out of the continuum.

As a consequence, we consider here the solution with a frequency < . The transitions frequency towards the lowest edge ( ) belongs to a continuum part of the spectrum (figure 5.7.a&b). The discrete nature of those polaritonic modes indicates that their matter component is a bound excitonic stage generated by the coupling with the cavity mode. Compared to standard excitons, this novel mechanism of binding is different from the usual Coulomb electron-hole interaction.

Excitonic states

We now study the properties of the polariton mode. We assume that equation (A.14) has at least a solution of the hybrid polaritonic mode appearing below the first ionization ( < ). The operator in (A.13) indicates that the normal mode of the system is described as a superposition of photonic and matter excitations. However, there is not enough energy to excite because all electronic transitions are in the continuum, and all the available states are unbound.

The matter part of the polariton mode -denoted by the and coefficientsdescribes a bound excitonic state, which does not appear in the uncouple Hamiltonian.

In order to visualize this bound state, we can define the electron density as ( ) = ( ) ( ).

A.15

We then calculate the electron density difference between the ground state | ⟩ and the state with one excitation in an arbitrary polaritonic mode as

where is the weight of the matter part of the polariton mode. ( ) and ( ) are built only by wavefunctions of initially full and empty electronic levels, respectively. They can be interpreted as the wavefunctions of the initial (ground) and final (excited) states of the excitonic transition created by the polaritonic operator . 
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