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A few words in French

Ce manuscrit étant complètement écrit en anglais, ces quelques pages résument en français les problématiques et les expériences menées ainsi que leurs résultats.

Contexte et motivations

Ce mémoire de thèse est consacré à l'étude de nanostructures semi-conductrices à base de GaN, telles que les multi-puits quantiques 2D et les multi-puits quantiques insérés dans des nanofils. L'intérêt de ces nanostructures réside dans leurs propriétés optoélectroniques: grâce à l'interaction lumière-matière, l'excitation de ces multi-puits quantiques et donc des électrons confinés de la structure par une onde électromagnétique ou par un courant électrique, par exemple, rend possible l'émission ou l'absorption de lumière par la structure, ce qui correspond à des transitions d'énergie d'électrons (transfert d'énergie de la radiation vers un électron ou émission de lumière par un électron qui se désexcite). Ces transitions peuvent avoir lieu entre des états d'énergie de la bande de conduction et de la bande de valence du semi-conducteur (transition interbande) ou entre des états d'énergie de la même bande (transition intersousbande). En particulier, nous nous intéressons au possible développement de composants optoélectroniques intersousbandes à base de nitrures opérant dans la fenêtre spectrale infrarouge (c'est-à-dire fonctionnant à des longueurs d'onde comprises entre le visible -800 nmet le mm). Pour ce faire, la conception des nanostructures est primordiale : leur composition et leurs dimensions sont les paramètres à définir pour ajuster les longueurs d'onde d'absorption ou d'émission. Nous avons utilisé le logiciel Nextnano 3 pour résoudre les équations de Schrödinger-Poisson avec la méthode k.p à 8 bandes, et ainsi simuler les propriétés optoélectroniques des nanostructures selon ces paramètres. L'étape suivante a consisté à fabriquer les nanostructures par épitaxie par jets moléculaires assistée par plasma, et enfin nous avons réalisé les caractérisations structurales et optiques des échantillons.

Le manuscrit commence par une introduction générale du contexte de l'étude et de ses objectifs. On présente un bref historique du développement des technologies optoélectroniques dans la gamme infrarouge et on décrit les raisons motivant l'exploration des matériaux III-nitrures GaN et AlN pour ces applications. En particulier, on peut retenir que la première application des rayonnements infrarouges fut consacrée à l'imagerie thermique dans un contexte militaire. De nos jours, les technologies d'émission et de détection infrarouges sont présentes dans de nombreux domaines d'applications différents : la fenêtre 1.3-1.55 µm est dédiée aux télécommunications par fibre optique, les fenêtre 3-5 µm et 8-14 µm sont exploitées pour l'imagerie thermique, et la fenêtre THz (longueur d'onde supérieure à 10 µm) est utilisées pour un large panel d'applications allant des technologies de l'information et de la communication au contrôles de sécurité, en passant par l'imagerie médicale et le contrôle qualité.

Les technologies intersousbandes sont basées sur les transitions optiques entre des états d'énergie électroniques confinés dans la bande de conduction dans le cas de nanostructures IIInitrures. Ces technologies ont d'abord été développées avec des matériaux III-arséniures et IIIphosphures et ont donné lieu à la réalisation de détecteurs et lasers opérant dans le moyen et le lointain infrarouge. Cependant, les propriétés de ces matériaux compliquent le développement de ces composants dans les fenêtres proche infrarouge (décalage de bande de conduction insuffisante) et THz. En particulier, la bande 5-10 THz est intrinsèquement interdite aux arséniures. Les III-nitrures doivent permettre d'étendre la gamme spectrale de fonctionnement vers le proche-infrarouge et vers le lointain infrarouge et les THz, et ce à température ambiante.

De nos jours, les III-nitrures sont des matériaux privilégiés pour les composants optoélectroniques, et ils ont permis en particulier le développement des LED rouge-vert-bleu et UV, dont les applications sont très nombreuses : éclairage, stockage de l'information, purification de l'eau, etc. Ils sont également utilisés pour la détection UV et pour l'électronique de haute-puissance. Pour leur application dans le domaine de l'optoélectronique intersousbande, le large désaccord de maille dans le système GaN/AlN et la présence de champs de polarisation intenses complique le développement de composants. Dans ce travail de thèse, on cherche à exploiter la production récente de substrats massifs de très bonne qualité cristalline de GaN non-polaire (plan a et plan m) pour réaliser des structures GaN/AlGaN intersousbandes infrarouges et THz non-soumises à un champ de polarisation interne.

Deux problématiques sont soulevées et sont étudiées dans les deux chapitres de résultats. L'observation d'absorption intersousbande nécessite de doper les structures, ce qu'il est possible de faire avec du Si ou avec du Ge. C'est pourquoi le chapitre 3 est d'abord consacré à l'étude du Ge en tant que dopant alternatif au Si (généralement utilisé). Le chapitre 4 en vient au coeur du sujet et traite de la possibilité d'utiliser du GaN non-polaire pour développer des structures GaN/AlGaN présentant de l'absorption intersousbande dans les fenêtres proche, moyen et lointain infrarouge (en particulier THz).

Chapitre 1. Introduction

Le premier chapitre introduit les connaissances de physique des semi-conducteurs nécessaires à la bonne compréhension du reste du manuscrit. On s'intéresse d'abord aux propriétés physiques des semi-conducteurs III-nitrures massifs GaN et AlN dont il est question dans le reste de cette thèse. On commence par détailler la structure cristalline wurtzite dont découlent les propriétés électroniques et optiques de ces matériaux. La résolution de l'équation de Schrödinger permet de démontrer la structure de bande des états d'énergie électroniques de ces matériaux, et de définir les bandes d'énergies autorisées et interdites, comme schématisé dans l'Illustration 1. Connaître ces diagrammes de bandes est primordial pour pouvoir exploiter correctement les possibles transitions énergétiques dans un couplage lumière-matière. Le champ de polarisation spontanée résultant de la faible symétrie des cristaux wurtzite est également décrit car il peut modifier le diagramme de bandes, ainsi que les propriétés optiques du GaN. On introduit en particulier la notion de phonon optique, qui correspond à un mode de vibration du réseau cristallin qui peut entrer en résonance avec des radiations infrarouges. Pour réaliser des multi-puits quantiques, on réalise des hétérostructures en empilant plusieurs couches de matériaux semi-conducteurs différents, de façon à obtenir un confinement quantique des électrons de la structure, comme schématisé dans l'Illustration 1. La deuxième partie du chapitre est donc consacrée aux propriétés structurales, électroniques et optiques d'hétérostructures III-nitrures. L'empilement de semi-conducteurs de paramètres de maille différents conduit à l'établissement d'un état de contrainte dans la structure, qui est compensé par ondulation de la surface ou par formation de défauts cristallins. On présente ainsi la zoologie des défauts généralement observés dans les matériaux GaN/AlGaN, et on souligne en particulier la présence des fautes d'empilements. Ces défauts peuvent être très dommageables pour les performances optoélectroniques des composants. La différence de paramètre de maille dans l'hétérostructure engendre également la génération d'un champ piézoélectrique en réponse à la contrainte mécanique exercée dans la structure, qui s'ajoute au champ de polarisation spontanée interne à chaque matériau massif. L'effet du champ électrique interne sur les bandes d'énergie est ensuite pris en compte, ce qui nous amène à décrire le Quantum Confined Stark Effect (QCSE).

Dans la troisième partie du chapitre, on s'intéresse aux transitions intersousbandes. On établit la structure de bande des multi-puits quantiques, nécessaire à la conception des architectures. On résout ensuite l'équation de Schrödinger pour les états d'énergie électroniques dans la bande de conduction, et on en déduit les règles de sélection qui gouvernent ces transitions intersousbandes: seules les radiations polarisées transverse magnétique (TM) peuvent se coupler a ces transitions optiques. Ainsi seules les radiations polarisées TM peuvent être absorbées par transition intersousbande. Les mécanismes de relaxation d'électrons excités dans l'hétérostructure sont ensuite décrits, et les effets à corps multiples à prendre en compte suite au dopage des structures sont étudiés. On termine cette section par un état de l'art des structures intersousbandes GaN/AlGaN d'orientations cristallographiques polaire, semi-polaire et non-polaire. On peut retenir que les structures polaires sont les systèmes privilégiés par la communauté scientifique en partie pour la moindre dégradation structurale conséquente à l'hétéroépitaxie comparé aux autres orientations. Pour répondre à la problématique du QCSE, la mise au point de structures complexes permettant de compenser en partie le champ électrique et d'obtenir des puits globalement carrés a permis de démontrer des transitions intersousbandes THz dans des systèmes GaN/AlGaN polaires. En termes de composants, des switches tout-optiques multi-Tbit/s ont été démontrés à 1.5 µm, ainsi que des modulateurs électro-optiques, mais également des photodétecteurs dans le proche et le lointain infrarouge. Avec la démonstration du concept de mise en cascade, des photodétecteurs à cascade quantiques ont été développés dans la fenêtre 1.5-2 µm et ont ouvert la voie pour le développement de lasers à cascade quantiques. Pour ce qui est des systèmes semi-polaires, des transitions intersousbandes ont pu être démontrées seulement dans la fenêtre proche-infrarouge et ce très récemment. Finalement, des photodétecteurs QWIP plan m dans le moyen infrarouge ont été développés et des hétérostructures plan m présentant de l'absorption intersousbande THz ont été démontrées en 2014.

Chapitre 2. Méthodes

Le chapitre 2 est consacré à la description des techniques utilisées. Concernant la conception des structures, on utilise le logiciel Nextnano 3 qui permet de simuler l'état de contrainte, les diagrammes de bandes et les niveaux électroniques des systèmes selon leurs dimensions et compositions. La présence des champs de polarisation est prise en compte et les paramètres des matériaux sont détaillés.

Ensuite, on se concentre sur la technique de croissance: l'épitaxie par jets moléculaires assistée par plasma. On commence par lister et décrire les différents substrats utilisés dans ce travail de thèse, puis on décrit l'équipement d'épitaxie et son fonctionnement. On donne également un bref état de l'art de la croissance de GaN, AlN et AlGaN d'orientations polaire, semi-polaire et nonpolaire.

Les techniques de caractérisation structurales et optiques que j'ai utilisées sont ensuite détaillées :

-Microscopie à force atomique, pour étudier la morphologie de la surface des échantillons -Diffraction à rayons x, pour étudier la structure globale des systèmes (épaisseurs des puits et barrières, état de contrainte, mosaicité et qualité structurale) -Photoluminescence, pour étudier les propriétés interbandes des structures -Spectroscopie infrarouge à transformée de Fourier, pour étudier les propriétés intersousbandes -Effet Hall, pour déterminer les concentrations de porteurs résultant du dopage des structures -Microscopie électronique à balayage, pour étudier la morphologie de surface des échantillons à plus grande échelle qu'en microscopie à force atomique Et on décrit également les caractérisations utilisées pour l'étude des échantillons mais que je n'ai pas réalisées moi-même:

-Microscopie électronique à transmission, pour étudier localement la structure des échantillons (épaisseurs, composition, défauts cristallins) -Cathodoluminescence, pour étudier l'homogénéité de la qualité de la structure Illustration 2 Exemples de techniques utilisées.

Chapitre 3. Dopages Germanium et Silicium

Le chapitre 3 est consacré à l'étude de l'effet du dopage Germanium sur les propriétés optiques et structurales de structures polaires à multi-puits quantiques GaN/AlGaN présentant des transitions intersousbandes dans les fenêtres infrarouge à ondes courtes, moyen et lointain infrarouges. Le principe du dopage est représenté par l'Illustration 3. On commence par expliquer les problématiques liées au dopage Silicium généralement utilisé et on détaille les avantages de l'alternative Germanium. Pour illustrer le potentiel du dopage Germanium, on étudie son effet sur les propriétés optiques de nanofils de GaN/AlN. Ensuite on compare les performances optiques et structurales de multi-puits quantiques polaires de GaN/AlGaN dopés avec du Silicium et avec du Germanium dans le proche et le moyen infrarouge.

Illustration 3 Dopage du GaN: des atomes de Ga du réseau cristallin sont remplacés par des atomes de Germanium ou de Silicium, dont l'excès d'électrons de valence contribue à peupler les niveaux d'énergie électroniques.

Le Silicium est le dopant de type n de référence pour le GaN wurtzite, malgré qu'il contribue à la formation de dislocations et engendre une augmentation de la contrainte dans la structure, éventuellement conduisant à la formation de fissures. Le dopage Silicium de nanofils dégrade aussi leur rapport d'aspect et leur morphologie. C'est pour toutes ces raisons et pour les propriétés intrinsèques du Germanium que la possibilité de remplacer le Silicium par du Germanium est considérée: en particulier, le Germanium a un rayon ionique plus proche de celui du Gallium ce qui doit permettre de réduire les distorsions du réseau cristallin. D'abord, on étudie les potentielles conséquences du dopage Germanium sur le processus de croissance du GaN, via la caractérisation de la désorption du Ga sur la surface de GaN. On démontre que la présence du flux de Germanium ne perturbe pas la cinétique de croissance, même pour les flux les plus élevés. Le dopage de couches minces de GaN dopées avec du Germanium ne dégrade pas la morphologie de surface des couches et l'effet du dopage sur les propriétés interbandes du GaN est en accord avec la théorie. On conclut que le Germanium est une alternative possible au Silicium.

Concernant les nanofils de GaN/AlN dopés Germanium, on démontre que le Germanium diffuse de façon homogène dans les couches contrairement au Silicium ce qui permet de conserver la géométrie des nanofils et d'obtenir un dopage plus efficace, mais aussi que le dopage Germanium a un effet d'écrantage très puissant sur le champ électrique interne, ce qui permet de contrôler les temps de vie des porteurs dans les structures (primordial pour le développement de composants optoélectroniques).

En étudiant les multi-puits quantiques 2D de GaN/AlGaN polaires, on montre que les structures à grand désaccord de maille GaN/AlN dopées Germanium ont une meilleure mosaicité que celles dopées Silicium, tandis qu'aucune différence n'est notée pour les structures GaN/AlGaN où le désaccord de maille est réduit. Les propriétés interbandes des systèmes GaN/AlN ne semblent pas être affectées par la nature du dopant. Au contraire, l'absorption intersousbande est spectralement élargie à mesure que la concentration de dopants est augmentée dans le cas du dopage Silicium. Le décalage en énergie du pic d'absorption est similaire pour les deux dopants. Pour les systèmes GaN/AlGaN, le pic est décalé et est élargi, mais avec un plus fort effet dans le cas du dopage Silicium. En conclusion, le Germanium semble être une alternative prometteuse au Silicium pour doper des structures GaN/AlGaN à grand désaccord de maille. On commence par étudier les conditions de croissance du GaN non-polaire. On sait d'après la littérature que la croissance du GaN polaire donne lieu au dépôt d'une couche lisse de GaN dans les conditions de croissance permettant la formation d'une bicouche de Gallium au-dessus de la surface de croissance. En étudiant la désorption du Gallium sur la surface de croissance du GaN, on démontre que de telles conditions existent également pour la croissance du GaN plan m, et qu'elles sont compatibles avec les conditions de croissance optimales du GaN polaire: à la même température de substrats polaire et non-polaire plan m, il existe une valeur de flux de Gallium pour laquelle une bicouche de Gallium se forme au-dessus de la surface de croissance pour les deux orientations cristallines. On vérifie également que la rugosité du GaN plan m est similaire à celle du GaN polaire. En revanche, il a été impossible d'obtenir une surface aussi peu rugueuse pour du GaN non-polaire plan a dans les mêmes conditions de croissance. On peut ensuite se concentrer sur l'étude de multipuits quantiques de GaN/AlGaN.

On commence par étudier des hétérostructures de GaN/AlN épitaxiés simultanément sur des substrats de GaN polaire et non-polaires massifs plan a et plan m. En faisant varier la largeur des puits quantiques de GaN, la longueur d'onde d'absorption intersousbande est ajustée. Comparés aux échantillons non-polaires plan a, les structures plan m ont montré de meilleurs résultats en termes de mosaicité, rugosité de surface, largeur de raie et intensité de photoluminescence, et absorption intersousbande. De plus, les multi-puits quantiques GaN/AlN plan m ont montré de l'absorption intersousbande dans la gamme 1.5-2.9 µm, couvrant ainsi la fenêtre infrarouge ondes courtes, et avec des performances comparables aux structures polaires de référence. Cependant, la qualité structurale des puits non-polaires restait trop faible pour envisager de développer des composants optoélectroniques.

On a donc ensuite étendu l'étude à la gamme spectrale moyen infrarouge en se concentrant sur des structures non-polaires GaN/AlGaN seulement plan m. En faisant varier la largeur des puits et la composition de l'alliage AlGaN, on peut ajuster la longueur d'onde d'absorption intersousbande. En remplaçant les barrières d'AlN par des barrières d'AlGaN, on réduit la teneur en Aluminium moyenne de l'hétérostructure et ainsi on réduit le désaccord de maille. On obtient une densité de fissures moindre que pour les structures GaN/AlN. Cependant, des fautes d'empilement sont toujours observées, ainsi que des amas d'AlN dans les barrières d'AlGaN. Les fortes densités de défauts sont encore trop élevées pour pouvoir concurrencer les structures polaires dans cette gamme spectrale. On démontre néanmoins de l'absorption intersousbande dans des multi-puits quantiques de GaN/AlGaN plan m dans la fenêtre moyen infrarouge 4.0-5.8 µm.

Ensuite, on a étudié la possibilité de développer ces multi-puits quantiques dans la fenêtre lointain infrarouge. Dans cette gamme spectrale, des teneurs en Aluminium bien plus faibles sont nécessaires, ce qui contribue à réduire encore le désaccord de maille. On a donc épitaxié des structures GaN/AlGaN avec moins de 10% d'Aluminium dans les barrières. Les nanostructures présentent des couches régulières et sans rugosité dans les deux directions du plan de croissance, et une très bonne qualité cristalline. Aucun défaut de structure ne fut observé et des fissures se sont formées seulement pour des échantillons d'épaisseur supérieure à 1.2 µm. Des inhomogénéités d'alliage ont tout de même été observées dans la direction de croissance. Concernant les performances optiques, les structures ont montré de l'absorption intersousbande à température cryogénique dans la fenêtre 1.5-9 THz. Ce résultat prouve la possibilité de couvrir une bonne partie de la bande interdite aux arséniures entre 7 et 10 THz grâce au GaN.

Les absorptions intersousbandes démontrées dans le lointain infrarouge étaient cependant très larges spectralement en raison d'une trop forte densité de dopage Silicium, ce qu'on a démontré en faisant varier la concentration de Silicium dans des structures identiques. On montre qu'augmenter le niveau de dopage conduit à un pic d'absorption intersousbande décalé vers les hautes énergies et de plus grande magnitude et largeur de raie. On observe également une saturation de l'absorption intersousbande à partir de 1×10 12 cm -2 de densité de dopage, densité à partir de laquelle le niveau électronique excité commence également à être peuplé.

Ces résultats nous ont conduits à considérer l'alternative du dopage Germanium pour obtenir de forts niveaux de dopage sans saturer la transition intersousbande THz. On obtient des multi-puits quantiques dopés Germanium avec une structure comparable aux puits dopés Silicium en termes de rugosité et de qualité cristalline. Aucun défaut de structure ne fut observé. En ce qui concerne les performances optiques, pour des densités de dopage Germanium et Silicium équivalentes, les structures dopées Germanium ont montré des pics d'absorption intersousbande avec un élargissement spectral légèrement inférieur.

Chapitre 5. Conclusions et perspectives

L'objectif de ce travail de thèse était d'explorer des alternatives aux multi-puits quantiques GaN/AlGaN plan c généralement dopés avec du Silicium, pour obtenir de meilleures performances en terme d'absorption intersousbande dans la gamme infrarouge. D'une part, on a discuté de la possibilité d'utiliser le Germanium comme dopant. D'autre part, on a étudié les performances optiques et structurales de multi-puits quantiques GaN/AlGaN d'orientations non-polaires (1-100) et [START_REF] Byrnes | North Atlantic Treaty Organization 2009 Unexploded ordnance detection and mitigation[END_REF][START_REF] Smith | Effect of Light on Selenium During the Passage of An Electric Current[END_REF][START_REF] Beeler | III-nitride semiconductors for intersubband optoelectronics: a review[END_REF](14)[START_REF]Bandgap vs lattice constant[END_REF][START_REF] West | First observation of an extremely large-dipole infrared transition within the conduction band of a GaAs quantum well[END_REF][START_REF] Levine | New 10 μm infrared detector using intersubband absorption in resonant tunneling GaAlAs superlattices[END_REF][START_REF] Levine | Quantum-well infrared photodetectors[END_REF][START_REF] Ma | GaInNAs double-barrier quantum well infrared photodetector with the photodetection at 1.24μm[END_REF][START_REF] Gunapala | Development of mid-wavelength and long-wavelength megapixel portable QWIP imaging cameras Infrared[END_REF] (plans m et a) de façon à obtenir des profils de potentiels symétriques et à observer de l'absorption intersousbande dans la région infrarouge et en particulier dans la fenêtre THz.

De nos résultats, on peut conclure que le Germanium est effectivement une alternative envisageable au Silicium pour le dopage de type n du GaN, mais qu'ils sont aujourd'hui insuffisants pour pouvoir déterminer lequel des deux dopants serait le plus favorable. En particulier, pour les densités de dopage les plus fortes, le dopage Germanium permet de réduire la largeur de raie de l'absorption intersousbande, comparé au dopage Silicium.

Pour ce qui est de l'étude du GaN non-polaire, on a démontré que les structures non-polaires GaN/AlN plan m présentaient de meilleures performances structurales et optiques que les structures plan a. On a cependant montré que les structures plan m ne peuvent pas rivaliser avec les structures polaires dans les gammes infrarouge ondes courtes et infrarouge moyen, dû à de trop grande densités de défauts structuraux résultant du grand et anisotrope désaccord de maille. Pour pouvoir développer des composants non-polaires dans cette gamme, il serait nécessaire d'étudier plus en détail et d'améliorer l'homogénéité d'alliage d'AlGaN en fonction des conditions de croissance dans ces structures. Néanmoins, les hétérostructures GaN/AlGaN plan m présentant de l'absorption intersousbande dans le lointain infrarouge ont montré de grandes qualités structurales et de très bonnes performances optiques, ce qui nous a permis d'observer de l'absorption intersousbande THz en accord avec les prédictions théoriques et ce, en utilisant des structures très simples. En exploitant notre étude sur l'effet du dopage sur l'absorption intersousbande dans ces structures, on peut envisager de fabriquer des composants tels que des photodétecteurs ou des lasers à cascade quantique, en s'inspirant des structures déjà développées pour les systèmes GaAs. Dans cette optique, on propose de réaliser d'abord des expériences d'électroluminescence et d'étudier les possibles propriétés d'effet tunnel résonnant de ces structures THz. Ces résultats sur le GaN non-polaire peuvent être utile pour le développement et l'amélioration des LEDs UV et vertes, dont les structures polaires subissent également l'effet du champ électrique interne. Cependant, la possibilité du développement et de la commercialisation à grande échelle de composants non-polaires dépend encore de la baisse du coût encore élevé des substrats massifs de GaN non-polaire et sur l'augmentation de la taille de ces substrats. 

SEM

Context and motivation

III-nitride semiconductors are key materials for the development of optoelectronic and electronic devices. Thanks to their direct wide bandgap and doping capabilities, they are the basic material which allowed the fabrication of blue/green light-emitting diodes (LEDs), which have led to the implementation of full-color displays or white LED bulbs. As a prospect, they constitute the only solid-state alternative to mercury lamps as an ultraviolet (UV) source [1]. GaN-based LEDs have already found a number of applications, including not only indoor and outdoor lighting, but also blue laser diodes for data storage (Blu-ray players), car lights, traffic and emergency vehicle signals, etc. III-nitrides are also currently used in high-power electronics for their mechanical and thermal robustness, high electrical breakdown fields, and high electron mobility [2]. In the context of environment protection and green energy production, III-nitrides have also raised interest for the development of piezo-generators [3] and solar cells, due to the possibility of making InGaN alloys optically active over the full spectrum of sunlight [4]. Last but not least, III-nitrides have also become interesting for infrared (IR) optoelectronics using intersubband (ISB), which is the purpose of this thesis. Examples of potential applications of a nitride IR technology are presented in Figure 1. 

A brief history of infrared optoelectronics

The IR spectral region covers the electromagnetic radiation with submillimeter wavelength longer than the visible (i.e. beyond the red), and the most appropriate classification of IR regions for our work is detailed in Table 1. The history of IR detectors was reviewed by Rogalski et al. [9]. The IR radiation was discovered by Hershel in 1800. He developed the first thermal IR detector, where a blackened bulb was used to absorb the radiation, which warmed up a liquid, whose temperature was measured by a glass thermometer. With the discovery of the thermoelectric effects by Seebeck 20 years later [START_REF] Seebeck | Magnetische Polarisation der Metalle und Erze durch Temperatur-Differenz Abh[END_REF], the basic thermometer-based IR detector could be improved in terms of sensitivity and distance range of detection. The discovery of the first photoconductive effect in 1873 by Smith [START_REF] Smith | Effect of Light on Selenium During the Passage of An Electric Current[END_REF] stimulated great effort from the scientific community towards the development of new IR detectors based on photon detection, with the possibility for higher sensitivity, and with an interest for the study of the atmosphere composition, blackbody radiation, etc. These so-called "photodetectors" are based on the interaction between the incident radiation and the semiconductor material composing the device. The photodetector operation spectral range thus depends on the semiconductor properties, and narrow bandgap materials like InSb, PbTe and PbS were initially used for IR operation. Image converters as well as IR spectroscopy techniques were developed during the interwar years for military applications (especially night vision). In 1957, Lawson, Nelson and Young revealed the IR detection properties of the HgCdTe alloy, which was thus followed by the introduction of the II-VI (Hg1-xCdxTe) ternary alloys, as well as the III-V (InAs1-xSbx) and IV-VI (Pb1-xSnxTe) alloys, to offer a broader possibility of wavelength tuning, as illustrated by the different bandgaps represented in Figure 2 [9].

Today, the low cost and room-temperature operation of thermal detectors have led to their popularization, in spite of their lower sensitivity and slower response compared to photodetectors. In terms of photodetectors, HgCdTe devices are still today amongst the most widely used. If thermal imaging for military purpose were the first applications of IR radiations (with the night vision sensors, tank sight systems, heat seeking missiles, etc.), IR technologies are nowadays widely used in a number of different fields. Especially, the 1.3-1.55 µm window is dedicated to optic fiber telecommunication [START_REF] Beeler | III-nitride semiconductors for intersubband optoelectronics: a review[END_REF], the 3-5 and 8-14 µm window are applied to thermal imaging and the longer wavelength IR range is even used for space applications [14]. Finally the longest wavelength IR window (> 30 µm), which is also called the THz or T-rays region, has a variety of applications such as security and medical screening, quality control, environment monitoring, etc. ISB transitions are optical transitions between quantum-confined electronic states within quantum wells (QWs) or quantum dots (QDs). In 1985, West and Eglash performed the first measurement of ISB absorption in GaAs quantum wells [START_REF] West | First observation of an extremely large-dipole infrared transition within the conduction band of a GaAs quantum well[END_REF]. This result led to the fabrication of the first quantum well infrared photodetector (QWIP) [START_REF] Levine | New 10 μm infrared detector using intersubband absorption in resonant tunneling GaAlAs superlattices[END_REF][START_REF] Levine | Quantum-well infrared photodetectors[END_REF]. Compared to HgCdTe photodetectors, QWIPs offer lower dark currents, higher detectivities and better resolution. Infrared ISB technologies were thus first developed based on the already mature III-As and III-P materials, as illustrated by Figure 3. These ISB devices include detectors and lasers based on GaInAsN/AlAs [START_REF] Ma | GaInNAs double-barrier quantum well infrared photodetector with the photodetection at 1.24μm[END_REF], GaAs/AlGaAs [START_REF] Gunapala | Development of mid-wavelength and long-wavelength megapixel portable QWIP imaging cameras Infrared[END_REF][START_REF] Walther | Quantum cascade lasers operating from 1.2to1.6THz[END_REF] and GaInAs/AlAsSb [START_REF] Yang | Room-temperature shortwavelength (λ∼3.7-3.9μm) GaInAs∕AlAsSb quantum-cascade lasers[END_REF][START_REF] Giorgetta | 5μm quantum cascade detector using miniband transport[END_REF], which can be tuned from the mid-to the far-IR region (MIR, FIR). However, the small conduction band offset intrinsic to the III-As and III-P materials complicated the extension of these technologies to the near-IR (NIR). Furthermore, the spectral window from 30 to 40 µm (5 to 10 THz) corresponds to the Reststrahlen band of arsenides, which have made it impossible to cover this range with such materials [START_REF] Adachi | GaAs and related materials[END_REF]. Finally, the small energy of longitudinal optical phonon of arsenides has hampered the development of room-temperature THz devices. 

Motivation and targets

Overcoming these challenges and extending the ISB technology to the NIR and THz windows require a major technology revolution, through the introduction of a new material system. III-nitrides, with their large conduction band offsets (about 1.8 eV for GaN/AlN) [START_REF] Baur | Determination of the GaN/AlN band offset via the (-/0) acceptor level of iron[END_REF][START_REF] Wei | Valence band splittings and band offsets of AlN, GaN, and InN[END_REF] and sub-picosecond ISB relaxation times are appealing materials for ultrafast photonic devices in NIR telecommunication networks. Furthermore, the high energy of their longitudinal-optical phonons (92 meV for GaN) [START_REF] Dingle | Absorption, Reflectance, and Luminescence of GaN Epitaxial Layers[END_REF][START_REF] Barker | Infrared Lattice Vibrations and Free-Electron Dispersion in GaN[END_REF] opens prospects for high-temperature ISB devices operating in the THz spectral range and especially covering the 5-10 THz band, inaccessible to As-based technologies.

However, the GaN technology has several drawbacks associated to the structural defects resulting from heteroepitaxy and high lattice mismatched structures, which result in the degradation of the optical and electrical properties of the device. Furthermore, the influence of the polarization fields present in these materials is an additional complicating parameter to be taken into account for the design and development of optoelectronics devices. If complex design and engineering is a possible approach to overcome this issue, the introduction of nonpolar crystallographic orientations of GaN is an alternative approach to obtain structures without internal electric field, which we explore in this thesis. The recent availability of affordable high-quality free-standing GaN substrates has led to rapid progress of the field.

With this idea in mind, the work described in this thesis has aimed at improving the performance and understanding of the material issues involved in the extension of the GaN/AlGaN ISB technology to the THz range. On the one hand, we have focused on the issue raised by the polarization electric field presence in the widely used polar GaN, and assess the possibility of developing nonpolar GaN/AlGaN ISB infrared devices. On the other hand, we have addressed the problem of n-type doping of quantum wells, which is required to observe ISB absorption. With this purpose, we have assessed the possibility of using Ge as an alternative dopant to the conventional Si.

During my PhD research, I engineered the conduction band profiles to target certain operating wavelengths from the short-wavelength to the FIR by simulating the structures using the commercial Nextnano 3 software [START_REF] Birner | nextnano: General Purpose 3-D Simulations[END_REF]. I was then in charge of the growth of these structures by plasma-assisted molecular beam epitaxy. For the study of nonpolar GaN, the SWIR planar structures were grown by former PhD student Mark Beeler, and I grew the MIR and FIR structures. The polar structures related to the study of Ge-doping were grown either by me or by PhD student Akhil Ajay. The nanowire (NW) heterostructures were grown by the group of Prof. Martin Eickhoff at the Justus Liebig University of Giessen, Germany. I performed the optical characterization of the NW heterostructures by photoluminescence and measured photoluminescence and Fourier transform infrared spectroscopy on the planar samples in collaboration with Mark Beeler and Akhil Ajay. Time-resolved photoluminescence measurements were carried out by Mark Beeler under the supervision of Joël Bleuse. Structural characterization by transmission electron microscopy was performed by Catherine Bougerol and her PhD students for the planar structures and by the group of Prof. Jordi Arbiol at the Institut Català de Nanociència I Nanotecnologia of Barcelona, Spain, for the NW heterostructures. I performed the x-ray diffraction measurements of planar structures in collaboration with Dr. Edith Bellet-Amalric, Mark Beeler, and David Browne. I measured atomic force microscopy images in collaboration with Akhil Ajay.

Organization of the manuscript

After these few preview pages, Chapter 1 starts with a general introduction to III-nitride semiconductors and ISB transitions. We first describe the crystalline structure of GaN and AlGaN materials as well as their electronic, mechanical and optical properties. Then, we introduce the basic knowledge and equations related to the physics of ISB transitions. We highlight the selection rules that govern these transitions, as well as the scattering processes and many-body effects that need to be considered. Finally, a brief review of the state-of-the-art on ISB transitions in III-nitrides with polar, semipolar and nonpolar crystallographic orientations is provided.

Chapter 2 describes the simulation tool and experimental techniques used in this work. We give a general introduction on molecular-beam epitaxy, through the presentation of the different substrates we used, the growth process and the in-situ monitoring technique, as well as reviewing the state-of-the-art growth of polar, semipolar and nonpolar GaN and AlGaN. The structural, optical and electrical characterization techniques are then described.

The results of this thesis are then divided into two chapters, each of them addressing one of the above-described targets of this work. Chapter 3 first explores the possibility to use Ge as an alternative dopant to Si. The effects of Ge introduction on the GaN growth kinetics, layer structure and optical and electrical properties are characterized. As an example of the relevance of Ge-doping, the giant screening effect of Ge-doping on the electric field in GaN/AlN NWs is assessed. Then, the study focuses on the use of Ge-doping for planar GaN/AlGaN heterostructures with ISB transitions in the short-wavelength infrared (SWIR) and MIR ranges, and compares the structural and optical performance of the obtained structures with reference Si-doped samples. As a result, we conclude that both Si and Ge are valid approaches to obtain ISB absorption in the SWIR and MIR. However, the use of Ge comes with a certain improvement of structural quality and ISB performance of high lattice mismatched GaN/AlGaN multi-quantum wells (MQWs) when compared to using Si.

Then, Chapter 4 explores the possibility to use nonpolar crystallographic orientations of GaN. We start by comparing GaN/AlN heterostructures grown in the polar c orientation of GaN to similar structures grown in the two nonpolar orientations a and m. In terms of structural and optical characteristics, the m orientation of GaN appear as the best nonpolar choice which is the reason why the rest of the nonpolar study is then carried out using this orientation. The applicability of m-GaN for MIR and FIR GaN/AlGaN MQWs is then explored. In particular we demonstrate that m-GaN/AlGaN MQWs can cover the 5-10 THz range, inaccessible to As-based technologies.

To end this manuscript, Chapter 5 summarizes the accomplished work and main achievements, and considers its relevance and impact for future developments.

Chapter 1.

Introduction

In this chapter, we introduce the basic knowledge on III-nitride semiconductors necessary to understand, design and realize intersubband devices based on these materials. First, we describe the structural, electronic and optical characteristics of bulk GaN, AlN and AlGaN. Then, we consider the properties resulting from the staking of these materials in heterostructures. The issues related to the presence of internal spontaneous and piezoelectric polarization fields in the material are discussed. Finally, we focus on the theory of intersubband transitions and report on the latest developments of GaN-based infrared intersubband technologies.

As explained in the previous pages, this PhD work aims at improving the performance and understanding of the material issues involved in the extension of the GaN/AlGaN intersubband technology to the THz range. This requires mastering the basic knowledge on III-nitride semiconductors and heterostructures, as well as the fundamental principles of intersubband transitions. The chapter is divided into 3 sections. First, we start by describing the crystalline structure of bulk III-nitrides and explain the general electronic and optical properties resulting from this structure. This includes the description of their energy band structure and bandgap, as well as the presence of a spontaneous polarization field across the crystal. The second section considers the properties resulting from the stacking of different nitride materials in a heterostructure. We detail the properties at the heterointerfaces as well as those of the whole stack. Finally, the third section focuses on the physics of intersubband transitions. We first demonstrate that the quantum confinement of the electrons in the heterostructures results in discrete energy states, which can be used to obtain optical emission or absorption of light at a certain energy. Especially, intersubband transitions are electronic transitions which correspond to photon energies in the infrared range. The main equations governing intersubband transitions are described, as well as the possible scattering processes and the many-body effects that must be taken into account. The chapter ends on a brief review of the state-of-the-art of intersubband transitions in III-nitride GaN/AlGaN heterostructures.

Introduction to III-nitride semiconductors

The periodic table of elements is shown in Figure 4. In red, we highlighted the chemical elements of interest for this work: Ga, Al (column III) and N (column V) are the chemical elements composing the semiconductor materials under study in this manuscript. Ge and Si (column IV) are the semiconductor materials that can be used to n-dope GaN (studied in sections 3.1, 4.6 and 4.7). In this section, the unique structural, electrical and optical properties of GaN, AlN and AlGaN are discussed in view of developing intersubband (ISB) devices operating in the infrared range. 

Crystalline structure

GaN, AlN and AlGaN can exist in two crystallographic arrangements, namely wurtzite (αphase, hexagonal symmetry) and zinc-blende (β-phase, cubic symmetry), illustrated in Figure 5. The wurtzite phase being more thermodynamically stable than the zinc-blende phase, this is the preferred and addressed material in this work. Using Group Theory, wurtzite GaN belongs to the C6v (in Schoenflies notation) or P6mm (in the Hermann-Mauguin notation) point symmetry, which is a subgroup of the full hexagonal symmetry (labelled D6h in Schoenflies notations or P6/mmm in the Hermann-Mauguin one). These theoretical and geometrical considerations result in the isolation of geometrical patterns and 3D translational invariances, leading to the notion of 3D periodic crystalline lattice, which is today the principle on which the determination of the crystallographic structure of materials is based [START_REF] Gil | Basic Crystallography and Other Properties Linked with Symmetry Physics of Wurtzite Nitrides and Oxides[END_REF]. The study of crystals physics properties is essentially made by diffraction of an x-ray beam. The beam-atom interaction results in the Fourier transform of the crystalline network, and we obtain an image of what is called the reciprocal space. The planes and directions in hexagonal structures are conventionally described with four Miller-Bravais indices hkil associated to the lattice vectors a1, a2, a3 and c, represented in Figure 5.

The base vectors a1, a2, a3 are separated by an angle of 120° and their sum is null, leading to 𝑖 = -(ℎ + 𝑘). Wurtzite GaN consists of two hexagonal sublattices, each composed of Ga and N atoms, respectively, and which are merged and shifted by u = 3/8c along the [0001] direction, u being the anion-cation bond length along the <0001> axis and c being the height of the hexagonal prism. In the ideal wurtzite structure, 𝑐 = √2/3 𝑎, where a is the base hexagon side along the [START_REF] Byrnes | North Atlantic Treaty Organization 2009 Unexploded ordnance detection and mitigation[END_REF][START_REF] Smith | Effect of Light on Selenium During the Passage of An Electric Current[END_REF][START_REF] Beeler | III-nitride semiconductors for intersubband optoelectronics: a review[END_REF][14][START_REF]Bandgap vs lattice constant[END_REF][START_REF] West | First observation of an extremely large-dipole infrared transition within the conduction band of a GaAs quantum well[END_REF][START_REF] Levine | New 10 μm infrared detector using intersubband absorption in resonant tunneling GaAlAs superlattices[END_REF][START_REF] Levine | Quantum-well infrared photodetectors[END_REF][START_REF] Ma | GaInNAs double-barrier quantum well infrared photodetector with the photodetection at 1.24μm[END_REF][START_REF] Gunapala | Development of mid-wavelength and long-wavelength megapixel portable QWIP imaging cameras Infrared[END_REF] axis. The anion-cation bond length dependence on the cation nature and ionic radius results in practice in deviation from this ideal structure [START_REF] Shannon | Effective ionic radii in oxides and fluorides[END_REF]. The lattice parameters of bulk GaN and AlN at room temperature are presented in Table 2. Regarding the AlxGa1-xN alloys, the lattice parameter vary linearly with the composition, as described by the Vegard's law [START_REF] Vegard | Die Konstitution der Mischkristalle und die Raumfüllung der Atome Z[END_REF]: 0.377 0.382 [START_REF] Bernardini | Spontaneous polarization and piezoelectric constants of III-V nitrides[END_REF] We must keep in mind that in hexagonal structures, equivalent crystallographic planes can be identified by permutation of the three basal Bravais indices h k i. The planes orthogonal to the <0001> axis are called c-planes, defined by the {0001} plane family. The <0001> axis is thus called the c axis. The {11-20} and {1-100} plane families, parallel to the <0001> c axis, are called a-and mplanes, respectively. The <11-20> and <1-100> directions are called the a and m axis, respectively. It is important to notice that, in general, the directions defined in the hexagonal structures are not orthogonal to the corresponding planes. Figure 6 shows the c, a and m planes and corresponding axis of the hexagonal structure. The wurtzite structure is asymmetric in the [0001] and [000-1] directions. When the vector of the metal-nitrogen bond 𝑢 ⃗ points towards the nitrogen atom (i.e. 𝑢 ⃗ along [0001]), the material is called metal-polar. In the case of a nitrogen-polar material, the metal-nitrogen bond vector 𝑢 ⃗ points towards the metal atom (i.e. 𝑢 ⃗ along [000-1]). This is illustrated by Figure 7. The material polarity can be controlled by choosing the substrate and growth conditions [START_REF] Hellman | The Polarity of GaN: a Critical Review MRS Internet[END_REF][START_REF] Keller | Effect of the Nucleation Conditions on the Polarity of AlN and GaN Films Grown on C-face 6H-SiC[END_REF], and it affects the surface properties in terms of chemical behavior morphology and thermal stability [START_REF] Sun | Thermal stability of GaN thin films grown on (0001) Al 2 O 3 , (0112) Al 2 O 3 and[END_REF][START_REF] Kang | Effects on Optical Characteristics of GaN Polarity Controlled by Substrate[END_REF][START_REF] Sun | Nitrogen-polar GaN growth evolution on c-plane sapphire[END_REF]. Ga-polar GaN is usually preferred because it favors 2D growth: it is more chemically stable and it is easier to control its surface morphology during growth. In this work, we only consider Ga-polar structures. Figure 8 represents the stacking sequence of the c plane of wurtzite GaN, which is ABAB… Band structure in the k•p approximation Now that we have established the elements of crystallography describing the III-nitrides, we can focus on their resulting electronic properties. The allowed electronic states are described by energy bands, which we introduce in this section. In solid-state physics, the valence band and conduction band are the bands closest to the Fermi level (energy level of an electron such that at thermodynamic equilibrium, this energy level would have a 50% probability of being occupied at any given time), and thus determine the electrical conductivity of the solid. In semiconductors, the two bands are separated by a bandgap, where no electron state can exist due to quantization of energy. For intrinsic semiconductors at 0 K, the last fully-occupied band is the valence band, and the first non-occupied band is the conduction band. This band structure is schematically illustrated by Figure 9. The electrons of the atoms constituting the semiconductor crystal mainly undergo the Coulomb potential of the atoms nuclei, and the ideally periodical arrangement of these atoms in the crystal leads to a periodicity of the potential energy, which is seen by the electrons along each of the three space dimensions, as illustrated in Figure 10. In a single atom, the wave-like behavior of an electron is mathematically described by the model of the atomic orbitals. In this model, the probability of presence of an electron in certain space regions around the atomic nucleus, and thus the energy state of the electron, is described by the electron wavefunction. In a crystal, the formation of atomic bonds can be described by the overlapping of valence atomic orbitals. The issue is to determine the possible energy states and wavefunctions of the involved valence electrons. In the crystal, the great number and spatial proximity of the atoms bring together the discrete energy states of the electrons into continuous energy bands. The determination of these energy bands is done by solving the Schrödinger equation for a crystal, which fully describes the behavior of the electrons when using an appropriate Hamiltonian:

a(Al x Ga 1-x N) = x. a(AlN) + (1 -x). a(GaN) (1) 
( p 2 2m + U(r ) + ℏ 2 4m²c 2 (σ ⃗ ⃗ × ∂U ∂r ) • p ⃗ ) ϕ(r ) = Eϕ(r ) (2) 
also expressed as Hϕ = Eϕ, where H is the Hamiltonian of the system, and where m is the electron mass, c is the speed of light in free-space, 𝑟 is the space vector, U is the energy potential from the atoms in the crystal (crystal potential), E is the energy of the valence orbital, 𝑝 is the momentum operator defined by p ⃗ = -iℏ ∂ ∂r ⃗ , 𝜙 is the electron wavefunction, and 𝜎 accounts for the spin-orbit coupling of the electron (which refers here to the interaction of the electron's spin and the magnetic field resulting from its motion). The direct resolution of the equation is very complex, this is why we first propose a simple resolution of this equation, which demonstrates the band structure of semiconductor crystals electronic states. Then, we describe the general resolution of the Schrödinger equation based on the (complex) k•p theory.

Simplified resolution

For simplification, we neglect the spin-orbit coupling and consider the resolution in one space dimension x:

- ℏ 2 2m ∂ 2 ϕ ∂x 2 + U(x)ϕ(x) = Eϕ(x) (3) 
The most accurate simple approach is to use the quasi-free electron model considering a 1D periodicity. Since the atom arrangement in the crystal is considered periodic, the atomic potential is assumed to be periodic. With a being the period of the lattice, this results in:

U(x + a) = U(x) (4 
) and the periodic atomic potential can be expressed as a Fourier series decomposition:

U(x) = ∑ U G exp (-iGx) G (5) 
where G = 2lπ a and l is an integer.

According to the Bloch Theorem, any wavefunction  subject to a periodic potential has the same periodicity:

ϕ(x + a) = ϕ(x) (6) and the wavefunctions can thus be decomposed as a Fourier series too:

ϕ(x) = ∑ C K exp (iKx) K (7)
where K = 2nπ L and L = Na is the crystal dimension, n is an integer. The wavefunctions 𝜙(𝑥) are solutions of the Schrödinger equation. By substituting equations ( 5) and (7) in the Schrödinger equation (3), we obtain:

ℏ 2 2m ∑ K 2 C K exp(iKx) + ∑ ∑ U G C K exp(i(K -G)x) = E ∑ C K exp(iKx) K K G K (8) ∑ exp(iKx) ([ ℏ 2 2m K 2 -𝐸C K ] + ∑ U G C K exp(-iGx) G ) K = 0 (9) 
The (𝑒𝑥𝑝(𝑖𝐾𝑥)) constitute a base of the vectorial space, which leads to all the terms of the sum on K being equal to 0: (

ℏ 2 2m K 2 -E) C K + ∑ U G C K-G G = 0. Defining λ K = ℏ 2 2m
K², we obtain:

{ (λ K -E)C K + ∑ U G C K-G G = 0 ϕ(x) = ∑ C K-G exp(i(K -G)x) G (10) 
Each value of G corresponds to a wavefunction which depends on K. This wavefunction is referred to as 𝜙 𝐾 (𝑥) and is defined as: ϕ K (x) = C K-G exp(-iGx) exp(iKx), where 𝑒𝑥𝑝(-𝑖𝐺𝑥) is a periodic function of the crystal lattice a which is accounting for the periodic potential, and 𝑒𝑥𝑝(𝑖𝐾𝑥) is a periodic function of the crystal dimension L that describes the wavefunction of a free electron (solution of the Schrödinger equation without taking into account the periodic potential, i.e. for U = 0).

All we need to do then is to calculate the 𝐶 𝐾-𝐺 and the energies. 𝐾 and 𝐺 go from -∞ to +∞, which results in an infinity of equations to solve. We thus apply the following (strong) simplifications:

-We neglect the overlap between the potentials of two adjacent atoms, and consider only the interaction between the nearest neighbors. Thus only the fundamental terms (first two terms) of the Fourier series development of U(x) (equation ( 5)) are significant, and the harmonics are neglected. This gives U(x) = 2U 1 cos (G 1 x), which is represented schematically in Figure 11. -The potential is weak and considered as a perturbation, meaning that 𝑈 1 is weak compared to the free electron energy corresponding to the wavefunction. Taking 0 and 𝐺 1 as the two values for G, the wavefunction described by equation ( 10) can thus be expressed as:

ϕ(x) = C K exp(iKx) + C K-G 1 exp(i(K -G 1 )x) (11 
) Since the periodic potential 𝑈(𝑥) is real, we have U G 1 = U -G 1 = U 1 . Since 𝐾 varies from -∞ to +∞ in the Fourier series development of the wavefunction (equation ( 7)), changing K in -K does not affect the shape of the wavefunction nor the energy value. We obtain for equation [START_REF] Seebeck | Magnetische Polarisation der Metalle und Erze durch Temperatur-Differenz Abh[END_REF]:

{ (λ K -E)C K + U 1 C K-G 1 = 0 (λ K-G 1 -E)C K-G 1 + U 1 C K = 0 with { λ K = ℏ 2 2m K² λ K-G 1 = ℏ 2 2m (K -G 1 )² (12) 
A non-zero solution can exist for this system of equations if and only if its determinant is null:

(λ K -E)(λ K-G 1 -E) -U 1 ² = 0 (13) 
i.e.:

E 2 -(λ K + λ K-G 1 )E + λ K λ K-G 1 -U 1 2 = 0 (14) 
whose solutions are:

E ± = 1 2 ℏ 2 2m • (K 2 + (K -G 1 ) 2 ± √ (K 2 + (K -G 1 ) 2 ) 2 + 4 ( 2mU 1 ℏ 2 ) 2 K 2 (K -G 1 ) 2 ) (15)
This demonstrates the existence of a forbidden band of energies, illustrated by Figure 12. Also, this shows that the energy bands present a parabolic dispersion in 𝑘 = 0, which is characteristic of semiconductor materials. From this simple 1D resolution, we demonstrated the existence of allowed and forbidden energy bands in a direction of the semiconductor crystal, which is seen in real semiconductors in the 3 space directions. Especially, this results in the definition of the valence and conduction bands as the last fully-occupied and first non-fully-occupied bands of energy states (subbands), respectively. The bandgap is the forbidden band energy between the conduction and valence bands.

Besides, this resolution also introduces the concept of effective mass. The free electron model is an ideal general description of the semiconductor band energy structures, which defines the energy of a free electron as E = ℏ 2 k 2 2m

. The mass 𝑚 is thus related to the curvature of the subband energy and is homogeneous to

ℏ 2 ∂ 2 E/∂k²
. By defining the effective mass m * = ℏ 2 ∂ 2 E/∂k² (in the case of isotropic subbands, otherwise we define a tensor m * = ℏ 2 ∂ 2 E/∂k i ∂k j ), we account for the effect of the lattice potential on the movement of the electron in the crystal compared to its movement in free space. In other terms, the energy of a carrier in the crystal is considered equivalent to the energy of a free carrier of mass 𝑚 * .

In this simplified resolution, we considered a potential in the crystal that is influenced only by the first neighboring atoms, which is a very strong hypothesis. Also, in practice the lattice parameter and periodicity of the crystal vary versus the different space directions, which results in the potential energy dependence on the crystallographic direction.

General resolution

The general resolution avoids making these simplifications and is much more complex [START_REF] Faist | Intersubband optoelectronics lecture notes[END_REF]. Coming back to the 3D Schrödinger equation, we consider the solution wavefunctions expressed as Bloch functions (as shown earlier in this section):

ϕ nk ⃗ ⃗ (r ) = exp(ik ⃗ r ) u nk ⃗ ⃗ (r ) (16) 
and by substituting them into the Schrödinger equation we obtain:

p ⃗ . (exp(ik ⃗ r ) u nk ⃗ ⃗ (r )) = -iℏ ∂ ∂r (exp(ik ⃗ r ) u nk ⃗ ⃗ (r )) = exp(ik ⃗ r ) (p ⃗ + ℏk ⃗ )u nk ⃗ ⃗ (r ) (17) 
and the Schrödinger equation thus becomes:

( p 2 2m + ℏ m k ⃗ . p ⃗ + ℏ 2 k 2 2m + U(r )) u nk ⃗ ⃗ (r ) = E nk ⃗ ⃗ u nk ⃗ ⃗ (r ) (18) 
The Hamiltonian H = H 0 + W(k ⃗ ) can be splitted into a k-independent part:

H 0 = p 2 2m + U(r ) (19) 
and a k-dependent part:

W(k ⃗ ) = ℏ 2 k 2 2m + ℏ m k ⃗ . p ⃗ (20) 
and the solutions of the equation:

H 0 u n0 (r ) = E n 0 u n0 (r ) (21) 
are the energies of the band structure at the Γ point 𝑘 = 0.

Applying the effective mass approximation, we consider that the energy subbands each have an effective mass given by their mass at the 𝛤 point (𝑘 = 0). The key then lies in the k • p approximation, which fundamental idea is to use the exact solutions of the Schrödinger equation at 𝑘 = 0, 𝑢 𝑛0 (𝑟 ), which are determined by experiment (using cyclotron resonance for example), as a basis for the expansion of the wavefunctions and energies at finite values of k. In other words, the k • p approximation considers the energy dispersion around the 𝛤 point and neglects the interaction between the conduction band and the valence band. This approximation is quite accurate in the case of wavefunctions in the conduction band of wide bandgap semiconductors. It is not valid in the case of the valence band which structure is very complicated, nor in the case of small bandgap semiconductors where the interaction between the valence band and the conduction band cannot be neglected. Since the 𝑢 𝑛0 (𝑟 ) are exact solutions of the Schrödinger equation, the accuracy of the obtained solutions are only limited by the expansion degree.

In the simplest cases, limiting ourselves to the conduction band, the second-order expansion gives:

E c(k) = E c(0) + ℏ 2 k 2 2m 0 + ℏ 2 k 2 m 0 ∑ |⟨u c,0 |p|u m,0 ⟩| 2 E c -E m m≠c (22) 
where ⟨l|m|n⟩ = ∫ u l * nu m d 3 r unit cell .

In the lowest order approximation, all bands except for the valence band may be neglected, resulting in:

E c(k) = E G + ℏ 2 k 2 2m 0 + ℏ 2 k 2 m 0 |⟨u c,0 |p|u v,0 ⟩|² E G ( 23 
)
where E G is the bandgap energy, and the zero energy is taken at the top of the valence band. Defining the Kane energy as E P = 2 m 0 |⟨u c,0 |p|u v,0 ⟩|², the dispersion of the conduction band can be written as:

E c(k) = E c + ℏ 2 k 2 2m 0 (1 + E P E G ) (24) 
The Kane energy is much larger than the energy bandgap and is rather constant across III-V semiconductors.

To determine the dispersion of the valence band, the full k • p envelope function model must be solved, that is a set of 8 differential equations.

The band structures of wurtzite GaN and AlN

The resulting complex band structures of wurtzite GaN and AlN were studied by several groups using different methods like ab initio linearized plane wave method [START_REF] Litimein | The electronic structure of wurtzite and zincblende AlN: an ab initio comparative study[END_REF], time-resolved photoluminescence measurements and theoretical calculations based on the local density approximation [START_REF] Chen | Fundamental optical transitions in GaN[END_REF][START_REF] Suzuki | First-principles calculations of effective-mass parameters of AlN and GaN[END_REF], or muffin tin potential [START_REF] Bourne | The band structure of GaN[END_REF]. The band structures of GaN and AlN are calculated with an empirical pseudopotential method [START_REF] Bloom | Band Structure and Reflectivity of GaN[END_REF] and are represented in Figure 13, taking into account the spin-orbit coupling of the electrons. The valence band is the Γ5 band and the first conduction band is the Γ1 band. The valence and conduction bands are separated by an energy gap and are of opposite curvature, and they show a direct bandgap with the conduction and valence band minima located at 𝑘 = 0 (Γ point) in the reciprocal space. The lateral valleys for GaN and AlN are energetically far from the band minima. This is crucial for intersubband optoelectronics, to prevent inter-valley electron scattering [START_REF] Williams | Terahertz quantum-cascade lasers[END_REF]. In wurtzite GaN, the valence band is non-degenerated at the Γ point, and splits in three subbands with different effective masses: the heavy-hole (subband A at Γ9), light-hole (subband B at Γ7+), and spin-orbit (subband C at Γ7-), as illustrated in Figure 14. This is due to the asymmetry of the structure, the crystal field and the spin-orbit coupling. The effect of crystal field on the bands is represented in red. By adding the effect of spin-orbit coupling represented in blue, we obtain the final band diagram in violet, and the resulting band diagrams with absolute energy values for GaN and AlN are represented in Figure 15. Especially, we notice that the magnitude of the crystal-field splitting in GaN and AlN leads to Γ1 < Γ5 in GaN, but Γ1 > Γ5 in AlN, which results in the spin-orbit hole having higher energy than the heavy hole in AlN, in contrast to GaN for which both the heavy hole and the light hole have higher energy than the spin-orbit hole. The valence band structures of GaN and AlN are represented in Figure 16. 

Bandgap parameters

Good estimations of the bandgap parameters of GaN and AlN were established in the early 70s, with reference values used today listed in Table 3. Due to the temperature-dependent lattice expansion [START_REF] Figge | Temperature dependence of the thermal expansion of AlN[END_REF][START_REF] Roder | Temperature dependence of the thermal expansion of GaN[END_REF] and the electron-lattice interaction, the bandgap energy shows a dependence on temperature, which was first evaluated experimentally by absorption [START_REF] Teisseyre | Temperature dependence of the energy gap in GaN bulk single crystals and epitaxial layer[END_REF] and luminescence experiments [START_REF] Matsumoto | Temperature Dependence of Photoluminescence from GaN[END_REF] and can be described by the empirical Varshni equation:

E g (T) = E g (T = 0 K) - α V T 2 β D + T (25) 
where αV and βD are the Varshni and Debye coefficients.

In ternary compounds (AlxGa1-xN), the bandgap dependence on the alloy composition is modeled using a quadratic polynomial whose linear coefficient is called the bowing parameter, b. This parameter accounts for the deviation from a linear interpolation. The variation of the bandgap energy versus the Al composition is thus given by:

E g (x) = (1 -x)E g (GaN) + xE g (AlN) -b(1 -x)x (26 
) where the bowing parameter has value of b = 1-1.5 eV for AlGaN [START_REF] Steude | The Dependence of the Band Gap on Alloy Composition in Strained AlGaN on GaN[END_REF][START_REF] Lee | The bandgap bowing of AlxGa1-xN alloys[END_REF].

Table 3 Band parameters of GaN and AlN: bandgap energy at T = 0 K; Varshni parameters; electron and hole effective masses (m0 being the nominal mass in vacuum).

GaN AlN

Eg (T = 0 K) (eV) 

Spontaneous polarization in wurtzite crystals

Due to the low symmetry of the wurtzite crystals, an intense polarization field along the <0001> direction is present in the GaN-based semiconductor heterostructures. Indeed, the barycenters of the positive and negative charges in a unit cell do not necessarily coincide, which results in the creation of an electric dipole along the <0001> direction. Since this spontaneous polarization depends on the cation-nitrogen bond length, the polarization in GaN and in AlN have different magnitudes. GaN has a larger <0001> anion-cation bond length u and a smaller c/a value compared to AlN, which results in smaller spontaneous polarization: -0.029 C/m 2 for GaN and -0.081 C/m 2 for AlN [START_REF] Bernardini | Spontaneous polarization and piezoelectric constants of III-V nitrides[END_REF]. The spontaneous polarization of AlxGa1-xN depends nonlinearly on the composition of the alloy and can be calculated as [START_REF] Bernardini | Nonlinear Behavior of Spontaneous and Piezoelectric Polarization in III-V Nitride Alloys[END_REF]:

P sp (Al x Ga 1-x N) = xP sp (AlN) + (1 -x)P sp (GaN) + bx(1 -x) ( 27 
)
where Psp is the spontaneous polarization of the bulk materials and b is the bowing parameter. However, in this work, the best agreement between experimental measurements and simulations was found by neglecting the bowing parameter of the spontaneous polarization. As illustrated in Figure 17, crystallographic orientations that are perpendicular to the polarization vector (= c axis) are called nonpolar. The planes making an angle different than 0° and 90° with the c axis are called semipolar.

Optical phonons, Reststrahlen band and refractive index

Under optical excitation, the incident light can induce a collective excitation of the atoms in the crystal, resulting in lattice vibration. The quantum of lattice vibration is called a phonon. Because they have more than one atom in their smallest unit cell, wurtzite crystals exhibit two types of phonons: acoustic phonons and optical phonons, which are represented in Figure 18. Acoustic phonons are coherent movements of atoms of the lattice out of their equilibrium positions, they give rise to low-frequency vibrations in the range of sound. Optical phonons are out-of-phase movements of the atoms in the lattice. They give rise to high-frequency vibration that can interact with electromagnetic radiations.

Under light excitation, the strong interaction between the incident light and optical phonons results in the so-called Reststrahlen absorption, i.e. photons are absorbed and phonons are generated. The Group theory applied on wurtzite GaN with hexagonal symmetry predicts 8 phonon modes: 2 A1, 2 E1, 2 E2 and 2 B1 modes. The E2 and B1 modes are optic, but the E2 mode cannot be seen by IR spectroscopy and the B1 mode is not active [START_REF] Arguello | First-Order Raman Effect in Wurtzite-Type Crystals[END_REF]. This leaves the A1 and E1 modes which each have an acoustic and an optic vibration mode. We are interested in the optical phonon modes, which are decoupled into two modes: longitudinal and transversal. The longitudinal-optical (LO) and transverse-optical (TO) phonons with polarization parallel to the c axis constitute the A1 modes, the LO and TO phonons with polarization perpendicular to the c axis constitute the E1 modes, which is illustrated by Figure 19. For wurtzite GaN and AlN, the A1 and E1 modes show a very small anisotropy, which enables to define effective average values for the LO and TO phonon frequencies. These phonon frequencies are located into the IR region, which is our region of interest. Considering the TO phonon frequency 𝜔 𝑇𝑂 and LO phonon frequency 𝜔 𝐿𝑂 intrinsic to the material, an incident light with frequency included in the region [ω TO ; ω LO ] should enter in resonance with optical phonons, the process of optical phonon emission being coupled to strong light absorption. For GaN, we have ω LO = 746 cm -1 (≈ 92.5 meV) and ω TO = 559 cm -1 (≈ 69.3 meV) [START_REF] Barker | Infrared Lattice Vibrations and Free-Electron Dispersion in GaN[END_REF][START_REF] Lemos | Resonant Raman scattering of TO(A1), TO(E1) and E2 optical phonons in[END_REF]. For AlN, we have ω LO = 893 cm -1 (≈ 111 meV) and ω TO = 667 cm -1 (≈ 82.7 meV) [START_REF] Sanjurjo | Dependence on volume of the phonon frequencies and the ir effective charges of several III-V semiconductors[END_REF]. Figure 20 shows the transmittance spectrum of a thick layer of GaN (250-µm thick free standing GaN). There are two main absorption regions, represented by a thick black line, and which are defined by the frequencies windows [ω TO -ω LO ] and [2ω TO -2ω LO ]. It was demonstrated that the absorption can still be nonnegligible for submicron layer thicknesses, and that both the first and second harmonic of the phonon frequencies lead to strong absorption by the material [START_REF] Yang | Photon absorption in the Restrahlen band of thin films of GaN and AlN: Two phonon effects[END_REF]. As a consequence, Reststrahlen absorption should be taken into account in the IR optical study of heterostructures grown on thick GaN freestanding substrates. 

GaN

AlN ε0 (T = 300 K) 8.9 [57] 8.5 [START_REF] Levinshteĭn | Properties of advanced semiconductor materials: GaN, AlN, InN, BN, SiC, SiGe[END_REF] ε∞ (T = 300 K) 5.35 [START_REF] Levinshteĭn | Properties of advanced semiconductor materials: GaN, AlN, InN, BN, SiC, SiGe[END_REF] 4.77 [START_REF] Levinshteĭn | Properties of advanced semiconductor materials: GaN, AlN, InN, BN, SiC, SiGe[END_REF] The dependence of GaN refractive index on the light frequency and optical phonons was studied in the IR and is described by [START_REF] Ibáñez | Far-infrared transmission in GaN, AlN, and AlGaN thin films grown by molecular beam epitaxy[END_REF]:

n 2 (ω) = ϵ ∞ + ϵ ∞ ω LO 2 -ω TO 2 ω TO 2 -ω 2 -iΓω (28) 
where 𝜖 ∞ is the dielectric constant of GaN at high frequency and Γ = 10 cm -1 is the phenomenological damping coefficient of GaN for the phonon modes. It is represented for the FIR range in Figure 21. The refractive index of GaN in the visible range is 2.335. 

Properties of III-nitride heterostructures

Now that we have established the basic knowledge on bulk III-nitride semiconductors, we can focus on the structural and electronical properties resulting from the stacking of different semiconductor materials in what is called a heterostructure. As illustrated by Figure 22, we consider a layer of material A sandwiched between two layers of material B, with the bandgap energy of A being smaller than the bandgap energy of B. In the case of GaN/AlN, the band offset presents a type I configuration, meaning that in the configuration in Figure 22, the electrons and holes are both confined in the material with the smaller bandgap. Several values for the GaN/AlN conduction band offset are reported in the literature, with ΔEc(GaN/AlN) = 1.5-2.1 eV [START_REF] Martin | Valence-band discontinuity between GaN and AlN measured by x-ray photoemission spectroscopy[END_REF][START_REF] Cociorva | Quasiparticle calculations of band offsets at AlN-GaN interfaces[END_REF]. In this work, we will use the value ΔEc(GaN/AlN) = 1.8 eV [START_REF] Tchernycheva | Systematic experimental and theoretical investigation of intersubband absorption in GaN∕AlN quantum wells[END_REF]. Lattice mismatched heterostructures: strain, relaxation and extended defects When stacking together two materials of different lattice constant, a mechanical stress is imposed in the obtained heterostructure, which in response undergoes strain relaxation, and eventually formation of structural defects.

Lattice deformation

The lattice-mismatched structure is either compressively strained, tensile strained, or relaxed (i.e. no strain, the lattices are unchanged for both materials), as illustrated by Figure 23. The deformation along the <0001> direction is εz = (c -c0)/c0 and the deformation in the plane perpendicular to the [0001] axis is εx = εy = (a -a0)/a0, where c0 and a0 are the in-plane and outof-plane lattice parameters of unstrained bulk material, respectively. Accordingly to Hooke's law, the small stress σij is related to the strain ε by:

σ i = ∑ C ij  j ( 29 
)
where Cij is the stiffness or elastic constant tensor. In the case of wurtzite structure, due to the crystal hexagonal symmetry, the elastic constant tensor contains five independent coefficients, as described below: [START_REF] Dragoset | Periodic Table : Atomic properties of the elements[END_REF] The values of elastic coefficients considered in this work for GaN and AlN are summarized in Table 5 [START_REF] Wright | Elastic properties of zinc-blende and wurtzite AlN, GaN, and InN[END_REF][START_REF] Polian | Elastic constants of gallium nitride[END_REF]. In the case of growth in the polar <0001> direction, there is no stress along <0001> (i.e. no shear stress) and the in-plane stress is uniform (σ x = σ y ). In this biaxial stress configuration, equation [START_REF] Birner | nextnano: General Purpose 3-D Simulations[END_REF] becomes:

                        12 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 C C C C C C C C C C C C C C ij
ϵ y = ϵ x ; ϵ z = -2 ( C 13 C 33 ) ϵ x (31) 

Strain relaxation and dislocations

In the case of lattice mismatched GaN/Al(Ga)N heterostructures, the strain related to the lattice distortion can be released either elastically by the undulation of the surface, or plastically by the introduction of defects in the epilayers. Several types of plastic relaxation are possible: crack propagation, which is commonly observed in III-nitrides under tensile stress, decohesion of the layer, which occurs in the case of compressive strain, and introduction of misfit dislocations (MDs), as illustrated by Figure 24. The MD threading through the structure defines threading dislocations (TDs).

To describe the lattice deformation introduced by a dislocation, we use the Burgers vectors 𝑏 ⃗ shown in Table 6, which represent the magnitude and direction of the lattice distortion. The dislocations are either perfect or partial, where a partial dislocation is a decomposed form of an original perfect dislocation. In particular, Franck dislocations are immobile, they cannot move by gliding, in contrast to perfect dislocations. 

Dislocations

𝑏 ⃗

Type Character

1/3 <11-20> a Perfect 1/3 <11-23> a+c Perfect <0001> c Perfect 1/3 <1-100> Shockley partial 1/6 <20-23> Frank-Shockley partial 1/2 <0001>
Frank partial The formation and propagation of dislocations is associated to the material slip systems, which describe the set of symmetrically identical planes and associated family of directions for which dislocation motion can easily occur and lead to plastic deformation. In the case of nitride heterostructures grown along the [0001] axis, which is the predominant growth orientation in commercial devices, the most crystallographically favorable slip system, namely the (0001) basal plane with <11-20> {0002} slip directions, lies parallel to the heterointerfaces, which results in the resolved misfit stress on the main slip plane to be zero, and the formation of regular networks of MDs is thus hindered [START_REF] Ponce | Detects and interfaces in GaN epitaxy[END_REF]. However, MDs can be detected at heterointerfaces when shear stress is intentionally or unintentionally induced by 3D growth [START_REF] Moran | Structural and morphological evolution of GaN grown by metalorganic chemical vapor deposition on SiC substrates using an AlN initial layer[END_REF][START_REF] Kehagias | Misfit accommodation of compact and columnar InN epilayers grown on Ga-face GaN (0001) by molecular-beam epitaxy[END_REF], by crack formation [START_REF] Hearne | Brittleductile relaxation kinetics of strained AlGaN/GaN heterostructures[END_REF][START_REF] Floro | Misfit dislocation formation in the AlGaN∕GaN heterointerface[END_REF], or in close proximity to V-defects (illustrated by Figure 25) [START_REF] Liu | Generation of misfit dislocations by basal-plane slip in InGaN∕GaN heterostructures[END_REF]. Therefore, the relaxation mechanism depends not only on the structure itself, but also on the growth conditions. At the heterointerface with a substrate like sapphire or Si [START_REF] Levine | Strong 8.2 μm infrared intersubband absorption in doped GaAs/AlAs quantum well waveguides[END_REF], GaN presents a high density of regularly-spaced 60° dislocations (type-B), formed due to the large mismatch. These 60° dislocations at the basal plane have the largest mobility of dislocation glide. They tend to bend in the growth direction, forming pure edge-type a or a+c dislocations (depending on their direction), as seen in Figure 26. In the c-plane orientation, the main dislocations are perfect TDs [START_REF] Nakamura | The Blue Laser Diode: the Complete Story[END_REF], with either edge, screw or mixed character (Burger vectors 1/3<11-20>, <0001> or 1/3<11-23>, respectively) [START_REF] Wu | Defect structure of metal-organic chemical vapor deposition-grown epitaxial (0001) GaN/Al 2 O 3[END_REF], represented in Figure 26. Such TDs have their lines in the prismatic {11-20} or {1-100} planes. Edgetype dislocations make up the majority of the TD density in III-nitrides. An important characteristic of (0001) growth orientation is that the {11-20} and {1-100} planes contain the growth direction <0001> and constitute slip planes for the TDs. Therefore, as soon as they are formed, such dislocations can propagate until the surface of the epitaxial layer. 

Stacking faults and inversion domains

Stacking faults (SFs) [START_REF] Ning | Growth defects in GaN films on sapphire: The probable origin of threading dislocations[END_REF][START_REF] Northrup | Theory of the (12-10) prismatic stacking fault in GaN[END_REF][START_REF] Potin | HREM study of stacking faults in GaN layers grown over sapphire substrate[END_REF][START_REF] Vermaut | Observation of two atomic configurations for the {1210} stacking fault in wurtzite (Ga, Al) nitrides[END_REF] and inversion domains are also observed in III-nitride heterostructures [START_REF] Northrup | Theory of GaN (10-10) and (11-20) surfaces[END_REF][START_REF] Potin | Evidence for multiple atomic structure for the {1010} inversion domain boundaries in GaN layers[END_REF]. Table 7 lists the SFs observed in hexagonal structures. A basal stacking fault (BSF) is an error in the ABABABA… hexagonal stacking sequence along the <0001> direction. They are known as intrinsic (I1 and I2) and extrinsic (E). Their stacking sequence (SS) and displacement vector (𝑅 ⃗ ) are also given. For prismatic stacking faults (PSFs) the displacement 𝑅 ⃗ takes place out of the basal plane [START_REF] Drum | Intersecting faults on basal and prismatic planes in aluminium nitride[END_REF][START_REF] Blank | Fault Structures in Wurtzite[END_REF]. In GaN and AlN, two displacement vectors have been reported to characterize the PSFs in {11-20} planes [START_REF] Northrup | Theory of the (12-10) prismatic stacking fault in GaN[END_REF][START_REF] Vermaut | Observation of two atomic configurations for the {1210} stacking fault in wurtzite (Ga, Al) nitrides[END_REF][START_REF] Ruterana | Formation mechanism and relative stability of the[END_REF]. In nitride layers grown along the c-axis, SFs are limited close to the interface with the substrate [START_REF] Northrup | Inversion Domain and Stacking Mismatch Boundaries in GaN[END_REF]. Figure 27 shows examples of SFs and inversion domains in GaN-based structures. 

Stacking Faults 𝑅 ⃗

Type SS or plane 

1/3 <1-100> B-I1 ABABCBCB 1/6 <20-23> B-I2 ABABCACA 1/2 <0001> B-E ABABCABAB 1/2 <1-101> P {11-20} 1/6 <20-23> P {11-20}

Piezoelectric polarization

The presence of strain in the GaN/AlN system, associated to the lattice mismatch, results in the appearance of piezoelectric polarization. The piezoelectric polarization field, Ppz, is defined in the Cartesian system as a function of the piezoelectric constants eij and the strain field components j: Ppz = ∑eij j (32) Due to crystal symmetry, there are only three independent piezoelectric constants e15, e31, and e33: 

                               
ϵ y = ϵ x ; ϵ z = -2 ( C 13 C 33 ) ϵ x (34) 
Combining equations ( 33) and ( 34), the strain-induced piezoelectric polarization along the <0001> direction has its magnitude expressed as:

P pz = 2 ϵ z (e 31 -e 33 C 13 C 33 ) (35) 
and these in-plane and out-of-plane lattice constants are related by:

c -c 0 c 0 = -2 C 13 C 33 a -a 0 a 0 (36) 
which results in:

P pz = 2 a -a 0 a 0 (e 31 -e 33 C 13 C 33 ) (37) 
The piezoelectric constants (eij) for GaN and AlN are listed in Table 8 [START_REF] Bernardini | Spontaneous polarization and piezoelectric constants of III-V nitrides[END_REF][START_REF] Bykhovski | Elastic strain relaxation and piezoeffect in GaN-AlN, GaN-AlGaN and GaN-InGaN superlattices[END_REF][START_REF] Xinjiao | On the properties of AlN thin films grown by low temperature reactive r.f. sputtering[END_REF]. The piezoelectric components for the alloys can be obtained by linear interpolation. GaN -0.49 [START_REF] Bernardini | Spontaneous polarization and piezoelectric constants of III-V nitrides[END_REF] 0.73 [START_REF] Bernardini | Spontaneous polarization and piezoelectric constants of III-V nitrides[END_REF] -0.3 [START_REF] Bykhovski | Elastic strain relaxation and piezoeffect in GaN-AlN, GaN-AlGaN and GaN-InGaN superlattices[END_REF] AlN -0.60 [START_REF] Bernardini | Spontaneous polarization and piezoelectric constants of III-V nitrides[END_REF] 1.46 [START_REF] Bernardini | Spontaneous polarization and piezoelectric constants of III-V nitrides[END_REF] -0.48 [START_REF] Xinjiao | On the properties of AlN thin films grown by low temperature reactive r.f. sputtering[END_REF] 1.2.3.

Effect of polarization at heterointerfaces

The difference in the total macroscopic polarization across the heterointerface affects the band structure to a large extent. Taking the simple case of an epilayer grown on a bulk substrate, the difference in polarization across the interface is given by: ∆P = ∆(Psp + Ppz) = (Psp + Ppz)epilayer -(Psp + Ppz)substrate (38) The polarization difference results in a fixed charge density at the heterointerface. Figure 29 shows the polarization vectors and resulting pol for different material/strain configurations, as well as the resulting band diagrams. Let us determine the sign of pol for each case: a) σ pol = P SP (AlGaN) -P SP (GaN) > 0 b) σ pol = P PZ (AlGaN) + P SP (AlGaN) -P SP (GaN) having P SP (AlGaN) -P SP (GaN) > 0, and 𝑃 𝑆𝑃 (𝐴𝑙𝐺𝑎𝑁) and 𝑃 𝑃𝑍 (𝐴𝑙𝐺𝑎𝑁) being parallel (the parallel vectors point towards the same direction), we obtain σ pol > 0. c) σ pol = P PZ (GaN) + P SP (GaN) -P SP (AlGaN) having P SP (GaN) -P SP (AlGaN) < 0, and 𝑃 𝑆𝑃 (𝐺𝑎𝑁) and 𝑃 𝑃𝑍 (𝐺𝑎𝑁) being anti-parallel, we obtain σ pol < 0.

If the charge sheet is positive (+pol), free electrons will be attracted and will ultimately form a two dimensional electron gas (2DEG). Reciprocally, if the charge sheet is negative (-pol), holes will accumulate at the interface. The consequences of the polarization-induced electric fields in III-N heterostructures on their optical and electrical properties are various and can be either exploited or compensated by our device design depending on the aimed application. As an example, the 2DEG formed at the GaN/AlGaN interface can be used to fabricate high electron mobility transistors (HEMTs) based on nonintentionally doped materials, and with sheet carrier concentrations comparable to those obtained when doping the channel [START_REF] Ambacher | Two dimensional electron gases induced by spontaneous and piezoelectric polarization in undoped and doped AlGaN/GaN heterostructures[END_REF]. This way, the mobility in not degraded by the doping-induced presence of ionized donors.

The effects of polarization can be eliminated by changing the growth orientation. Indeed, the high symmetry planes of wurtzite GaN at angles 39° and 90° off the <0001> direction are crystallographic directions for which polarization effects are either very small or zero [100]. The planes which satisfy these angles are the nonpolar a plane [START_REF] Byrnes | North Atlantic Treaty Organization 2009 Unexploded ordnance detection and mitigation[END_REF][START_REF] Smith | Effect of Light on Selenium During the Passage of An Electric Current[END_REF][START_REF] Beeler | III-nitride semiconductors for intersubband optoelectronics: a review[END_REF](14)[START_REF]Bandgap vs lattice constant[END_REF][START_REF] West | First observation of an extremely large-dipole infrared transition within the conduction band of a GaAs quantum well[END_REF][START_REF] Levine | New 10 μm infrared detector using intersubband absorption in resonant tunneling GaAlAs superlattices[END_REF][START_REF] Levine | Quantum-well infrared photodetectors[END_REF][START_REF] Ma | GaInNAs double-barrier quantum well infrared photodetector with the photodetection at 1.24μm[END_REF][START_REF] Gunapala | Development of mid-wavelength and long-wavelength megapixel portable QWIP imaging cameras Infrared[END_REF] and the nonpolar m plane (1-100) for 90°, and the semipolar planes [START_REF] Byrnes | North Atlantic Treaty Organization 2009 Unexploded ordnance detection and mitigation[END_REF][START_REF] Smith | Effect of Light on Selenium During the Passage of An Electric Current[END_REF][START_REF] Beeler | III-nitride semiconductors for intersubband optoelectronics: a review[END_REF](14)[START_REF]Bandgap vs lattice constant[END_REF][START_REF] West | First observation of an extremely large-dipole infrared transition within the conduction band of a GaAs quantum well[END_REF][START_REF] Levine | New 10 μm infrared detector using intersubband absorption in resonant tunneling GaAlAs superlattices[END_REF][START_REF] Levine | Quantum-well infrared photodetectors[END_REF][START_REF] Ma | GaInNAs double-barrier quantum well infrared photodetector with the photodetection at 1.24μm[END_REF][START_REF] Gunapala | Development of mid-wavelength and long-wavelength megapixel portable QWIP imaging cameras Infrared[END_REF][START_REF] Walther | Quantum cascade lasers operating from 1.2to1.6THz[END_REF][START_REF] Yang | Room-temperature shortwavelength (λ∼3.7-3.9μm) GaInAs∕AlAsSb quantum-cascade lasers[END_REF][START_REF] Giorgetta | 5μm quantum cascade detector using miniband transport[END_REF][START_REF] Adachi | GaAs and related materials[END_REF] and (10-12) for 39°.

Quantum Confined Stark Effect

Following the above-described formation of sheet carrier densities at the GaN/AlN heterointerfaces, we therefore obtain fixed charges at the QW interfaces in the case of multi-quantum wells (MQWs). The resulting electric field in the GaN well, 𝐹 𝐺𝑎𝑁 , and in the AlN barriers, 𝐹 𝐴𝑙𝑁 , can be calculated based on the conservation of the electric displacement vector along the growth direction, which is illustrated by the dotted line in Figure 30: the potential energies at the extremities of a period of the superlattice are equal [START_REF] Grandjean | Built-in electric-field effects in wurtzite AlGaN/GaN quantum wells[END_REF]. This is expressed by the periodic boundary condition: 𝑙 𝐺𝑎𝑁 𝐹 𝐺𝑎𝑁 + 𝑙 𝐴𝑙𝑁 𝐹 𝐴𝑙𝑁 = 0. The electric fields are then expressed as:

F GaN = ΔP l AlN 𝑙 𝐺𝑎𝑁 𝜖 𝐴𝑙𝑁 + 𝑙 𝐴𝑙𝑁 𝜖 𝐺𝑎𝑁 (39) 
F AlN = ΔP l GaN 𝑙 𝐴𝑙𝑁 𝜖 𝐺𝑎𝑁 + 𝑙 𝐺𝑎𝑁 𝜖 𝐴𝑙𝑁 [START_REF] Sun | Nitrogen-polar GaN growth evolution on c-plane sapphire[END_REF] where 

𝑙

Intersubband transitions

Now that we have established the electronic properties of III-nitride heterostructures, we can focus on a specific type of electronic transitions of interest for IR optoelectronics: intersubband transitions.

The very first studies on ISB absorption date back to 1974, when Kamgar et al. recorded optical transitions between bound electronic levels in an accumulation layer on n-type Si(100) under FIR illumination [START_REF] Kamgar | Resonance Spectroscopy of Electronic Levels in a Surface Accumulation Layer[END_REF]. Since then, Si space-charge regions and III-V surface layers were intensively studied and contributed to a better understanding of quantum confinement in thin-film structures, many-body effects, ISB absorption selection rules, oscillator strength and ISB absorption line shape [START_REF] Ando | Electronic properties of two-dimensional systems[END_REF]. In 1977, Esaki and Sakaki suggested that the extrapolation of these principles to GaAs/AlGaAs MQWs should shift the transition wavelength to the MIR range [105], which lead to numerous experimental [START_REF] Chiu | Application of internal photoemission from quantum-well and heterojunction superlattices to infrared photodetectors[END_REF][START_REF] Smith | A new infrared detector using electron emission from multiple quantum wells[END_REF] and theoretical [108,109] studies and ultimately resulted in the first direct observation of ISB absorption by West and Eglash in 1985 in GaAs/Al0.3Ga0.7As MQWs, measured at the Brewster angle [110]. Two years later, Levine et al. measured strong ISB absorption using for the first time a multipass waveguide configuration [START_REF] Levine | Strong 8.2 μm infrared intersubband absorption in doped GaAs/AlAs quantum well waveguides[END_REF], and demonstrated the first QWIP [START_REF] Levine | New 10 μm infrared detector using intersubband absorption in resonant tunneling GaAlAs superlattices[END_REF]113]. In 1994, Faist et al. set a major breakthrough in the ISB technology with the development of the quantum cascade laser (QCL) as a replacement for the laser diode [114]. Since then, a great effort has been made in both fundamental and applied research on ISB transitions, which resulted in commercially available devices operating in the MIR and FIR. Nowadays, III-As material systems (like GaAs/AlGaAs) are the basis for ISB optoelectronics devices (emitters and photodetectors) that can be tuned from the MIR to the THz spectral ranges. However, the operation of such technologies is limited at shorter wavelengths (below 3 µm) due to the available conduction band offset and to the material transparency. Also, the small energy of LO-phonon (36 meV, 8.7 THz [START_REF] Waugh | Crystal Dynamics of Gallium Arsenide[END_REF]) of GaAs limits the operating temperature of THz devices to the cryogenic range. This is why III-nitride semiconductors started to attract much interest as an alternative material, due to their large bandgap and large conduction band offset (~ 1.8 eV for GaN/AlN [START_REF] Cociorva | Quasiparticle calculations of band offsets at AlN-GaN interfaces[END_REF][START_REF] Tchernycheva | Systematic experimental and theoretical investigation of intersubband absorption in GaN∕AlN quantum wells[END_REF][START_REF] Binggeli | Band-offset trends in nitride heterojunctions[END_REF]), allowing to develop ISB devices operating in the NIR spectral range, and especially in the telecom window (at 1.3-1.55 µm) [117][START_REF] Hofstetter | Intersubband Transition-Based Processes and Devices in AlN/GaN-Based Heterostructures[END_REF][119]. Besides, GaN is transparent in a very large spectral region that covers almost the whole infrared window: it is transparent above 360 nm except for its Reststrahlen band between 9.6 and 19 µm (and possibly except for the 7.3-9 µm window where the absorption is attributed to the second order of the Reststrahlen band [START_REF] Yang | Photon absorption in the Restrahlen band of thin films of GaN and AlN: Two phonon effects[END_REF][START_REF] Hao | Infrared properties of bulk GaN[END_REF]121]). There is also an interest to push the III-nitride ISB technology towards longer wavelengths, especially to the THz frequency range. This spectral region has attracted attention due to potential applications in medical diagnostics, security screening, and quality control. GaAs-based QCLs have already demonstrated potential as THz sources in the 1.2-5 THz range, however their operating temperature and spectral range are limited by the LO phonon emission of GaAs (36 meV [START_REF] Waugh | Crystal Dynamics of Gallium Arsenide[END_REF]) which is very close to the room temperature thermal energy (26 meV). GaN-based devices have the potential to operate at higher temperature in the whole THz spectral range due to a large LO-phonon energy of 92 meV.

Band structure of quantum wells in the envelope function approximation

We consider a QW grown in the direction z, and composed of a layer of material A, of thickness L, sandwiched into a barrier material B. The bandgap energy of A is considered smaller than that of B, and L is supposed to be small enough so that the electrons are confined in the material A in the growth direction z. To determine the band structure of the QW, we introduce the envelope function approximation, which is a very efficient and elegant tool that is widely used to predict the optical and electrical properties of semiconductor nanostructures [START_REF] Faist | Intersubband optoelectronics lecture notes[END_REF]. It is basically a generalization of the k•p approximation, where the wavefunctions 𝜙 are considered as a sum of slowly varying envelop functions 𝑓 that will modulate the material Bloch functions 𝑢, leading to:

ϕ(r ) = ∑ f l A,B u l,k 0 A,B (r ) l (41) 
This implies that the wavefunctions are described at each position as a k•p decomposition. The heterostructure presents an in-plane translational invariance, so that the wavefunctions can be written as plane waves, and 𝑘 𝑥 and 𝑘 𝑦 are continuus and there is no propagation along z. The envelope functions can then be written as:

f(r ⊥ ⃗⃗⃗⃗ , z) = 1 √S exp(ik ⊥ ⃗⃗⃗⃗ r ⊥ ⃗⃗⃗⃗ ) χ(z) (42) 
where k ⊥ ⃗⃗⃗⃗ = (k x , k y ) is the in-plane wavevector, 𝜒(𝑧) is the projection of 𝑓 along the z axis, S is the surface area in the (x,y) plane of the active region.

Simplified resolution: one band model

First, let us calculate the energy levels 𝐸 𝑛 inside the QW in the case of infinite barriers. We assume that the Bloch functions are the same in the barriers and the well, so that the Schrödinger equation can be derived only for the envelope function, which allows to isolate the eigenenergies 𝐸 𝑛 . Based on the effective mass approximation introduced in subsection 1.1.2, we can write the Schrödinger equation as follows:

- ℏ 2m * ∇ 2 . f(r ) + U(r )f(r ) = E n f(r ) ( 43 
)
where 𝑈 is the crystal potential.

Considering a symmetric QW with infinite barriers, the resolution of the Schrödinger equation thus results in:

E n (k ⃗ ) = E n 0 + ℏ 2 k ⊥ ⃗⃗⃗⃗ ² 2m * (44) 
where 𝐸 𝑛 0 depends on the potential profile V(z). The obtained eigenvalues are:

χ n (z) = √2/L sin (nπz/L) and E n (k ⊥ ⃗⃗⃗⃗ ) = n 2 ℏ 2 π 2 2m * L² + ℏ 2 k ⊥ ⃗⃗⃗⃗ 2 2m * ( 45 
)
where L is the QW thickness. This result shows that due to the boundary conditions imposed by the heterostructure, the En energies are discrete. Since L is small, only a few values of En are allowed within the QW, and these energy values are largely spaced.

General resolution: two-band model

It is assumed that the envelop function is slowly varying compared to the Bloch function and that the Bloch functions are identical in both materials. We obtain:

ϕ(r ) = ∑ f l A,B u l,k 0 (r ) l ( 46 
)
The Hamiltonian is written as:

H = p 2 2m 0 + U A (r )Y A + U B (r )Y B ( 47 
)
where the functions 𝑌 𝐴 (𝑧) and 𝑌 𝐵 (𝑧) are equal to 1 in their respective layers and equal to 0 out of their layers.

Since the band edges are eigenfunctions of the Hamiltonian at k = 0, we can write:

( p 2 2m 0 + U A (r )Y A + U B (r )Y B ) u l,0 (r ) = ϵ 𝑙,0 𝐴,𝐵 u l,0 (r ) (48) 
where the 𝜖 are the eigenvalues of this reduced Hamiltonian.

Similar to the k•p approximation, we use the relation between the momentum operator p and the momentum vector p (which may be obtained after a quite laborious derivation):

p(exp(ik ⊥ r ⊥ ) χ l (z)u l (r )) = (ℏk ⊥ -iℏ ∂ ∂z + p ) exp(ik ⊥ r ⊥ ) χ l (z)u l (r) (49) 
and we can substitute p in the Hamiltonian as follows:

𝑝 → ℏ𝑘 ⊥ -𝑖ℏ 𝜕 𝜕𝑧 + 𝑝 (50) 
where p acts only on the Bloch part of the wavefunction. This leads to a set of differential equations Du = ϵu, where D is a matrix of elements:

𝐷 𝑙,𝑛 = (𝜖 𝑙 𝐴 𝑌 𝐴 + 𝜖 𝑙 𝐵 𝑌 𝐵 + ℏ 2 𝑘 ⊥ ² 2𝑚 0 - ℏ 2 2𝑚 0 𝜕 2 𝜕𝑧 2 ) 𝛿 𝑙,𝑛 + ℏ𝑘 ⊥ 𝑚 0 ⟨𝑙|𝑝 ⊥ |𝑛⟩ - 𝑖ℏ 𝑚 0 ⟨𝑙|𝑝 𝑧 |𝑛⟩ 𝜕 𝜕𝑧 (51) 
where 𝛿 𝑙,𝑛 is the delta function.

The two-band model is a fairly realistic model used to compute the conduction band energy states while accounting for the effect of the valence band as a whole on the conduction band, i.e. the valence subbands are replaced by one effective valence band. For simplicity, we neglect the free electron term

p 2 2m 0
and we look at the states at k ⊥ = 0 which define the top of the valence band and bottom of the conduction band, so that we can consider 𝑉 𝐴 and 𝑉 𝐵 as 𝑉 𝑐 and 𝑉 𝑣 , the subscripts v and c referring to the valence and conduction bands). Equation ( 51) becomes:

{ U c (z)f c - iℏ m 0 ⟨u c,0 |p|u v,0 ⟩ ∂ ∂z f v = ϵf c - iℏ m 0 ⟨u c,0 |p * |u v,0 ⟩ ∂ ∂z f c + U v (z)f v = ϵf v (52) (53) 
From Equation ( 53), we have:

f v = 1 U v (z) -ϵ iℏ m 0 ⟨u c,0 |p * |u v,0 ⟩ ∂ ∂z f c (54) 
Replacing 𝑓 𝑣 in Equation ( 52), we obtain:

- ℏ 2 |⟨u c,0 |p|u v,0 ⟩| 2 m 0 ∂ ∂z 1 ϵ -U v (z) ∂ ∂z f c + U c (z)f c = ϵf c (55) 
Recalling the definition of the Kane energy E P = 2 m 0 |⟨u c,0 |p|u v,0 ⟩| 2 and defining an energydependent effective mass:

1 m(ϵ, z) = 1 m 0 E P ϵ -U c (z) (56) 
we obtain the Schrödinger-like equation:

- ℏ 2 2 ∂ ∂z 1 m(ϵ, z) ∂ ∂z f c + U c (z)f c = ϵf c ( 57 
)
This model is very useful to model the electronic states in the conduction band with the inclusion of the non-parabolicity of the bands. It is widely used in the study of ISB transitions.

Physics of intersubband transitions: selection rules

In this subsection, we introduce the basic physics principles and equations describing the ISB transitions. Again, we based ourselves on the work of Liu and Capasso [START_REF] Liu | Intersubband transitions in quantum wells: Physics and device applications[END_REF], Bastard [START_REF] Bastard | Wave mechanics applied to semiconductor heterostructures[END_REF], and Faist [START_REF] Faist | Intersubband optoelectronics lecture notes[END_REF].

ISB transitions are governed by so-called selection rules. We now formally detail the equations that lead to such properties. To do so, we work in the conduction band of a system composed of a QW sandwiched between two barriers and we use a single-particle approach. The QW growth direction is chosen to be z.

The QW is excited by an electromagnetic wave that may induce transitions between the two electronic states of the QW. The electric field component of the incident light is a plane wave 𝐹 (𝑟 , 𝑡):

F ⃗ (r , t) = F 0 e ⃗ cos(l . r -ωt) = F 0 2 e ⃗ (exp (i(l . r -ωt)) + exp (-i(l . r -ωt))) ( 58 
)
where 𝑒 is the polarization vector (it is the direction of the electric field, e ⃗ = (e x , e y , e z )), 𝑙 is the propagation vector, 𝜔 is the electric field pulsation.

Since F ⃗ = -∂A ⃗⃗ ∂t , the Hamiltonian can be expressed as a function of the potential vector 𝐴 :

H = (p ⃗ + qA ⃗ ⃗ )² 2m * = p 2 2m * + q 2m * (p ⃗ . A ⃗ ⃗ + A ⃗ ⃗ . p ⃗ ) + q 2 2m * A² ( 59 
)
where 𝑝 is the total momentum operator of the excitation electric field, q is the elementary charge.

Using the Coulomb gauge ∇A ⃗ ⃗ = 0 ⃗ results in the commutation of 𝑝 and 𝐴 . Also, considering a low intensity potential, we can neglect the term in 𝐴². We can thus isolate the time-dependent and the time-independent parts of the Hamiltonian:

H = H 0 + q m * A ⃗ ⃗ . p ⃗ (60) 
where

H 0 = 𝑝 2
2𝑚 * does not depend on time and we define the interaction Hamiltonian 𝐻 𝑖𝑛𝑡 :

H int (r , t) = q m * A ⃗ ⃗ . p ⃗ (61) 
Since F ⃗ = -

∂A ⃗⃗ ∂t

, 𝐴 can be expressed as:

A ⃗ ⃗ (r , t) = F 0 ω sin(l . r -ωt)e ⃗ = iF 0 ω exp (i(l . r -ωt)) e ⃗ + cst (62) 
and we obtain:

H int (r , t) = iqF 0 m * ω exp (i(l . r -ωt)) e ⃗ . p ⃗ (63) 
where 𝑒 and 𝑝 are the polarization vector and momentum operators, respectively. 𝐻 𝑖𝑛𝑡 represents the coupling between the electron and the electric field, which is a timedependent perturbation that may induce transitions between the initial and final electronic states |𝑖 > (of energy E i ) and |𝑓 > (of energy E f ) of the QW.

The rate of these transitions (probability of transition per unit of time) can be described by the Fermi's golden rule (which is a straightforward consequence of the Schrödinger equation, solved to the lowest order):

W if = π 2ℏ |〈ϕ f |H int |ϕ i 〉| 2 δ(E f -E i -ℏω if ) (64) 
where 𝜙 and E are the wavefunction and energy of the quantum confined initial and final states, and ℏ𝜔 𝑖𝑓 is the energy of the radiation associated to the transition. The delta function 𝛿 represents the energy conservation condition. Since we consider ISB transitions in the infrared range, there is a large difference between the light wavelength (≈ µm) and the lattice dimension (≈ nm). This is why we can use a dipole approximation and neglect the spatial dependence of 𝐴 (𝑟 , 𝑡) inside the interaction Hamiltonian matrix element 〈ϕ f |H int |ϕ i 〉, resulting in:

⟨ϕ f |H int |ϕ i ⟩ = ⟨ϕ f | q m * A ⃗ ⃗ . p ⃗ |ϕ i ⟩ = - q m * iF 0 ω e ⃗ exp(i l . r )⟨ϕ f (r )| exp(iωt) e ⃗ . p ⃗ |ϕ i (r )⟩ (65) 
leading to the transition rate:

W if = π 2ℏ q 2 F 0 2 m * 2 ω 2 |〈ϕ f |e ⃗ . p ⃗ |ϕ i 〉| 2 δ(E f -E i -ℏω if ) (66) 
The derivation of the transition rate allows to determine the selection rules of the ISB transitions.

We can write the wavefunctions as products of a Bloch function 𝑢(𝑟) (and the ensemble of the Bloch functions form a basis) and an envelope function 𝑓(𝑟):

ϕ i = f i (r)u ν (r) (67) ϕ f = f f (r)u ν ′ (r) (68) 
where 𝜈 and 𝜈 ′ subscripts refer to the band indices of the initial and final states of the transition, respectively, and i and f subscripts refer to the subband indices of the initial and final states of the transition, respectively. i and f subscripts are the quantum numbers. We obtain:

⟨ϕ f |e ⃗ . p ⃗ |ϕ i ⟩ = ⟨f f u ν′ |e ⃗ . p ⃗ |f i u ν ⟩ = iℏ ∫ f f * u ν′ * ∂(f i u ν ) ∂t ∂r 3 = iℏ ∫ f f * u ν′ * [ ∂f i ∂t u ν + ∂u ν ∂t f i ] ∂r 3 (69) 
In the slowly varying envelope function approximation, we consider that the variation of 𝑓(𝑟) is much slower than that of 𝑢(𝑟). We obtain: 3 ∫ u ν′ * u ν ∂r 3 + iℏ ∫ f f * f i ∂r 3 ∫ u ν′ * ∂u ν ∂t ∂r 3 = Let us focus on the ISB transition. We assume the same Bloch functions for the well and the barrier, meaning that the lattices are the same, and we can then work only on the envelope functions. As stated before (equation ( 42)), we have:

⟨ϕ f |e ⃗ . p ⃗ |ϕ i ⟩ = iℏ ∫ f f * ∂f i ∂t ∂r
f i (r ⊥ , z) = 1 √S exp(ik ⊥ ⃗⃗⃗⃗ r ⊥ ⃗⃗⃗⃗ ) χ i (z) (71) 
where k ⊥ ⃗⃗⃗⃗ = (k x , k y ) is the in-plane wavevector, 𝜒 𝑖 (𝑧) is the projection of 𝑓 𝑖 along the z axis. This is also true for 

f f : f f (r ⊥ ⃗⃗⃗⃗ , z) = 1 √S exp (ik′ ⊥ ⃗⃗⃗⃗⃗ r ⊥ ⃗⃗⃗⃗ ) χ f (z)
⃗⃗⃗⃗ r ⊥ ⃗⃗⃗⃗ ) χ i (z) ∂r 3 = 1 S [∫ exp(-i(k ⊥ ⃗⃗⃗⃗ -k ′ ⊥ ⃗⃗⃗⃗⃗⃗ )r ⊥ ⃗⃗⃗⃗ )χ f * (z)χ i (z)p x e x ⃗⃗⃗ ∂r 3 + ∫ exp(-i(k ⊥ ⃗⃗⃗⃗ -k ′ ⊥ ⃗⃗⃗⃗⃗⃗ )r ⊥ ⃗⃗⃗⃗ )χ f * (z)χ i (z)p y e y ⃗⃗⃗ ∂r 3 + ∫ exp(-i(k ⊥ ⃗⃗⃗⃗ -k ′ ⊥ ⃗⃗⃗⃗⃗⃗ )r ⊥ ⃗⃗⃗⃗ )χ f * (z)χ i (z)p z e z ⃗⃗⃗ ∂r 3 ] = 1 S ⟨χ f |χ i ⟩ [∫ exp(-i(k ⊥ ⃗⃗⃗⃗ -k ′ ⊥ ⃗⃗⃗⃗⃗⃗ )r ⊥ ⃗⃗⃗⃗ ) ∂y p x ∂xe x ⃗⃗⃗ + ∫ exp(-i(k ⊥ ⃗⃗⃗⃗ -k ′ ⊥ ⃗⃗⃗⃗⃗⃗ )r ⊥ ⃗⃗⃗⃗ ) ∂x p y ∂y e y ⃗⃗⃗ ] + 1 S ∫ exp(-i(k ⊥ ⃗⃗⃗⃗ -k ′ ⊥ ⃗⃗⃗⃗⃗⃗ )r ⊥ ⃗⃗⃗⃗ ) ∂x ∂y ∫ χ f * (z)p z χ i (z) ∂ze z ⃗⃗⃗ (72) Since exp(-i(k ⊥ ⃗⃗⃗⃗ -k ′ ⊥ ⃗⃗⃗⃗⃗⃗ )r ⊥ ⃗⃗⃗⃗ ) = exp (-i((k x -k x ′ )
x -(k y -k′ y )y)) and p = ℏk in 1D, we obtain:

⟨f f |e ⃗ . p ⃗ |f i ⟩ = 1 S ⟨χ f |χ i ⟩ [∫ exp(i(k y -k ′ y )y) ∂y ∫ p x exp(-i(k x -k ′ x )x) ∂xe x ⃗⃗⃗ + ∫ exp(-i(k x -k ′ x )x) ∂x ∫ p y exp(i(k y -k ′ y )y) ∂ye y ⃗⃗⃗ ] + 1 S ∫ exp(-i(k ⊥ ⃗⃗⃗⃗ -k ′ ⊥ ⃗⃗⃗⃗⃗⃗ )r ⊥ ⃗⃗⃗⃗ ) ∂x ∂y ∫ χ f * (z)p z χ i (z) ∂ze z ⃗⃗⃗ = 1 S ⟨χ f |χ i ⟩ [∫ exp(i(k y -k ′ y )y) ∂y ∫(-ℏ(k x -k ′ x )) exp(-i(k x -k ′ x )x) ∂xe x ⃗⃗⃗ + ∫ exp(-i(k x -k ′ x )x) ∂x ∫ ℏ(k y -k ′ y ) exp(i(k y -k ′ y )y) ∂ye y ⃗⃗⃗ ] + 1 S ∫ exp(-i(k ⊥ ⃗⃗⃗⃗ -k ′ ⊥ ⃗⃗⃗⃗⃗⃗ )r ⊥ ⃗⃗⃗⃗ ) ∂x ∂y ∫ χ f * (z)p z χ i (z) ∂ze z ⃗⃗⃗ (73) 
Since exp(-i(k x -k ′ x )x) and exp(i(k y -k ′ y )y) are two periodic functions, their integral is zero except if k x = k ′ x and k y = k ′ y , respectively. However if

k x = k ′ x and k y = k ′ y then (k x -k ′ x ) exp(i(k x -k ′ x )
x) = 0 and (k y -k ′ y ) exp(i(k y -k ′ y )y) = 0, respectively. This leaves:

⟨f f |e ⃗ . p ⃗ |f i ⟩ = 1 S ∫ exp(-i(k ⊥ ⃗⃗⃗⃗ -k ′ ⊥ ⃗⃗⃗⃗⃗⃗ )r ⊥ ⃗⃗⃗⃗ ) ∂x ∂y ∫ χ f * (z)p z χ i (z) ∂ze z ⃗⃗⃗ (74) Since exp(-i(k ⊥ ⃗⃗⃗⃗ -k ′ ⊥ ⃗⃗⃗⃗⃗⃗ )r ⊥ ⃗⃗⃗⃗ ) is a periodic function, we have ∫ exp(i(k ′ ⊥ ⃗⃗⃗⃗⃗⃗ -k ⊥ ⃗⃗⃗⃗ ). r ⊥ ⃗⃗⃗⃗ ) ∂r 3 = 0 except if k ⊥ ⃗⃗⃗⃗ = k′ ⊥ ⃗⃗⃗⃗⃗ .
This results in:

1 S ∫ exp(i(k ′ ⊥ ⃗⃗⃗⃗⃗⃗ -k ⊥ ⃗⃗⃗⃗ ). r ⊥ ⃗⃗⃗⃗ ) ∂x ∂y = δ k ⊥ ,
k′ ⊥ and we obtain:

⟨f f |e ⃗ . p ⃗ |f i ⟩ = δ k ⊥ ,k′ ⊥ ∫ χ f * (z)p z χ i (z)dz e z ⃗⃗⃗ (75 
) and the transition rate is:

W if = π 2ℏ q 2 E 0 2 δ k ⊥ ,k′ ⊥ |⟨χ f (z)|p z |χ i (z)⟩|²δ(E f -E i -ℏω if ) (76) 
In conclusion, only the z-component of the electric field couples to the ISB transition. This is the polarization selection rule:

Only light polarized in the direction of confinement (z) can induce ISB transitions. This has strong experimental consequences. Especially, the polarization selection rule allows to distinguish ISB absorption from all other absorption processes. Also, it complicates the measurement of light absorption for example at a normal incidence, which is why a number of geometries were developed to measure ISB absorption in QWs, as illustrated by Figure 31. In this work, the 2D heterostructures are measured using the multi-pass A configuration [START_REF] Faist | Intersubband optoelectronics lecture notes[END_REF]. It is worth mentioning that in the case of general QWs with several possible energy states, a symmetric potential profile results in the heterostructure Hamiltonian having a defined parity. As a consequence, the wavefunctions are symmetric, which results in the matrix element being zero for wavefunctions with same parity (i.e. with both their quantum numbers either odd or even).

Scattering processes

An electron in an excited subband can recombine to the lower subband (i.e. relax) through a large variety of processes: spontaneous emission (of a photon), inelastic scattering by emission of a phonon, elastic scattering by an impurity or interface roughness, or electron-electron scattering. In practice, this carrier scattering results in the optical transitions always having a finite spectral linewidth, usually represented by a Lorentzian function. The contribution of each of these scattering processes to the ISB absorption linewidth was formulated by Ando [START_REF] Ando | Line Width of Inter-Subband Absorption in Inversion Layers: Scattering from Charged Ions[END_REF]125] and calculations were developed and experimentally verified on GaAs QWs by Unuma et al. [126,127]. As opposed to the case of band-to-band transitions, the radiative emission of photon is not (by far) the dominant relaxation mechanism for ISB transitions. To emit optical phonons, electrons require a threshold energy of ℏ𝜔 𝐿𝑂 . This is why different behaviors are observed depending on whether the subband separation E12 is larger or smaller than ℏ𝜔 𝐿𝑂 , as illustrated in Figure 32. When the energy of the transition is larger than the LO phonon energy ℏ𝜔 𝐿𝑂 , the dominant channel of carrier relaxation from the excited energy level is the scattering by optical phonon, which typical time constant is about 1 ps, leading to excited carrier lifetimes of about 1 ps. In contrast, in the case of a transition energy smaller than ℏ𝜔 𝐿𝑂 , optical phonon scattering may be forbidden depending on the temperature and the electron densities, and the lifetimes are then controlled by the competition between optical phonon emission and the other processes. Typically, optical phonon scattering by thermally-excited electrons will always dominate at temperatures above 60 K (the electrons are thermally excited and naturally relax through the emission of an optical phonon, which is a very rapid, sub-ps, process), electron-electron scattering and interface roughness scattering will be the strongest scattering mechanisms below 60 K, depending on the structure and on the electron density. The scattering by emission of an acoustic phonon can be significant only for extremely low electron densities and for systems with very little impurities. The typical lifetimes are ≈ 10 ps at low temperature.

Inelastic LO-phonon scattering

As a simple approach well verified in nitrides, the LO-phonon scattering is considered dominated by the interaction between the electron and the piezoelectric potential created by the local lattice deformation. Also, the optical phonon is supposed to have very little dispersion, and therefore can be assumed monoenergetic [128]. In this approach, an electron with an initial wavevector 𝑘 𝑖 and energy 𝐸 𝑖 in the upper subband scatters to the lower subband at 𝑘 𝑓 , thus losing (or gaining in the case of optical phonon absorption) an energy equal to ℏ𝜔 𝐿𝑂 in the process, which is illustrated by Figure 33, where Q is the momentum exchanged in the process. By applying the Fermi's golden rule on the envelope functions, the scattering rate can be calculated, resulting in an estimation of the electron lifetime due to optical phonon emission. As a consequence, a strong reduction of the ISB lifetime (i.e. rapid relaxation with emission of phonon, of the order of sub-ps) is predicted when the two states are spaced resonantly with the optical phonon.

Quasi-elastic electron-electron scattering

Electron-electron scattering is a quasi-elastic scattering process in which two electrons exchange energy and momentum, while still respecting the conservation of the total energy and of the total momentum. As a result, this process can only thermalize a carrier population but not cool it down. As illustrated in Figure 34, the different electron-electron scattering processes are:

-2,2 → 2,2 and 1,1 → 1,1, which are scattering processes within a single subband, which help establishing a thermal equilibrium within the subband. -2,1 → 2,1 and 1,2 → 1,2, which tend to equilibrate the temperatures of the two subbands. 

Elastic ionized impurity scattering and interface roughness scattering

Elastic scattering between subbands can occur whenever the translational invariance of the subband within the plane of the QW is lost, which may be induced by the collision with an ionized impurity or by an interface step. Ionized impurity scattering is the strongest scattering mechanism limiting the low-temperature mobility even when having very little impurities. The ionized impurity scattering rate was shown to be significant only for relatively large doping densities, with a time constant down to 1 ps [START_REF] Liu | Intersubband transitions in quantum wells: Physics and device applications[END_REF]131].

Besides, the ISB transitions spectral linewidth was also reported to be sensitive to interface roughness scattering with significant effect for QW widths < 100 Å [132], but not to alloy scattering (to which electron mobility is sensitive) [START_REF] Campman | Interface roughness and alloydisorder scattering contributions to intersubband transition linewidths[END_REF].

Also, if ISB transitions are usually described using a single-particle approach (as done in this manuscript), their description as a collective phenomenon (i.e. using the concept of plasma) results in a much better understanding of the contribution of scattering processes to spectral broadening when dealing with high electron densities [START_REF] Warburton | Influence of Collective Effects on the Linewidth of Intersubband Resonance[END_REF], which is developed in the following subsection.

Doping and many-body effects

To be able to observe ISB absorption, the ground electronic state of the conduction band needs to be populated with electrons. To do so, we n-dope the semiconductor: we introduce impurities in the semiconductor, which replace the original atom and set additional free electrons in the conduction band. Therefore, doping is an essential parameter for device design, and the possible requirement of high doping densities makes it necessary to consider the effects of electron-electron interactions. A great effort was made to study ISB transitions in the presence of dense electron plasma [135-137], and a large deviation of the ISB energy is expected for heavily doped structures [START_REF] Li | Origin of the blueshift in the infrared absorbance of intersubband transitions in AlxGa1-x N/GaN multiple quantum wells[END_REF].

The electron-electron interaction effects on the ISB transition energy and broadening are called many-body effects, and can be classified in two groups: the effects on the energy levels (namely the exchange interaction and direct Coulomb interaction) and the effects on the transition energy (namely the depolarization shift and exciton shift). In practice, these many-body effects are stronger for smaller transition energies, i.e. for larger QW widths. Accounting for all these many-body effects, the ISB transition energy E if final can be estimated as:

E if final = E ̃if -E exch -E dir ( 77 
)
where E ̃if is the combination of depolarization and exciton shifts, E exch is the exchange interaction energy, E dir is the direct Coulomb interaction energy.

Depolarization shift and exciton shift

The depolarization shift 𝛼, also called plasmon screening, and the exciton shift 𝛽 were shown to be the two main terms that can modify the ISB transition energy from the initial state |𝑖 > to the final state |𝑓 > from its nominal value 𝐸 𝑖𝑓 to [START_REF] Ando | Electronic properties of two-dimensional systems[END_REF][139][140][141]]:

E ̃if = E if √1 + α -β (78) 
where 𝛼, 𝛽 > 0.

As the external radiation (external electric field) excites the electron from the ground state to the excited state, the radiation also interacts with the other electrons coming from the doping of the structure. These electrons act as a plasma, and each single electron feels an effective electric field that is thus different from the external electric field. The electron gas screens the external electric field. This results in the modulation of the carrier density and in the increase of the transition energy, which is called a plasmon shift [START_REF] Shtrichman | Depolarization shift of the intersubband resonance in a quantum well with an electron-hole plasma[END_REF]. The depolarization shift can be estimated as [142]:

α = 2e 2 n s ϵ R ϵ 0 E if ∫ [∫ ϕ f (z ′ )ϕ i (z ′ ) z -∞ dz′] 2 dz +∞ -∞ (79) 
where 𝑛 𝑠 is the 2D density of charge, 𝑒 is the electron charge, 𝜖 0 is the electric permittivity, 𝜖 𝑅 is the dielectric constant in GaN, 𝜙 𝑖 is the wavefunction of the state |𝑖 >. The depolarization shift increases the transition energy and is important only for high electron densities and/or small transition energies.

The exciton shift accounts for the Coulomb interaction between the excited electron and the quasi-hole left in the ground state [137]. The exciton shift reduces the transition energy and is expressed as [START_REF] Ando | Inter-subband optical transitions in a surface space-charge layer[END_REF][START_REF] Ando | Inter-subband optical absorption in space-charge layers on semiconductor surfaces[END_REF]:

β = - 2n s E if ∫ ϕ f (z) 2 ϕ i (z) 2 dz ∂U xc [n(z)] ∂n(z) +∞ -∞ (80) 
where 𝑈 𝑥𝑐 is the exchange-correlation potential:

U xc = -( 9π 4 ) 1 3 2 πr s e 2 8πϵ R ϵ 0 a * [1 + B A r s ln (1 + A r s )] (81) 
where

a * = ϵ R a B m 0 m * is the exciton Bohr radius, r s = [ 4π 3 a * 3 n(z)] -1/3
is dimensionless and characterizes the electron gas, 𝑎 𝐵 is the Bohr radius, A = 21, B = 0.7734.

Exchange interaction and direct Coulomb interaction

The exchange interaction accounts for the repulsion between electrons with parallel spin, which results from the Pauli principle: since the electron with the same spins avoid each other, the energy of electron-electron repulsion is reduced. It thus mainly affects the ground highly-populated state by lowering its energy, which ultimately results in a total blueshift of the ISB transition energy (and a redshift of the band-to-band transition). When the excited states can be considered unpopulated (at typical doping densities < 10 19 cm -3 ), the exchange interaction effect is negligible. However at high doping levels, the exchange interaction between the ground state subband and the excited states subbands must be accounted for. This is illustrated by Figure 35.

The exchange interaction 𝐸 𝑒𝑥𝑐ℎ between an electron in the ground state and the rest of the electrons within the same subband is given by [START_REF] Bandara | Exchange interactions in quantum well subbands[END_REF][START_REF] Bandara | Erratum: Exchange interactions in quantum well subbands[END_REF]:

E exch = - e 2 2ϵ R ∫ d 2 k ′ (2π) 2 k f 0 ∫ exp(-q|z -z ′ |) q |χ i (z ′ )| 2 |χ i (z)| 2 dz dz ′ (82) 
where 𝑞 = |𝑘 -𝑘 ′ | and 𝑘 𝑓 = √2𝜋𝑛 𝑠 .

Assuming that 𝜒 𝑖 is strongly localized in the well, the leading term involves 𝑞|𝑧 -𝑧 ′ | which is small. Then by considering the first two terms of the Taylor series expansion of the exponential term, we obtain [START_REF] Bandara | Exchange interactions in quantum well subbands[END_REF]:

E exch (k) ≅ - e 2 k f 4πϵ R ϵ 0 [ 2𝐄 ( k k f ) π -0.32 ( k f k L )] (83) 
where k L = π/L, L is the QW thickness, E is the elliptic integral function.

High doping levels resulting in the population of the excited state require to take into account the exchange interaction between the subbands. The exchange interaction between an electron in the ground subband |i> and the ensemble of electrons in the excited subband |j> is given by [START_REF] Bandara | Exchange interactions in quantum well subbands[END_REF][START_REF] Bandara | Erratum: Exchange interactions in quantum well subbands[END_REF]:

E exch = - e 2 2ϵ R ∫ d 2 k ′ (2π) 2 k f 0 ∫ exp(-q|z -z ′ |) q χ j * (z ′ )χ i (z′)χ i * (z)χ i (z) dz dz ′ (84) 
Since 𝜒 𝑖 and 𝜒 𝑗 are orthogonal, the leading term of the Taylor series expansion of the exponential term is zero. The next leading term is estimated by taking χ j (z) = √ 2 L sin(2k L z) within the well and 𝜒 𝑗 (𝑧) = 0 out of the well. We obtain [START_REF] Bandara | Exchange interactions in quantum well subbands[END_REF][START_REF] Bandara | Erratum: Exchange interactions in quantum well subbands[END_REF]:

E exch ≅ - e√2πn s 4πϵ R ϵ 0 0.18 √ 2n s π ( 85 
)
Figure 35 Schematic representation of the exchange interaction in the case of interaction within the same subband and of interaction between subbands.

The direct Coulomb interaction, on the other hand, accounts for the electrostatic potential resulting from the difference between the spatial distribution of the charges and the spatial distribution of the ionized donors. Usually, it is relatively weak when doping the QWs but quite large when doping the barriers. In the latter case, the electrons are transferred from the barrier to the well, which leads to a strong modification of the potential, called doping modulation and results in an increase of the electron mobility and a reduction of the ISB absorption linewidth (due to the suppression of impurity scattering) [START_REF] Liu | Intersubband transitions in quantum wells: Physics and device applications[END_REF]. This is illustrated by Figure 36.

For QW doping densities where only the ground-state is being populated, the direct Coulomb interaction 𝐸 𝑑𝑖𝑟 is expressed as:

E dir = 3n s e 2 8ϵ R ϵ 0 k L ²L (86) 
In this case, the direct Coulomb interaction 𝐸 𝑑𝑖𝑟 tends to screen the electric field but is dominated by the exchange interaction. At high doping densities, the direct Coulomb interaction between electrons in excited states and electrons in the ground-state is expressed as:

E dir = n S e 2 4ϵ R ϵ 0 k L ²L (87) 
Generally in this case, the direct Coulomb interaction is negligible. 

Polar heterostructures

Starting by the NIR range, the first observation of ISB absorption in GaN/AlGaN QWs was published in 1999 for wavelengths above 2.8 µm [154]. ISB absorption at shorter wavelengths was then observed at 1.75 µm [155] and then around the telecommunication wavelength 1.55 µm [START_REF] Gmachl | Intersubband absorption at λ∼1.55 μm in well-and modulation-doped GaN/AlGaN multiple quantum wells with superlattice barriers[END_REF] in 2000. Since then, room temperature ISB absorption was demonstrated in nitride-based QWs and QDs by many research groups in Europe, Asia and the US.

In GaN/AlN, the 𝑒 1 → 𝑒 2 ISB transition can be tuned in the 1.0 to 3.5 µm range by changing the QW thickness from 1 nm to 7 nm [START_REF] Tchernycheva | Systematic experimental and theoretical investigation of intersubband absorption in GaN∕AlN quantum wells[END_REF][157][158][159][160][START_REF] Bayram | Effects of well width and growth temperature on optical and structural characteristics of AlN/GaN superlattices grown by metal-organic chemical vapor deposition[END_REF][START_REF] Andersson | Macroscopic defects in GaN/AlN multiple quantum well structures grown by MBE on GaN templates[END_REF][START_REF] Liu | Intersubband absorption at 1.5-3.5 μm in GaN/AlN multiple quantum wells grown by molecular beam epitaxy on sapphire[END_REF][164]. By using AlGaN instead of AlN for the barriers, it is possible to extend the ISB technology towards longer wavelengths: to the MIR up to 10 µm [135, [START_REF] Sherliker | Room temperature operation of AlGaN/GaN quantum well infrared photodetectors at a 3-4 µm wavelength range[END_REF][166][START_REF] Bayram | High-quality AlGaN/GaN superlattices for near-and mid-infrared intersubband transitions[END_REF][START_REF] Huang | Intersubband transitions at atmospheric window in Al(x)Ga(1-x)N/GaN multiple quantum wells grown on GaN/sapphire templates adopting AlN/GaN superlattices interlayer[END_REF][START_REF] Kandaswamy | Midinfrared intersubband absorption in GaN/AlGaN superlattices on Si(111) templates[END_REF]. However, for large QW widths (> 5 nm), the first two quantum confined electronic states are trapped in the triangular part of the QW potential resulting from the internal electric field. This leads to a saturation of the value of the 𝑒 1 → 𝑒 2 ISB transition energy.

To further reduce the ISB transition energy, two main alternatives are considered. The first one consists in engineering the band diagram of the polar heterostructure to approach a square potential profile in the QWs. This solution was suggested by Machhadani et al. [START_REF] Machhadani | Terahertz intersubband absorption in GaN/AlGaN step quantum wells[END_REF] and further developed by . Figure 37 shows one of the proposed structures, which allowed to demonstrate FIR ISB absorption between 1.9 and 5. In terms of devices, the first prototypes of nitride-based ISB devices were room-temperature multi-Tbit/s all-optical switches operating at 1.5 µm [START_REF] Iizuka | All-Optical Switch Utilizing Intersubband Transition in GaN Quantum Wells[END_REF]. The demonstration of strong electron coupling in GaN/AlN double QWs [START_REF] Tchernycheva | Electron confinement in strongly coupled GaN∕AlN quantum wells[END_REF] led to the development of the first charge-transfer GaNbased ISB electro-optical modulators [START_REF] Kheirodin | Electrooptical Modulator at Telecommunication Wavelengths Based on GaN/AlN Coupled Quantum Wells[END_REF]. Regarding detectors, the first III-nitride photovoltaic and photoconductive QWIPs and QD IR photodetectors were demonstrated in 2003 [START_REF] Hofstetter | GaN/AlN-based quantumwell infrared photodetector for 1.55 μm[END_REF][START_REF] Baumann | Intersubband photoconductivity at 1.6 μm using a straincompensated AlN∕GaN superlattice[END_REF] and 2006 [START_REF] Doyennette | GaN-based quantum dot infrared photodetector operating at 1.38 µm[END_REF][180][START_REF] Vardi | Photocurrent spectroscopy of bound-to-bound intraband transitions in GaN/AlN quantum dots[END_REF], respectively, for operation in the NIR, and in 2010 for operation in the FIR [START_REF] Machhadani | Terahertz intersubband absorption in GaN/AlGaN step quantum wells[END_REF]. Regarding emittive devices, NIR ISB luminescence from GaN/AlN QWs [182][183][START_REF] Driscoll | Optically pumped intersubband emission of short-wave infrared radiation with GaN/AlN quantum wells[END_REF] and QDs [185] was detected. The demonstration of the concept of quantum cascading in III-nitrides through the development of QD-based quantum cascade photodetectors (QCDs) operating in the 1.5-2.0 µm spectral range [START_REF] Vardi | Near infrared quantum cascade detector in GaN/AlGaN/AlN heterostructures[END_REF][START_REF] Vardi | High-speed operation of GaN/AlGaN quantum cascade detectors at λ ≈ 1.55 μm[END_REF] has opened prospects for the development of QCLs.

Semipolar heterostructures

As illustrated in Figure 38, semipolar GaN/AlN MQWs exhibit quasi-square potential band profiles with symmetric wavefunctions, due to the reduced electric field [100,188], in the range of 0.5-0.6 MV/cm in the QWs for the [START_REF] Byrnes | North Atlantic Treaty Organization 2009 Unexploded ordnance detection and mitigation[END_REF][START_REF] Smith | Effect of Light on Selenium During the Passage of An Electric Current[END_REF][START_REF] Beeler | III-nitride semiconductors for intersubband optoelectronics: a review[END_REF](14)[START_REF]Bandgap vs lattice constant[END_REF][START_REF] West | First observation of an extremely large-dipole infrared transition within the conduction band of a GaAs quantum well[END_REF][START_REF] Levine | New 10 μm infrared detector using intersubband absorption in resonant tunneling GaAlAs superlattices[END_REF][START_REF] Levine | Quantum-well infrared photodetectors[END_REF][START_REF] Ma | GaInNAs double-barrier quantum well infrared photodetector with the photodetection at 1.24μm[END_REF][START_REF] Gunapala | Development of mid-wavelength and long-wavelength megapixel portable QWIP imaging cameras Infrared[END_REF][START_REF] Walther | Quantum cascade lasers operating from 1.2to1.6THz[END_REF][START_REF] Yang | Room-temperature shortwavelength (λ∼3.7-3.9μm) GaInAs∕AlAsSb quantum-cascade lasers[END_REF] plane [189,[START_REF] Machhadani | Systematic study of nearinfrared intersubband absorption of polar and semipolar GaN/AlN quantum wells[END_REF]. From the experimental viewpoint, ISB absorption had not been shown from semipolar crystal planes until relatively recently. Starting in 2008, NIR ISB absorption in the range of 1.5 to 3.75 µm was reported on semipolar [START_REF] Byrnes | North Atlantic Treaty Organization 2009 Unexploded ordnance detection and mitigation[END_REF][START_REF] Smith | Effect of Light on Selenium During the Passage of An Electric Current[END_REF][START_REF] Beeler | III-nitride semiconductors for intersubband optoelectronics: a review[END_REF](14)[START_REF]Bandgap vs lattice constant[END_REF][START_REF] West | First observation of an extremely large-dipole infrared transition within the conduction band of a GaAs quantum well[END_REF][START_REF] Levine | New 10 μm infrared detector using intersubband absorption in resonant tunneling GaAlAs superlattices[END_REF][START_REF] Levine | Quantum-well infrared photodetectors[END_REF][START_REF] Ma | GaInNAs double-barrier quantum well infrared photodetector with the photodetection at 1.24μm[END_REF][START_REF] Gunapala | Development of mid-wavelength and long-wavelength megapixel portable QWIP imaging cameras Infrared[END_REF][START_REF] Walther | Quantum cascade lasers operating from 1.2to1.6THz[END_REF][START_REF] Yang | Room-temperature shortwavelength (λ∼3.7-3.9μm) GaInAs∕AlAsSb quantum-cascade lasers[END_REF]-oriented GaN/AlN MQWs, as illustrated in Figure 39 [189,[START_REF] Machhadani | Systematic study of nearinfrared intersubband absorption of polar and semipolar GaN/AlN quantum wells[END_REF]. However, in semipolar structures, the reduction in the internal electric field resulted in a redshift of the ISB energy when compared with polar QWs with the same dimensions. ISB absorption in [START_REF] Byrnes | North Atlantic Treaty Organization 2009 Unexploded ordnance detection and mitigation[END_REF][START_REF] Smith | Effect of Light on Selenium During the Passage of An Electric Current[END_REF][START_REF] Beeler | III-nitride semiconductors for intersubband optoelectronics: a review[END_REF](14)[START_REF]Bandgap vs lattice constant[END_REF][START_REF] West | First observation of an extremely large-dipole infrared transition within the conduction band of a GaAs quantum well[END_REF][START_REF] Levine | New 10 μm infrared detector using intersubband absorption in resonant tunneling GaAlAs superlattices[END_REF][START_REF] Levine | Quantum-well infrared photodetectors[END_REF][START_REF] Ma | GaInNAs double-barrier quantum well infrared photodetector with the photodetection at 1.24μm[END_REF][START_REF] Gunapala | Development of mid-wavelength and long-wavelength megapixel portable QWIP imaging cameras Infrared[END_REF][START_REF] Walther | Quantum cascade lasers operating from 1.2to1.6THz[END_REF][START_REF] Yang | Room-temperature shortwavelength (λ∼3.7-3.9μm) GaInAs∕AlAsSb quantum-cascade lasers[END_REF] GaN/AlGaN MQWs could not be extended to the MIR and FIR ranges, due to strong alloy fluctuation within the AlGaN ternary alloy [START_REF] Machhadani | Systematic study of nearinfrared intersubband absorption of polar and semipolar GaN/AlN quantum wells[END_REF]. Finally, very recent work on (20-2-1) GaN resulted in the demonstration of a THz QWIP with a detection peak at 10.1 THz [START_REF] Durmaz | Terahertz intersubband photodetectors based on semi-polar GaN/AlGaN heterostructures[END_REF]. 

Nonpolar heterostructures

ISB absorption in nonpolar GaN-based heterostructures was first observed in 2003 in a-plane GaN:Si/AlN MQWs grown on r-plane sapphire, showing ISB absorption at λ  2.1 µm with a full width at half maximum (FWHM) of 120 meV [START_REF] Gmachl | Intersubband absorption at ∼2.1 µm in A-plane GaN∕AlN multiple quantum wells[END_REF]. The recent availability of high-quality freestanding nonpolar GaN substrates has encouraged research on nonpolar orientations, and in particular the growth of m-plane MQWs has been intensively studied since 2013 [START_REF] Shao | Homogeneous AlGaN/GaN superlattices grown on free-standing (11¯00) GaN substrates by plasma-assisted molecular beam epitaxy[END_REF][START_REF] Shao | Surface morphology evolution of m-plane (1-100) GaN during molecular beam epitaxy growth: Impact of Ga/N ratio, miscut direction, and growth temperature[END_REF][START_REF] Armstrong | Influence of growth temperature and temperature ramps on deep level defect incorporation in m-plane GaN[END_REF]. Especially, QWIPs in the MIR on m-plane GaN substrates were demonstrated at 7.5 and 9 µm in 2013 [START_REF] Pesach | Non-polar m-plane intersubband based InGaN/(Al)GaN quantum well infrared photodetectors[END_REF]. As illustrated by Figure 40, FIR ISB absorption in m-plane heterostructures was also demonstrated in 2014 [198], as well as resonant tunneling capabilities [199], confirming their potential to develop THz optoelectronics devices. At the beginning of my PhD thesis, NIR and MIR ISB absorption in nonpolar m-plane MQWs had not been shown yet, and the relaxation mechanisms within such structures had not been fully assessed. 

Methods

In this chapter, we describe the simulation tools and experimental techniques used in this work. We first introduce the simulation software. We then detail the different substrates we used and introduce plasma-assisted molecular beam epitaxy, as well as reflection high-energy electron diffraction, used as a real-time in-situ characterization technique. Finally, we focus on material characterization techniques: optical properties are assessed by photoluminescence and Fourier transform infrared spectroscopy, the morphology of the samples is analyzed by atomic force microscopy and scanning electron microscopy, and the sample structure is verified by x-ray diffraction and transmission electron microscopy.

Simulations

This thesis contains a study of nanostructures based on III-nitride semiconductors, particularly on GaN, AlN and their ternary alloy AlGaN. The simulations of the strain states, band diagrams, and electronic levels were performed using the Nextnano 3 software [START_REF] Birner | nextnano: General Purpose 3-D Simulations[END_REF], taking into account the presence of spontaneous and piezoelectric polarization, with the material parameters listed in Table 9. In the case of 2D layers (i.e. 1D simulations), the 8x8 k.p Schrödinger-Poisson solver was used self-consistently. The k.p theory model overcomes the assumption of parabolic band structures that are usually considered for convenience at the bottom of the conduction band and the top of the valence band. By incorporating this non-parabolicity, differences in ISB energy of up to 25% can be observed with respect to with the effective-mass approximation [START_REF] Tchernycheva | Systematic experimental and theoretical investigation of intersubband absorption in GaN∕AlN quantum wells[END_REF].

As GaN/AlN is a lattice mismatched system with an in-plane lattice mismatch of 2.5%, the effect of strain and lattice relaxation will define both the device functionality and the band structure. Additionally, c-plane GaN/AlGaN heterostructures are very sensitive to the piezoelectric fields, which makes the calculation of the strain state crucial for understanding the electric fields and therefore the band profiles. In such polar structures, the strain state has two main effects on the band diagram: first, it modifies the materials bandgap, second, it modifies the piezoelectric polarization within the material. This induces changes in both the band-to-band and the ISB transition energies.

Lovely MBE Best oven for young atoms

Naked eye can't see For 3D calculations, we used the effective mass approximation, so that the simulations would converge at useful spatial resolutions. We note that Nextnano 3 does not completely incorporate manybody effects, so that only the screening of the internal electric fields is taken into account for calculations at high dopant densities.

Substrates

During my PhD, growth of the polar structures was performed on foreign substrates (GaNon-sapphire, AlN-on-sapphire, or GaN-on-Si(111) templates). In contrast, nonpolar structures were exclusively grown on bulk GaN, since the growth of nonpolar III-nitrides on foreign substrates results in a high density of stacking faults [START_REF] Ruterana | Atomic Structure of Extended Defects in Wurtzite GaN Epitaxial Layers[END_REF][START_REF] Potin | Extended defects in wurtzite nitride semiconductors[END_REF]203].

2.2.1.

Sapphire-based substrates Sapphire is the most widely used substrate for GaN heteroepitaxy, in spite of the large lattice mismatch (about 30%). Different crystalline orientations of sapphire can be used to obtain the different crystallographic orientations of GaN. Polar GaN grows on c-sapphire, but with an in-plane rotation of 30° with respect to sapphire lattice, which reduces the lattice mismatch to 13.9%.

When choosing a substrate for infrared applications, two requirements must be taken into account: the transparency window (NIR and SWIR regions) and the dislocation density. In general, sapphire-based substrates present lower dislocation densities than silicon-based templates. However, their transparency range is spectrally narrower. Figure 41 The AlN-on-sapphire templates used in this work were deposited by metalorganic vapor phase epitaxy by Dowa Electronics Materials Co., Ltd. They consist of 1.0  0.1 µm-thick AlN(0001) on c-plane sapphire. The FWHM of the -scan measured by x-ray diffraction around the (0002) reflection is smaller than 150 arcsec, and the dislocation density is ~10 9 cm -2 . Figure 42, presents an atomic force microscopy (AFM) view of the substrate surface, characterized by the presence of atomic terraces, the root-mean-square roughness being around 0.42 nm. The n.i.d GaN-on-sapphire templates used in this work were deposited by metalorganic chemical vapor deposition by Lumilog. They consist of 3.5 µm-thick GaN(0001) on c-plane sapphire. The dislocation density is ~4×10 8 cm -2 . The top epilayer presents an atomically smooth surface, with an RMS roughness around 0.66 nm.

2.2.2.

GaN-on-Si [START_REF] Levine | Strong 8.2 μm infrared intersubband absorption in doped GaAs/AlAs quantum well waveguides[END_REF] substrates

Silicon substrates present many advantages for the growth of GaN templates: low-price wafers, large-scale production capability, good thermal stability under GaN growth conditions. Eventhough the thermal expansion coefficient of GaN is more than twice as large as that of Si (5.6 × 10 -6 K -1 compared to 2.6 × 10 -6 K -1 ), which favors the formation of cracks in the template during the cooling down process after growth, several companies are today able to produce crackfree GaN-on-Si(111) thanks to a complex buffer layer containing GaN/AlGaN heterostructures. As illustrated by Figure 41, the GaN-on-Si [START_REF] Levine | Strong 8.2 μm infrared intersubband absorption in doped GaAs/AlAs quantum well waveguides[END_REF] templates we used are IR-transparent, with the exception of the Reststrahlen band of GaN. In this work, we used GaN-on-Si [START_REF] Levine | Strong 8.2 μm infrared intersubband absorption in doped GaAs/AlAs quantum well waveguides[END_REF] templates to grow the reference GaN/AlGaN polar MQWs with ISB absorption in the MIR (section 4.4).

The GaN-on-Si [START_REF] Levine | Strong 8.2 μm infrared intersubband absorption in doped GaAs/AlAs quantum well waveguides[END_REF] templates consist of a 4µm-thick commercial HEMT epitaxial structure, as described in Figure 43, grown by metalorganic vapor phase epitaxy on floating-zone Si [START_REF] Levine | Strong 8.2 μm infrared intersubband absorption in doped GaAs/AlAs quantum well waveguides[END_REF] by Dowa Electronics Materials Co., Ltd. The resistivity of the Si substrate is > 6000 Ω.cm, the average FWHM of the rocking curves around the (0002) and [START_REF] Seebeck | Magnetische Polarisation der Metalle und Erze durch Temperatur-Differenz Abh[END_REF][START_REF] Byrnes | North Atlantic Treaty Organization 2009 Unexploded ordnance detection and mitigation[END_REF][START_REF] Smith | Effect of Light on Selenium During the Passage of An Electric Current[END_REF] reflections are ~856 arcsec and ~1700 arcsec, respectively. An AFM image of the substrate surface is shown in Figure 44. The nonpolar a-and m-plane substrates that we used consist of semi-insulating (s.i.) freestanding GaN sliced along nonpolar surfaces from c-oriented GaN boules synthesized by hydride vapor phase epitaxy (HVPE) by Nanowin (Suzhou Nanowin Science and Technology Co. Ltd). The use of semi-insulating substrates, rather than n-doped GaN, is a requirement to ensure transparency in the FIR range, as illustrated in Figure 45. Their miscut is smaller than  0.5°. At the beginning of my PhD thesis, the nonpolar substrates dimensions were 3.0 × 10.0 mm, for a thickness of 350  25 µm. Their resistivity is > 10 6 Ω.cm. They have a dislocation density < 5×10 6 cm -2 . At the end of my PhD, the m-plane substrates dimensions were 5.0 × 20.0 mm. AFM images of the a-plane and m-plane substrates are shown in Figure 46, with RMS surface roughness of 0.20 nm and 0.18 nm, respectively. 

Epitaxial growth

The term "epitaxy" describes the physical deposition of a monocrystalline film on a monocrystalline substrate, with conservation of a certain lattice alignment. In the particular case of homoepitaxy, the substrate and epilayer are of same material. The epitaxial growth process depends not only on the thermodynamic properties of the surface but also on the adatoms kinetics [206][207][START_REF] Politi | Instabilities in crystal growth by atomic or molecular beams[END_REF]. The temperature of the substrate is a key parameter which defines and activates the kinetic processes taking place at the growing surface. As illustrated by Figure 47, these different possible atomistic processes are: adsorption, diffusion, nucleation, incorporation and desorption. Depending on the growth conditions, the behavior of surface processes varies due to the different adatoms mobility, defined by their diffusion length and lifetime. As illustrated by Figure 48, the growth modes can be described as a function of this parameter:

-Multi-layer growth: short diffusion length results in the nucleation of multi-layer-thick clusters, ultimately forming a rough surface. -Layer-by-layer growth: the increased diffusion length results in the nucleation of monolayer (ML) clusters, with monolayers completed one by one.

-Step-flow growth: the long diffusion length gives the adatoms enough mobility to reach the step edges, which are often energetically favorable incorporation sites. The growth of an epilayer on a substrate of different material is referred to as heteroepitaxy. In that case, various growth modes can be observed as illustrated by Figure 49, depending on the lattice mismatch, surface free energy, and dislocations formation energy:

-Volmer-Weber: for materials presenting a large lattice mismatch, the material tries to keep much of the surface uncovered without wetting. -Franck van der Merwe (FvdM): 2D growth occurs. The misfit strain during the growth can be released by the formation of dislocations. -Stranski-Krastanov (SK): the material initially wets the surface, but eventually forms 3D islands over the 2D wetting layer after a critical height. 

Plasma-assisted molecular beam epitaxy

It is possible to grow III-nitrides with many different instruments. In Table 10, we give a comparative overview of the typical systems used to grow GaN, AlN and their alloys, including metalorganic vapor phase epitaxy (MOVPE) / metalorganic chemical vapor deposition (MOCVD), HVPE, molecular beam epitaxy (MBE) and reactive sputtering. 

300-750°C

Lower crystal quality but deposition is possible on any substrate and in large surfaces [START_REF] Shon | Fabrication of full-color InGaNbased light-emitting diodes on amorphous substrates by pulsed sputtering[END_REF].

In this work, all samples were grown by plasma-assisted MBE. MBE is one of the most advanced single crystal thin film deposition techniques, invented in the late 1960s at the Bell Telephone Laboratories by A. Y. Cho and J. R. Arthur [START_REF] Cho | Molecular beam epitaxy[END_REF]. The MBE technique consists in the thermal evaporation of the desired materials and dopants under ultra-high vacuum. The rather low growth temperature in MBE (compared to HVPE or MOCVD/MOVPE) and the ultra-high vacuum environment result in several advantages of MBE compared to other growth techniques, like:

-A good control over layer thickness due to the low growth rate (less than 1 ML/s), and reduced interdiffusion effects. This results in excellent interface and surface morphology. -A precise control of the beam fluxes.

-The possibility to synthesize a wide range of ternary and quaternary alloys, even alloys that are barely miscible under thermodynamic equilibrium. -A high dopant incorporation.

-The possibility to use in-situ real-time characterization by reflection high-energy electron diffraction (RHEED). In our particular case of III-nitride growth, MBE also offers the possibility to change the material polarity depending on the substrate or buffer layer, and makes it unnecessary to activate the Mg-dopant thanks to the hydrogen-free growth environment. Figure 50 shows a schematic of the MBE set-up we used during my thesis. The main building blocks are the introduction chamber, transfer chamber and growth chamber. In order to load the samples, the introduction chamber is opened under a nitrogen flux and then evacuated up to 10 -9 mbar. The transfer chamber is a transfer module permanently kept at a pressure of about 10 -10 mbar. The growth takes place in the growth chamber, which is initially evacuated to about 10 -11 mbar by a cryogenic pump combined with the cryogenic cooling down of the chamber walls with liquid nitrogen. The growth in this type of system occurs under a nitrogen pressure of about 5 × 10 -6 mbar.

In the plasma-assisted MBE of III-nitrides, the active nitrogen is obtained by cracking highpurity molecular nitrogen (6N5) with a radiofrequency plasma source. Our MBE was equipped with an automatic N plasma source HD25 supplied by Oxford Applied Research, described in Figure 51. Since N2 molecules are not reactive with Ga and cannot be thermally dissociated, the high-purity N2 is introduced into a pyrolytic boron nitride cavity, where the plasma of mono-atomic nitrogen is generated by inductively-coupled radio-frequency excitation. The plasma is constantly monitored through an optical feedback loop. As illustrated by Figure 52, the molecular beams of Al, Ga, Si and Ge are generated from high-purity solid metals loaded in effusion cells, which consist of a crucible surrounded by heating coils. By raising up the temperature of the effusion cells, the sources are evaporated, and a mechanical shutter in front of every effusion cell is used to interrupt or start the beam flux (i.e. stop or start the doping and deposition).

A molybdenum sample holder (molyblock), on which the substrate is In-glued, is fixed on an axis manipulator which allows to automatically rotate and heat the substrate. Indeed, the substrate rotation is necessary to obtain homogeneity in the layer thickness and composition.

The MBE growth chamber being at ultra-high vacuum and its walls being cooled down with liquid nitrogen, the only heat locations are the effusion cells and the substrate, which is held at a suitable temperature (typically ~720°C in our case). The ultra-high vacuum ensures the beam nature of the flow of evaporated atoms and molecules from the hot effusion cells towards the hot substrate, i.e. the mean free path is much longer than the distance between the source cells and the substrate. The evaporation rate is controlled by setting the cell temperature. The atoms deposit and crystallize by reacting with the substrate. Under these conditions, the crystal growth is far from thermodynamic equilibrium, and is mostly governed by the kinetics of the surface processes.

As a result, the growth parameters are the substrate temperature, the effusion cells temperature, the chamber pressure, and the N-cell power. 

Reflection high-energy electron diffraction

The ultra-high vacuum environment makes it possible to use an electron beam to diffract on the growing sample surface and this way obtain real-time information on the growing surface structure. RHEED is a characterization technique which presents the advantage of being in-situ and real-time. Electrons are emitted by a hot filament, which is excited by a 1.5 A current, and accelerated under high-voltage (typically 32 kV in our system). The electron beam strikes the sample at a grazing angle, and then impinges on a fluorescent phosphor screen mounted opposite to the electron gun. The obtained image displayed on the screen is the Fourier transform of the lattice interacting with the beam. A schematic description of the RHEED measurement is shown in Figure 53. The radius of the Ewald sphere is much larger than the separation of the reciprocal rods, and the intersection of the sphere and rods results in a streaky, rather than spotty, diffraction pattern. Information on the growing surface structure can then be extracted from the obtained diffraction pattern. The in-plane lattice constant can be calculated following: 𝐝 𝐮 = 𝐋𝛌 𝟎 /𝐭, where du is the interplanar distance, L is the distance between the surface normal and the screen, λ0 is the electron wavelength (λ0 = 0.124 Å), t is the distance between two streaks on the screen display. The 2D or 3D nature of the surface morphology and a qualitative estimation of the crystal quality can be obtained. Finally, the growth rate can be measured under layer-by-layer growth conditions, since the change in density of atoms at the growth front results in an oscillatory variation of the RHEED intensity. In the case of a flat surface, i.e. the layer at the surface is complete, the coverage θ is minimum (0) or maximum (1), the RHEED intensity is maximum. Starting with a minimum coverage θ = 0, we describe the procedure to determine the growth rate, as illustrated by Figure 54. Once the coverage increases and reaches θ = 0.5, the roughness is maximum and the intensity is at its lowest. At θ = 0.75, the intensity recovers as the space in-between the nucleating sites gets filled. The surface flattens at θ = 1, reaching again a maximum RHEED intensity. The RHEED intensity oscillation period corresponds to the growth of a single layer. We note that the calibration of the growth rate and the control of the alloy composition and thickness of the layers are done using this RHEED feature. 

Growth of polar GaN, AlN and AlGaN

In this thesis, we will study polar c-plane as well as nonpolar a-and m-plane heterostructures (i.e. with the c-axis in the growth plane). At the beginning of my PhD thesis, the plasma-assisted MBE growth of 2D polar GaN structures with smooth surfaces has already been much investigated and mastered. Regarding nonpolar growth though, high-quality free-standing nonpolar GaN substrates had just been made available. As a consequence, research had until then turned its interest towards the growth on semipolar planes to reduce the internal electric field [221], instead of developing nonpolar ISB technologies. In this work, after checking that the growth conditions of polar and nonpolar structures were compatible (cf. section 4.2), the growth of nonpolar structures was done on the same molyblock and simultaneously to the growth on a c-plane substrate, using the RHEED of the polar surface as a reference and real-time in-situ control means.

The growth of c-plane GaN by plasma-assisted MBE is extensively discussed in the literature [222][START_REF] Mula | Surfactant effect of gallium during molecular-beam epitaxy of GaN on AlN[END_REF][START_REF] Neugebauer | Adatom Kinetics On and Below the Surface: The Existence of a New Diffusion Channel[END_REF]. Three generic types of surface reactions are reported, among which the precursormediated model is considered to best explain the process of GaN layer formation occurring during the plasma-assisted MBE growth of III-nitrides [START_REF] Lieberman | Principles of Plasma Discharges and Materials Processing[END_REF]. In Figure 55, we show a schematic representation of this process. The impinging atomic nitrogen adhere to the growing surface, which is called adsorption. The impinging Ga atoms are also adsorbed but in weakly bound state. On the one hand, some of the Ga adatoms can be moved from this state to a chemisorbed state through the formations of new chemical bonds at the surface. On the other hand, some of the Ga adatoms as well as some of the chemisorbed Ga atoms can be transferred to a physisorbed state, where the electronic structure of the adatom is barely modified, and then be thermally desorbed from the surface. When a chemisorbed Ga atom meets an N atom, a GaN layer is formed. The growth kinetics is determined by the control of the metal-to-nitrogen (III/V) flux ratio and the substrate temperature. As illustrated by Figure 56, GaN deposition under N-rich conditions occurs in a layer-by-layer mode, which starts with RHEED oscillations that attenuate as the surface roughness increases. After a few nanometers, the RHEED becomes spotty and the samples are facetted with a high surface roughness. As a result, the deposition of 2D GaN layers requires Ga-rich conditions. However, high Ga flux lead to the formation of metal droplets on the surface, which is also detrimental to the layer quality. To obtain GaN layers with smooth surface morphology, it is thus necessary to perform the deposition under slightly Ga-rich conditions. At growth temperatures which allow a certain Ga desorption rate, a Ga adlayer with a thickness independent of the Ga flux can be stabilized at the growing surface,. Thanks to the slight Ga excess, this Ga adlayer forms a laterallycontracted biatomic Ga layer, illustrated by Figure 57, which minimizes the (0001) surface energy and postpones the potential plastic and elastic relaxations, allowing to obtain smooth 2D GaN layer growth [START_REF] Neugebauer | Adatom Kinetics On and Below the Surface: The Existence of a New Diffusion Channel[END_REF]227]. 

From ref. [222]

, there is a correlation between the Ga flux and the Ga coverage of the surface at a fixed substrate temperature. Using the RHEED, it is possible to quantify the amount of Ga adsorbed on a GaN epilayer by analyzing the Ga desorption transients. For this study, the GaN surface is first exposed for a short time to a Ga flux and a N flux to perform GaN growth. Then both fluxes are shuttered and the RHEED intensity is recorded during the Ga desorption from the GaN surface. The experiment is repeated for a fixed N flux and different Ga fluxes. After data processing, four regimes can be distinguished, as illustrated by Figure 58: -Regime A: a small quantity of Ga is present on the GaN surface for a GaN growth rate Φ < 0.3 ML/s. -Regime B: less than 1 ML of Ga at the growth front is remained (0.3 ML/s < Φ < 0.5 ML/s). -Regime C: a bilayer of Ga (~2.4 MLs) at the growth front is formed for flux between 0.5 ML/s and 1 ML/s. -Regime D: the system reaches the Ga accumulation regime (much Ga excess), leading to the formation of metal droplets for flux > 1 ML/s. Figure 59 shows the Ga flux dependence on the substrate temperature. To keep a certain amount of Ga on the growing surface, the Ga flux should be increased as the growing surface temperature is raised up. Smooth GaN layers with atomic steps can be obtained during Ga-rich growth in the Ga bilayer regime. In practice, the optimum growth conditions correspond to the region of regime C at the limit with regime D, where a Ga bilayer is formed and Ga is close to accumulating at the surface. . This is why a growth interruption under N is needed to eliminate any accumulated Al. Smooth AlN can also be deposited under stoichiometric growth conditions with excess of Ga on the growing interface in order to minimize the surface energy. The Ga -N bond is weaker than the Al -N bond, which is the reason why Al is preferentially incorporated. The 2D growth of smooth c-plane AlGaN layers also requires Ga-rich conditions [230,[START_REF] Monroy | Surfactant effect of In for AlGaN growth by plasma-assisted molecular beam epitaxy[END_REF]. For Al contents < 50%, it is possible to obtain a layer-by-layer growth mode under slightly Ga-rich conditions. As the sticking coefficient of Al is unity (meaning that 100% of the Al atoms impinging on the surface adsorb onto the surface), we fixed the Al/N ratio at the required Al content and Ga is used in excess, to obtain a surfactant effect that favors 2D growth. For Al contents > 40%, it is necessary to decrease the substrate temperature to maintain a 2D growth. Reducing the growth temperature allows to balance the different diffusion barriers of Al, Ga and N.

Growth of semipolar and nonpolar GaN, AlN and AlGaN

From the previous subsections, the growth of 2D GaN(0001) with the best properties is achieved under the self-regulated regime of the Ga bilayer, right before Ga accumulation. To perform growth on a different crystallographic orientation, it is thus assumed that such a Ga excess is also needed. In the case of semipolar GaN [START_REF] Byrnes | North Atlantic Treaty Organization 2009 Unexploded ordnance detection and mitigation[END_REF][START_REF] Smith | Effect of Light on Selenium During the Passage of An Electric Current[END_REF][START_REF] Beeler | III-nitride semiconductors for intersubband optoelectronics: a review[END_REF](14)[START_REF]Bandgap vs lattice constant[END_REF][START_REF] West | First observation of an extremely large-dipole infrared transition within the conduction band of a GaAs quantum well[END_REF][START_REF] Levine | New 10 μm infrared detector using intersubband absorption in resonant tunneling GaAlAs superlattices[END_REF][START_REF] Levine | Quantum-well infrared photodetectors[END_REF][START_REF] Ma | GaInNAs double-barrier quantum well infrared photodetector with the photodetection at 1.24μm[END_REF][START_REF] Gunapala | Development of mid-wavelength and long-wavelength megapixel portable QWIP imaging cameras Infrared[END_REF][START_REF] Walther | Quantum cascade lasers operating from 1.2to1.6THz[END_REF][START_REF] Yang | Room-temperature shortwavelength (λ∼3.7-3.9μm) GaInAs∕AlAsSb quantum-cascade lasers[END_REF], the maximum Ga coverage that can be stabilized on the surface without Ga accumulation is about 1.05  0.10 ML, and the accumulation regime is reached at a lower Ga flux than in the case of GaN(0001) [232]. This is shown by Figure 61. Regarding nonpolar materials, studies on the growth process of a-and m-plane GaN were carried out. According to the PhD work of S. Founta (2007), the maximal Ga coverage that can be stabilized on the surface of a-plane GaN is less than 1 ML, and self-regulated growth conditions equivalent to the Ga bilayer on GaN(0001) do not exist for plasma-assisted MBE growth of a-plane GaN. Based on the PhD work of B. Amstatt (2008), a self-regulated Ga adlayer of 2  0.3 ML can be stabilized on the surface of m-plane GaN. Compared to GaN(0001), this bilayer regime is shifted towards higher Ga flux, meaning that it requires higher Ga-rich conditions.

At the beginning of my PhD thesis, high-quality free-standing nonpolar GaN substrates were made available and were used in this work, allowing to obtain better structural quality as compared to heteroepitaxy of nonpolar GaN on foreign substrates.

Characterization techniques

In this section, all characterization techniques used in this work are described. It includes the ones I used (atomic force microscopy, high-resolution x-ray diffraction, photoluminescence, Fourier transform infrared spectroscopy, Hall effect) and some that I did not use personally, but are important for the interpretation of the results (scanning and transmission electron microscopy, cathodoluminescence).

Atomic force microscopy

The surface morphology of the grown samples was assessed by atomic force microscopy (AFM) in the tapping mode, using a Dimension 3100 system. The obtained images were processed using the WSXM free software [START_REF] Horcas | WSXM: A software for scanning probe microscopy and a tool for nanotechnology[END_REF]. The schematic of the AFM setup is illustrated in Figure 62. The probe tip is integrated into a cantilever which is sensitive to the forces between the sample surface and the tip. In the tapping mode, the cantilever is forced to oscillate at its resonant frequency ω 0 = √α 3 /m, α 3 being a constant, m being the cantilever mass. The probe lightly "taps" on the surface during the scanning, making the contact between the surface and the bottom of its swing. In this mode, the gradient of the force ( 𝜕𝐹 𝜕𝑧 ) affects the oscillation frequency which becomes 𝜔 = 𝜔 0 √1 -1 𝑘 𝜕𝐹 𝜕𝑧 . When the tip approaches the surface, the oscillation amplitude decreases rapidly. By maintaining a constant oscillation amplitude, a constant tip-sample interaction is maintained, and an image of the surface morphology is obtained.

The minimum force that can be detected is

( 𝜕𝐹 𝜕𝑧 ) 𝑚𝑖𝑛 = 1 𝐴 𝑜𝑠𝑐 √ 4𝐵 𝑑 𝛼 3 𝑘𝑇 𝜔 0 𝑄
, where Aosc is the root mean-square (RMS) oscillation amplitude, Bd is the detection bandwidth, 𝑄 = Δ𝜔/𝜔 is the quality factor of the resonance.

2.4.2.

High-resolution x-ray diffraction X-ray diffraction (XRD) is a non-destructive tool used to characterize the structure of ordered materials. In this work, the structural quality and thickness of the epitaxial layers were assessed using:

-a Seifert XRD 3003 PTS-HR diffractometer with a beam concentrator in front of a 2-or 4-bounce Ge(220) monochromator and a 0.15° long plate collimator in front of the detector (samples of sections 4.3, 4.4) -a PANalytical X'Pert PRO MRD system (samples of sections 3.1, 3.2, 4.5, 4.6) in collaboration with J. Schörmann (Justus-Liebig-Universität Giessen, Germany) -a Rigaku Smartlab x-ray diffractometer system with a 4-bounce Ge(220) monochromator and a 0.114° collimator in front of the detector (samples of sections 3.1, 4.5, 4.6, 4.7), illustrated by Figure 63. The x-ray source is an evacuated tube in which electrons are emitted from a heated tungsten filament and accelerated by an electric potential (~40 kV) to finally impinge on a Cu target. The xray wavelength is 𝜆 𝑋𝑅𝐷 = 0.154056 nm and corresponds to the kα1 emission line of Cu. The x-ray beam coming out from the source is reflected and converted into a parallel beam by a parabolic mirror. A beam of parallel (0.01° divergence) and monochromatic x-rays is incident on a crystal at the angle i, which is the angle between the sample plane and the incident beam. Since the crystal has a periodic structure, we can apply the Bragg's law: 2𝑑 sin 𝜔 𝑖 = 𝑛𝜆 𝑋𝑅𝐷 , where n is an integer and d is the interplane spacing. A highly parallel and monochromatic incident x-ray beam is achieved by using one or two monochromators each consisting of two Ge(220) monocrystals. So called "2-crystal" or "4-crystal" scheme (-n, +n, +n, -n) results in an x-ray beam with a wavelength spread Δλ XRD /λ XRD = 2.2 × 10 -5 and divergence ΔΘ = 0.0033°.

The sample is placed on a monocrystalline Si plate to minimize the background noise. However, the sample surface rarely corresponds to the epitaxial planes due to the substrate miscut. In order to choose a proper plane family, we need to align the epilayers plane with the optical axis of the setup, as illustrated in Figure 65. To do so, the sample position is precisely controlled with 4 possible angular rotation mechanisms: 3 sample's rotations (, , ) and 1 detector's rotation (2θ), as described in Figure 64.

The detector aperture is 2°, which can be reduced by inserting slides in order to enhance the resolution, which in turn reduces the intensity. To obtain high-resolution XRD (HR-XRD), a 0.114° collimator or a Ge [START_REF] Cho | Molecular beam epitaxy[END_REF]x2 analyzer, to measure either nonpolar or polar samples respectively, is placed between the sample and the diffracted beam, it improves the angular precision of the diffracted beam (<0.001°). In this configuration, the direct beam intensity is higher than 10 6 counts per second (cps) and the noise is about 1 cps.

In this work, we will measure -2θ scans, -scans and reciprocal space maps. The MQWs period PMQW can be extracted from the angular separation of two MQW satellites in the -2θ scans:

P MQW = ± nλ XRD 2(sin θ ±n -sin θ 0 ) (88) 
where θ0 and θn are the zero-order and m-order MQW satellites. Information on the mosaicity and crystalline quality of the structures can be extracted from the -scans (also called "rocking curves"), measured at a fixed value of 2θ. The lower the -scan FWHM the better the crystalline quality. And the strain states can be extracted from the reciprocal space maps. It is important to note that the XRD provide information on the average periodic structure. To obtain local information (like an estimation of local thickness fluctuations), transmission electron microscopy is used.

Photoluminescence

Photoluminescence (PL) spectroscopy is a non-destructive tool for probing the ground electronic states in a semiconductor structure. To obtain PL from the probed sample, the material must be excited by a laser with an energy exceeding the semiconductor bandgap. The absorption of light in the sample results in a transfer of electrons from the valence to the conduction band. The return to equilibrium occurs via non-radiative processes (phonon emission) or radiative processes (photon emission). The absorption and carrier relaxation mechanisms must respect the energy and momentum conservation rules, and since III-nitride materials have direct bandgaps, both the photon absorption and emission conserve the momentum, i.e. phonons are not required to assist the process. Besides energy bandgap, PL spectroscopy can provide information about the electron and hole confinement states in the QWs, the presence of donor and acceptor levels in the bandgap due to the presence of impurities, defects in the material or alloy inhomogeneities. The broadening of the PL peak also gives information on the crystal quality.

Figure 66 shows a schematic of the PL measurement setup used in this work. The excitation of III-nitride structures was mostly performed by a continuous-wave frequency-doubled Ar laser (λPL = 244 nm) with an excitation power around 100 µW focused on a spot with a diameter of ≈ 100 µm. The emission from the sample was collected by a Jobin Yvon HR460 monochromator equipped with an ultraviolet-enhanced charge-coupled device (CCD) camera. Time-resolved PL (TRPL) was also used to study carrier relaxation processes (section 3.2). In that case, the material is excited by a laser pulse and we analyze the evolution of the PL emission intensity in function of time. The excitation source was a frequency-tripled Ti:sapphire excitation laser (λTRPL = 270 nm) with a pulse width of 200 fs. This laser was equipped with a cavity damper section with a base pulse repetition rate of 54 MHz. This allowed the period between pulses to be varied from 20 ns to 5 μs. The excitation power was about 500 μW. The luminescence was dispersed by a Jobin Yvon Triax320 monochromator and was detected by a Hamamatsu C-5680 streak camera.

In both PL and TRPL experiments, the samples were mounted on a cold finger of a He cryostat.

Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) is a spectroscopy technique using IR light to assess the absorption, emission or photoconductive properties of semiconductor heterostructures. The equipment used in this work is a Bruker V70v spectrometer, used in the transmission mode and represented in Figure 67. It is equipped with an interferometer, sources, beamsplitters (BS) and detectors to cover the whole IR spectrum. During measurement, the whole setup can be kept under vacuum at ~10 -1 mbar. This allows to avoid absorption lines from the atmosphere: air humidity and CO2 mostly, as illustrated in Figure 68. To discern between the TE and the TM polarized light, we choose the polarizer and beamsplitter adapted to the targeted IR region. For characterization in the SWIR and MIR ranges, it was equipped with a halogen lamp source, a CaF2 or a KBr beamsplitter, respectively, and a liquid To measure FTIR spectroscopy, we must take into account the selection rules for ISB transitions explained in section 1.3.2. The ISB absorption being associated only with light polarized perpendicular to the QWs, the samples must be prepared in a special geometry.

The samples facets were mirror-polished at 45° when using bulk GaN or sapphire-based substrates, and at 30° when using Si-based substrates. Also when it was not already the case (sapphirebased and Si-based templates), the back face of the samples was mirror-polished. This polishing form a multipass waveguide configuration allowing 4-5 interactions of the incident light with the active region. For characterization in the FIR range, two pieces of each sample were polished and placed face-to-face on the cold finger of a helium liquid-cooled cryostat to increase the signal-to-noise ratio. In the case of SWIR and MIR characterization, only one piece of each sample was polished and simply placed on the sample holder of the FTIR sample compartment. Figure 71 illustrates these configuration in the case of a 45° polishing. 

Hall effect

Hall effect measurements were used to calibrate the doping densities in reference GaN:Si and GaN:Ge layers. Basically, the Hall effect can be observed when the combination of a magnetic field through a sample and a current along the length of the sample creates an electrical current. This resulting electrical current is perpendicular to both the magnetic field and the current. An illustration is shown in Figure 72. Due to the Lorentz force, this generates a transverse voltage in the semiconductor material, and the voltage is perpendicular to both the magnetic field and the current. 

Scanning electron microscopy

Scanning electron microscopy (SEM) is a microscopy technique based on the interaction of an electron beam and the scanned surface of a sample. The particularity of electron microscopy compared to optical microscopy is the much higher resolution, due to the smaller electrons wavelength (about 0.1 nm). Information about the sample's surface morphology is obtained. In this work, the measurements were performed in collaboration with J. Lähnemann using a Zeiss Ultra 55 microscope.

Transmission electron microscopy

Transmission electron microscopy (TEM) is a microscopy technique based on the transmission of an electron beam through a sample. The measurements in this work were performed in collaboration with C. Bougerol in an FEI Titan Ultimate microscope operated at 200 kV.

Several TEM techniques were used and gave access to different types of information: -High-resolution TEM (HR-TEM): heavier atoms and thicker regions appear darker. The high resolution makes it possible to reach the atomic scale. However, no direct interpretation of the images can be done due to the influence of thickness and defocus. -High angle annular dark field scanning transmission electron microscopy (HAADF-STEM): the contrast in the image is due to the chemical nature of the atoms (proportional to Z 1.7 , Z being the atomic mass). There is no diffraction contrast, it is possible to reach the atomic scale, and we can directly interpret the images. -Energy-dispersive x-ray spectroscopy (EDX): used to perform a quantitative analysis of the samples chemical composition. It is used for elements heavier than Carbon, and offers a resolution of ≈ 100 eV. However it is sensitive to thickness effects.

If the observation is non-destructive, the samples need to be prepared so that its thickness does not exceed 300 nm to allow the electron beam to pass through. In this work, the planar samples were prepared by focus ion beam (FIB) and the nanowires were directly scratched from the substrate with a holey carbon TEM grid.

Cathodoluminescence

Cathodoluminescence (CL) is the photon emission from a material excited by a high-energy electron bombardment beam. The sample is placed in an electron microscope system and the photoemission is collected for each excitation point. As a result, the spatial resolution is limited by the exciting electron beam, and is around 10 nm in our equipment. However, our materials being semiconductors makes it possible for excitons to diffuse and for secondary electrons to contribute to the excitation. This result in the excitation points being defined with a lower spatial resolution than ideally considered. To limit these diffusion effects, the acceleration voltage needs to be kept at a rather low value.

In this work, measurements were performed in collaboration with J. Lähnemann to assess the homogeneity of the planar MQWs structures, in an FEI Inspect F50 fitted with a homemade CL system, using an acceleration voltage of 5 kV and a current of about 10 pA. The emission from the sample was collected by a parabolic mirror and thereby focused onto a Horiba Jobin Yvon iHR550 monochromator equipped with a CCD with an integration time of 1 s per spectrum.

Introduction for Newbies: To allow ISB transitions, the ground confined state of the quantum well needs to be populated with electrons. Therefore, it is necessary to n-dope the active region, by introducing the dopant either in the barriers or in the wells. The first issue of this chapter concerns the nature of the dopant. Silicon is the most commonly used n-type dopant in GaN, but it comes with several limitations which could be overcome by using germanium instead. We need to determine in what extent germanium doping of GaN would be relevant for our application. To do so, in the first part of this chapter, we assess the possibility of using germanium as a dopant for GaN, and study the screening of the internal electric field in Ge-doped GaN/AlN nanowires as an example. The second issue of this chapter concerns the dopant concentration. On the one hand, "high" doping densities are required to obtain enough carriers and efficient ISB absorption. On the other hand, too high dopant concentrations may lead to the formation structural defects and the degradation of the optical properties due to many-body effects. Looking for the optimum doping density, we have studied the structural and optical properties of polar c-plane GaN/AlGaN heterostructures with ISB absorption in the short-wavelength and mid-infrared, for different doping densities of silicon and germanium.

For the study of germanium as an alternative dopant for GaN (section 3.1), I performed XRD measurements and helped with the MBE growth, working in collaboration with A. Ajay (MBE growth, Hall effect, PL measurements), M. Jiménez-Rodriguez (AFM), and J. Schörmann (XRD). The complete study was published in "Ge doping of GaN beyond the Mott transition", A. Ajay et al., J. Phys. D: Appl. Phys. 49 445301 (2016) [START_REF] Ajay | Ge doping of GaN beyond the Mott transition[END_REF].

For the study of the screening of the electric field in Ge-doped GaN/AlN NW heterostructures (section 3.2), I was in charge of the PL measurements, and worked in collaboration with M. Beeler (TRPL measurements and simulations). The samples were grown at the University of Giessen, under the supervision of Prof. Martin Eickhoff. The complete study was published in "Long-lived excitons in GaN/AlN nanowire heterostructures", M. Beeler et al., Phys. Rev. B 91, 205440 (2015) [START_REF] Beeler | Long-lived excitons in GaN/AlN nanowire heterostructures[END_REF].

For the study of Ge and Si-doped c-GaN/Al(Ga)N MQWs with ISB transitions in the near-and mid-infrared (sections 3.3 and 3.4), I was in charge of the PL, FTIR and XRD measurements, and worked in collaboration with A. Ajay (MBE growth), who also helped me with the FTIR measurements.
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Germanium as an alternative dopant for GaN

Silicon has been the preferred n-type dopant for wurtzite GaN so far, even though it contributes to the formation of edge-type dislocations and leads to an increase in tensile stress [START_REF] Romano | Effect of Si doping on strain, cracking, and microstructure in GaN thin films grown by metalorganic chemical vapor deposition[END_REF][START_REF] Fritze | High Si and Ge n-type doping of GaN doping -Limits and impact on stress[END_REF][START_REF] Nenstiel | Germanium -the superior dopant in n-type GaN[END_REF]. Tensile strain is particularly problematic when growing GaN on silicon substrates, because the mismatch between their thermal expansion coefficients favors the generation of cracks [START_REF] Dadgar | Anisotropic bow and plastic deformation of GaN on silicon[END_REF]. In addition, Si doping densities exceeding 10 19 cm -3 induce surface roughening and eventually crack propagation [START_REF] Fritze | High Si and Ge n-type doping of GaN doping -Limits and impact on stress[END_REF]. Concerning the doping of NW structures with Si, the radial distribution of Si is inhomogeneous, with a tendency to migrate towards the sidewalls [START_REF] Fang | Si Donor Incorporation in GaN Nanowires[END_REF], and high doping levels degrade the NW morphology [241]. This is why germanium has been recently introduced as an alternative to Si as n-type dopant for GaN, with the possibility for higher doping densities [START_REF] Fritze | High Si and Ge n-type doping of GaN doping -Limits and impact on stress[END_REF][START_REF] Nenstiel | Germanium -the superior dopant in n-type GaN[END_REF].

Ge and Si have theoretical activation energies of 31.1 meV and 30.8 meV, respectively [START_REF] Wang | Calculation of shallow donor levels in GaN[END_REF]. Structurally, the ionic radius of a Ge atom is similar to that of Ga, and the metal-nitrogen bond length changes by only 1.4% with Ge, compared to 5.5% with Si [243]. For these reasons, the Ge occupancy of the Ga lattice site is expected to induce far less lattice distortion compared to Si.

Successful Ge-doping of GaN using HVPE [START_REF] Oshima | Properties of Ge-doped, high-quality bulk GaN crystals fabricated by hydride vapor phase epitaxy[END_REF]245] and MOVPE have been demonstrated

[246-249], and recent results confirm the possibility of reaching high carrier concentration in GaN on Si [START_REF] Levine | Strong 8.2 μm infrared intersubband absorption in doped GaAs/AlAs quantum well waveguides[END_REF] substrates without producing any additional tensile stress [START_REF] Nenstiel | Germanium -the superior dopant in n-type GaN[END_REF][START_REF] Dadgar | Crack-Free, Highly Conducting GaN Layers on Si Substrates by Ge Doping[END_REF]. Using plasmaassisted MBE, free carrier concentrations up to 4×10 20 cm -3 were reported in thin films [START_REF] Hageman | n-type doping of wurtzite GaN with germanium grown with plasma-assisted molecular beam epitaxy[END_REF][START_REF] Gunning | Control of ion content and nitrogen species using a mixed chemistry plasma for GaN grown at extremely high growth rates >9 μm/h by plasma-assisted molecular beam epitaxy[END_REF], and Ge-doped NWs achieving significant dopant levels (up to 3.3×10 20 cm -3 ) and metallic conductivity were demonstrated [START_REF] Schäfer | Electrical transport properties of Ge-doped GaN nanowires[END_REF]253]. However, at the beginning of my PhD work, extensive understanding of the effect of Gedoping on the growth kinetics and on the optical and electrical properties of GaN:Ge was still needed to be able to use efficiently Ge as a dopant. As explained in Chapter 2, the growth of two-dimensional GaN by plasma-assisted MBE is associated to the presence of a Ga bilayer on top of the growing surface [222]. The presence of dopants can disturb the formation and behavior of this Ga bilayer, with direct consequences on the structural quality of the grown sample. For instance, Si has no effect on the growth kinetics, whereas the segregation of Mg on the growing surface hinders the formation of the bilayer, which ultimately leads to a reduction of the range of acceptable Ga fluxes to achieve twodimensional growth of GaN [START_REF] Lahourcade | Mg doping and its effect on the semipolar GaN(1122) growth kinetics[END_REF][START_REF] Monroy | Modification of GaN(0001) growth kinetics by Mg doping[END_REF][256].

Effect on the growth kinetics of GaN

As detailed in Chapter 2, non-intentionally doped (n.i.d.) GaN is grown by plasma-assisted MBE under slightly Ga-rich conditions, with the formation of a self-regulated Ga bilayer on top of the growing surface [222]. To assess the effect of the Ge flux on the growth kinetics, we studied the Ga desorption process from the (0001) surface of GaN:Ge during a growth interruption, which provides direct information on the thickness of the Ga adlayer during growth. To do so, we measured the RHEED intensity transient generated by the Ga desorption during a growth interruption (shuttering the Ge, Ga and N cells simultaneously) after deposition of 7 nm of GaN:Ge, and repeated the experiment for various Ge fluxes [START_REF] Ajay | Ge doping of GaN beyond the Mott transition[END_REF]. After each measurement, we grew 7 nm of n.i.d. GaN and recorded the Ga desorption transient from the undoped surface as a reference.

During the above-described experiment, the growth rate was 0.5 ML/s, i.e. 450 nm/h. The growth temperature was Ts = 720°C, verified by measurement of the Ga desorption time from the GaN (0001) surface [160], the Ge cell temperature was varied from TGe = 720°C to TGe = 1000°C.

For these experiments, the Ga flux was set around 0.7 ML/s, which ensured a dynamically stable Ga bilayer during the growth while working at the limit of Ga accumulation (note that Ga accumulation on the growing surface takes place when increasing the Ga flux only by 7%). Figure 73 presents the RHEED intensity transient generated by the Ga desorption, recorded after the growth of n.i.d GaN, and after the subsequent growth of Ge-doped GaN, for TGe = 800°C, 900°C, 950°C and 1000°C. The growth was interrupted at time t = 0. As we can see on the measurements for undoped GaN (our reference), the shape of the RHEED transient during Ga desorption can change during the growth. This can be due to a modification of the surface morphology during the growth, a change in the position of the sample, a change in the angle of incidence of the RHEED electron beam, or the choice of the analyzed section of the RHEED pattern (which indeed is the same for all measurements in this study). In contrast, variations of the desorption time, i.e. the duration of the transient, are due to changes in the sample temperature or in the amount of Ga accumulated on the surface. When comparing the two measured RHEED transients at a fixed Ge cell temperature under our experimental conditions, the drifts due to substrate temperature and relative position of the RHEED and the surface are negligible, and the differences are only due to the surface morphology and amount of Ga on the surface. This is not true if we compare the transients associated to different temperatures of the Ge cell, due to both the necessary delay between measurements, and the difficulty to guarantee that the relative position of RHEED and sample surface remain stable during long runs (minutes).

As shown in Figure 73, for each Ge cell temperature, the RHEED intensity first increases sharply at the growth interruption, which indicates that there is no accumulation of Ga, which would lead to the formation of droplets or clusters. Then, for all values of TGe, the evolution of the RHEED intensity after the growth interruption presents two distinct oscillations in both cases of growth with and without Ge. Comparing the RHEED transients with and without Ge, the difference in the time to the first inflection point is lower than 1 s, which corresponds to a difference in the Ga coverage during growth lower than 0.5 ML. This is why we can conclude that the presence of a Ge flux does not affect the RHEED intensity transients, i.e. Ge incorporation does not disturb the Ga kinetics on the GaN (0001) growth surface.

Effect on the structural quality

Following these experiments, we grew 675 nm-thick Ge-doped GaN thin films on 1 µm-thick AlN-on-sapphire templates, under the described growth conditions and for various values of TGe, as detailed in Table 11. As illustrated in Figure 74, all samples present monoatomic terrasses and hexagonally-shaped hillocks, characteristic of plasma-assisted MBE-grown GaN, without observation of cracks or pits. For all the samples, the RMS roughness measured in 5 × 5 μm 2 AFM images is 0.9 ± 0.3 nm and the density of hillocks is (1.0 ± 0.6) × 10 6 cm -2 . We can hence conclude that there is no significant effect of Ge doping on the surface morphology, in contradiction to SEM observations reported in [START_REF] Hageman | n-type doping of wurtzite GaN with germanium grown with plasma-assisted molecular beam epitaxy[END_REF]. We further assessed the samples structural quality by HR-XRD. The average strain of the GaN c lattice parameter extracted from the -2θ scans of the (0002) GaN reflection was ɛzz = 0.22 ± 0.07%, without any clear trend as a function of the Ge density. This tensile strain along c results from the compressive in-plane strain imposed by the AlN substrate, in good agreement with [227]. The FWHM of the -scans of the (0002) reflection of GaN:Ge remain in the 190 ± 110 arcsec range, without any systematic influence of Ge-doping. Instead, the broadening of the -scans follows the same variation trend as the corresponding AlN substrates, i.e. the GaN mosaicity depends more on the substrate quality than on the Ge-doping density.

Effective dopant incorporation

Hall Effect measurements at 300 K were performed to assess the effective incorporation of Ge, and free carrier concentrations of up to n3D = 6.7 × 10 20 cm -3 were obtained for the sample grown with the highest Ge cell temperature (TGe = 1000°C). As illustrated in Figure 75 (a), the free carrier concentration scales exponentially with TGe in the range of TGe under study, following:

n 3D ∝ exp(-E Ge /kT Ge ) (89) 
where EGe = 3.42 eV [START_REF] Zhang | Corrected Values for Boiling Points and Enthalpies of Vaporization of Elements in Handbooks[END_REF] is the thermal evaporation energy of Ge, and k is the Boltzmann constant.

The fit is plotted in dashed line. This is also true for Si doping, as illustrated in Figure 5(b), with ESi = 4.05 eV [START_REF] Zhang | Corrected Values for Boiling Points and Enthalpies of Vaporization of Elements in Handbooks[END_REF]. From the good agreement between the obtained fits and the experimental data, we can consider that the free carriers result only from the incorporation of Ge and Si, respectively. We also notice that during the study, the Si cell temperature remains below the Si melting point (at 1414 °C), whereas the melting point of Ge (at 938.2 °C) is crossed, yet without showing any effect on the free carrier concentration measurement.

Effect on optical properties

The PL emission spectra were measured at 5 K and at room temperature, and are shown in Figure 76 (a) and (b), respectively. The PL spectra at 5 K of n.i.d GaN show near-band-edge excitonic emission around 3.515 eV, blue-shifted with respect to the theoretical value (in the range of 3.470 eV in bulk GaN) due to the in-plane compressive strain induced by the AlN substrate. At both low and room temperatures, increasing the Ge concentration induces first a redshift (TGe = 720 to 800°C) consistent with the bandgap renormalization (BGR) [258] due to electron-electron and electron-ion interactions. Further increasing the carrier concentration (TGe = 850 to 1000°C) causes a blueshift of the PL emission energy due to the Burstein-Moss effect (BME) [259]: the lower energy states in the conduction band become significantly filled, and the Fermi level lies inside the conduction band. We also observe a broadening of the spectrum, in agreement with its definition by the product of the Kane density of states for the conduction band and the Fermi-Dirac distribution. Our observations are similar to the description in [START_REF] Arnaudov | Modeling of the freeelectron recombination band in emission spectra of highly conducting n-GaN[END_REF], which used HVPE grown-GaN doped with Si in the range of 8.7 × 10 17 cm -3 to 1.4 × 10 19 cm -3 , and MOVPE grown-GaN doped with Ge in the range of 3.4 × 10 19 cm -3 to 1.6 × 10 20 cm -3 . 

Conclusions

From this study, we can conclude that the presence of a Ge flux (with a Ge cell temperature up to 1000°C) during the growth of GaN does not affect the Ga kinetics. Ge-doped GaN thin films were grown and showed carrier concentration varying linearly with the Ge cell temperature, in the range from 7.8 × 10 17 cm -3 to 6.7 × 10 20 cm -3 . For all these carrier concentrations, the surface morphology of the samples was similar to that of n.i.d. GaN thin films. Furthermore, Ge incorporation showed to have no influence on the mosaicity of the structure. Optically, the evolution of the PL emission from Ge-doped GaN thin films as a function of the Ge concentration is consistent with theoretical calculations taking into account the BGR and the BME. For all these reasons, Ge appears as a promising alternative to Si as an n-type dopant for GaN grown by plasma-assisted MBE.

Application: screening of the electric field in Gedoped GaN/AlN nanowires As a first example of the relevance of Ge doping, we studied the effect of Ge-doping of GaN/AlN nanodisks in GaN NWs on the internal electric field, assessed via the measurement of the PL energy and radiative recombination time [START_REF] Beeler | Long-lived excitons in GaN/AlN nanowire heterostructures[END_REF]. In such structures, the use of Ge as n-type dopant has the advantage of not having any significant influence on the NW aspect ratio even for high doping levels (3.3× 10 20 cm -3 ), whereas Si was proven to migrate towards the NW surface and decrease the doping efficiency [START_REF] Grandjean | Built-in electric-field effects in wurtzite AlGaN/GaN quantum wells[END_REF]253,261].

GaN/AlN NW heterostructures can display PL decay times of the order of the microsecond due to the internal electric field associated to spontaneous and piezoelectric polarization [START_REF] Bernardini | Spontaneous polarization and piezoelectric constants of III-V nitrides[END_REF][START_REF] Grandjean | Built-in electric-field effects in wurtzite AlGaN/GaN quantum wells[END_REF]. Such long decay times persist up to room temperature thanks to the efficient exciton confinement resulting from the large band offset (~1.8 eV in the conduction band). Thus, excitons in nanodisks are isolated from dislocations and other non-radiative recombination centers.

The decay time is associated to the spatial separation of the electron and hole wavefunctions. Therefore, the screening of the internal electric field by free carriers should lead to a reduction of the recombination time. In this chapter, this phenomenon is described in the case of Ge-doped GaN/AlN NW heterostructures with different doping levels.

Sample description and experimental details

The samples under study are N-polar GaN/AlN NWs grown catalyst-free by plasma-assisted MBE under N-rich conditions on floating-zone Si [START_REF] Levine | Strong 8.2 μm infrared intersubband absorption in doped GaAs/AlAs quantum well waveguides[END_REF] substrates at a temperature of ~790°C. The growth rate was 390 nm/h. They consist of a n.i.d. GaN NW base (length 600 nm, radius 25-40 nm) followed by 40 periods of GaN:Ge/AlN (nominally 4 nm/4 nm) nanodisks, and a 20 nm-thick n.i.d. GaN cap layer [START_REF] Beeler | Intraband Absorption in Self-Assembled Ge-Doped GaN/AlN Nanowire Heterostructures[END_REF]. The free carrier concentration in these samples was estimated from time-offlight secondary ion mass spectroscopy (ToF-SIMS) measurements in reference Ge-doped GaN NW samples. Table 12 details the structural characteristics of the GaN/AlN NWs under study.

Table 12 Characteristics of the GaN/AlN NWs: doping density, GaN/AlN period extracted from HR-XRD measurements, values of the Ea and α2 parameters in Eq. ( 92) extracted from the fits in Figure 78 (b).

Sample

Doping density (× 10 As illustrated by Figure 77, HAADF-STEM, HR-TEM and HR-XRD measurements were performed, showing a perfect epitaxy consecutively achieved between the two materials. The images show no trace of GaN-AlN interdiffusion. However, Figure 77 (c) shows the presence of an AlN shell with a thickness roughly equal to the size of the barrier. This shell is generated by direct deposition of the impinging Al atoms due to the low Al diffusion length at the considered growth temperature. Also, the GaN/AlN interfaces often present {1-102} facets close to the NW sidewalls, highlighted by a white dashed line, which is due to the plane bending phenomena related to the elastic strain relaxation. From the HR-XRD measurements, illustrated by Figure 77 (d), estimations of the superlattice periods were obtained (7.4-7.6 ± 0.2 nm), consistent with the local views provided by the microscopy images. 

Photoluminescence study

In a first experiment, PL measurements were performed with a continuous-wave frequencydoubled Ar excitation laser (λPL = 244 nm), with an excitation power around 50 µW focused on a spot with a diameter of ~100 µm, giving a power density of about 7 kW/m². The emission from the sample was collected by a Jobin Yvon HR460 monochromator equipped with an ultraviolet-enhanced CCD camera.

As illustrated by Figure 78 (a), the low-temperature PL energy blueshifts and the spectra are broadened for increasing dopant concentrations. This is attributed to the screening of the internal electric field by the free carriers [START_REF] Beeler | Intraband Absorption in Self-Assembled Ge-Doped GaN/AlN Nanowire Heterostructures[END_REF]263]. Figure 78 (b) shows that the normalized integrated PL intensities remain almost constant up to about 100 K, and drop to 20-40% of their maximum value at room temperature. This behavior is characteristic of GaN/AlN NWs, in contrast to planar structures which generally exhibit a PL quenching of several orders of magnitude at room temperature [1,[START_REF] Sénès | Strong carrier confinement in In x Ga 1 -x N ∕ Ga N quantum dots grown by molecular beam epitaxy[END_REF][265][266]. In a second experiment, time-resolved PL was performed using a frequency-tripled Ti:sapphire excitation laser (λTRPL = 270 nm) with a pulse width of 200 fs, to measure the PL decay and this way study the radiative recombination times. This laser was equipped with a cavity damper section with a base pulse repetition rate of 54 MHz. This allowed the period between pulses to be varied from 20 ns to 5 μs. The excitation power was about 500 μW. The luminescence was dispersed by a Jobin Yvon Triax320 monochromator and was detected by a Hamamatsu C-5680 streak camera.

We start by identifying the relevant time constants by analyzing the recorded spectra. As a typical example, Figure 79 (a) shows the low-temperature time-resolved evolution of the PL spectra emitted from sample N70 ([Ge] = 1.7 × 10 20 cm -3 ). The PL emission presents a redshift of 45 nm during the first ~60 ns before the setting of a steady-state, as illustrated in Figure 79 (b). This spectral shift is systematically observed in all the samples and decreases from 0.1 to 0.3 eV for increasing doping concentrations. In Figure 79 (a) and (b), the red line indicates the evolution of the maximum PL intensity as a function of time. Following this trajectory, we obtain the intensity decay in Figure 79 (c). Comparing Figure 79 (b) and(c), the initial redshift during the first ~60 ns is associated to a nonexponential drop of the PL intensity, which is then followed by an exponential decay. These PL dynamics are qualitatively the same for all the samples regardless of the doping concentrations. The initial redshift and nonexponential behavior are attributed to the perturbation of the band structure by the laser excitation (namely the screening of the polarization fields) and to band-filling [START_REF] Lefebvre | Observation and modeling of the time-dependent descreening of internal electric field in a wurtzite G a N / A l 0.15 Ga 0.85 N quantum well after high photoexcitation[END_REF]. This is why the time constant of the exponential decay regime (indicated by the dashed black line in Figure 79 (c)) is the only relevant parameter to the study of the original band structure, after dissipation of the perturbation induced by the laser excitation.

In Figure 80 (a), we show the low-temperature PL decay (maximum PL intensity as a function of time) for the NW heterostructures with different dopant concentrations. Focusing on the exponential decay, we observe a huge drop of the decay time with increasing Ge concentration: the n.i.d. sample displays a decay time of the order of the µs, while the decay times for higher dopant concentrations are in the order of the hundreds of ns. It should be noted that the decay times measured in our NWs are orders of magnitude longer than shown in the literature [263,268], where the measured PL decay times were even shorter than for equivalent QW structures. This can be explained when comparing the measurement procedures: in Refs. [263,268], the decay times were estimated from measurements exciting with a pulse repetition rate of 78 MHz (time between pulses = 12.8 ns). Based on the data from Ref. [START_REF] Faist | Intersubband optoelectronics lecture notes[END_REF], the PL from undoped (highest doped) samples would have only dropped to about 60% (14%) of the maximum value before the next laser pulse hit. From their data, a 1/e decay time can be extracted assuming exponential relaxation. However, our experiments shows that the initial relaxation is strongly nonexponential due to the screening of the electric field induced by the laser pulse. With the lower excitation power, after 12.8 ns none of the samples have entered the exponential regime (indicated by the dashed black line in Figure 79 (c)), and only the most heavily doped sample would have recovered from the initial blueshift induced by the laser. We therefore conclude that the measurements in Ref.

[263] provide information mostly about the recovery of the screening of the internal fields induced by the measuring laser. This is in agreement with the dependency of the decay time (and the spectral shift) on laser power reported by Hille et al. [263].

In Figure 80 (b), we plotted the evolution of the characteristic PL decay time as a function of temperature, where the relaxation times were extracted from the exponential decay profiles as indicated in Figure 79 (c). In all cases, the PL decay times remain constant (±10%) in the full range 10-300 K, as previously observed in the case of Stransky-Krastanov GaN/AlN quantum dots [269]. In contrast, temperature-dependent time-resolved measurements of GaN/AlN QW samples show a decrease in relaxation time over this temperature range by several orders of magnitude, as described in Ref. [269]. This demonstrates that the 3D confinement in the nanodisks efficiently suppresses thermally activated non-radiative recombination channels up to room temperature.

From this latest conclusion, we attribute the thermal quenching at 100 K of the integrated PL intensity in Figure 78 (b) to carrier losses, occurring during the relaxation process of the hot photoexcited carriers in state 〈0〉 to the exciton ground state. In the inset of Figure 78 (b), we schematically describe the three-level model which can be used as a simplified view of this process.

In steady-state conditions, the carrier generation rate, Φc, is equal to the sum of the nonradiative recombination rate and the relaxation rate to the exciton emitting state 〈1〉 as follows:

Φ c = n 0 τ NR + n 0 τ R0 ( 90 
)
where n0 is the optically excited population at the 〈0〉 level, and τNR and τR0 are the characteristic times associated to the non-radiative processes and to the relaxation to the exciton emitting state, respectively.

Since the PL decay is constant with temperature (i.e. no non-radiative recombination channels can be thermally activated), we can neglect non-radiative recombination once the excitons are trapped in the nanodisk, and the PL intensity (I) can be described as:

I = n 1 τ R1 = n 0 τ R0 = Φ c 1 + τ R0 τ NR ( 91 
)
where n1 is the population of the exciton emitting state in the nanodisk and τR1 is the associated characteristic time.

Assuming that the photogeneration (Φc) is constant with temperature, and that non-radiative processes from state 〈0〉 are thermally activated (since the PL quenching is due to carrier losses during the relaxation process to the ground state), the PL intensity as a function of temperature, I (T), can be described as:

I (T ) = I(T = 0) 1 + α 2 exp(- E a kT ) ( 92 
)
where Ea represents the activation energy of the non-radiative process in state 〈0〉, kT is the thermal energy, and α2 is a constant coefficient. Solid lines in Figure 78 (b) are fits of the experimental data to Eq. ( 92). The extracted values of Ea and α2 are summarized in Table 12. We observe an increase in both parameters with increasing doping concentration, which reveals an increased probability of non-radiative processes with increasing carrier density.

The strong acceleration of the PL decay with increasing Ge concentration shows that the Gedoping-induced screening of the electric field in the nanodisks is drastically defining the radiative carrier lifetime. The magnitude of this effect is much larger than previously reported for GaN QWs [135,269], And we measured that the low-temperature PL lifetimes of n.i.d. nanodisks are much longer than for n.i.d. QWs emitting approximately at the same wavelength. This indicates a much larger electron-hole separation in space in the nanodisks, which implies a different electric field distribution.

Calculation of the electric field distribution

To understand the electric field distribution leading to this giant screening effect, we carried out 3D calculations of the NW strain state, band diagram and quantum confined states using the Nextnano 3 software with the material parameters described in [160]. The NW was defined as a hexagonal prism consisting of a 50-nm-long GaN stem followed by a sequence of 10 AlN/GaN stacks and capped with 18 nm of GaN. The radius of the GaN base was 20 nm, the growth axis was [000-1], and the sidewall faces were {1-100} planes. The structure was defined on a GaN substrate, to provide a reference in-plane lattice parameter. The GaN stem and the AlN/GaN heterostructure were laterally surrounded by an AlN shell, and the whole structure was embedded in a rectangular prism of air, which permits the deformation to reduce elastic energy. Surface states were modeled as a negative surface charge density of 2×10 12 cm -2 at the air/semiconductor interfaces [START_REF] Bertelli | Atomic and electronic structure of the nonpolar GaN(1-100) surface[END_REF]. The presence of {1-102} facets in the AlN sections was also taken into account, as illustrated in Figure 81 (a), which shows a cross-section view along <1-100> of three nanodisks in the stack. The 3D strain distribution was calculated by minimizing the elastic energy and applying zerostress boundary conditions at the surface. The effect of doping on the strain distribution was neglected following [START_REF] Fritze | High Si and Ge n-type doping of GaN doping -Limits and impact on stress[END_REF][START_REF] Dadgar | Crack-Free, Highly Conducting GaN Layers on Si Substrates by Ge Doping[END_REF]. Figure 81 (b) and (c) display cross-sectional views along direction <1-100> of the strain components along the <11-20> direction, εxx, and <0001> direction, εzz, for three nanodisks in the stack. Regarding the εxx component, the center of the disk is compressed by the AlN sections (εxx = -1.29%) and there is an elastic relaxation close to the sidewalls. In contrast, the εzz strain component is almost zero (εzz = -0.025%) along the center of the nanodisk, however the GaN gets significantly compressed near the sidewalls due to the presence of the AlN shell (up to εzz = -2.2%). The radial inhomogeneous strain results in nonzero εxz and εyz shear strain components (i.e. strain along the c axis, represented by the z axis in Figure 81), as illustrated in Figure 81 (d) for εxz. Using the equation ( 33) of subsection 1.2.2 describing the piezoelectric polarization field in function of the piezoelectric constants and the deformation of the crystal, this leads to a radial piezoelectric polarization associated to the nonzero e15 piezoelectric constant in the wurtzite lattice. On the other hand, this particular strain distribution results also in an increase of the GaN band gap by ∼120 meV when moving from the center of the nanodisk to the sidewalls (data obtained using the deformation potentials from Ref. [200]).

Using the obtained NW 3D map of polarization as an input, we classically solve the nonlinear Poisson equation, and calculate the 3D band structure of the NW. Finally, solving the Schrödinger equation in a quantum region covering one nanodisk and the AlN barriers on top and bottom of the nanodisk, we obtain the eigenfunctions, as illustrated by Figure 82. cm -3 . In both cases, the polarization-induced internal electric fields results in a sawtooth profile with the electron levels shifted towards the bottom of the nanodisk. In the doped NW, carrier screening results in a reduction of the internal axial electric field from 5.9 to 2.5 MV/cm.

Figure 82 (c) and (d) show the radial conduction and valence band profiles (along the [11-20] axis) for (c) undoped nanodisks and (d) doped nanodisks with ND = 1.7×10 20 cm -3 . In both cases, the conduction (valence) band profile was taken at the bottom (top) interface of the nanodisk. The squared wavefunctions of the first electron and hole levels are also represented, in blue and pink respectively. In the case of undoped nanodisks, the band bending induced by the AlN shell pushes the electrons towards the center of the NW (blue wavefunction in Figure 82 (c)), while the radial valence band profile has local maxima near the NW sidewalls (pink wavefunction in Figure 82 (c)). This is in agreement with calculations by [START_REF] Rigutti | Origin of energy dispersion in Al(x)Ga(1-x)N/GaN nanowire quantum disks with low Al content[END_REF] and [START_REF] Rivera | Strain-confinement mechanism in mesoscopic quantum disks based on piezoelectric materials[END_REF], and we can conclude that in addition to the polarization-induced vertical separation of electron and holes, the 3D geometry of the nanodisks contributes to extend the radiative recombination lifetime, when comparing to the case of QWs. We note that the strain-induced enlargement of the GaN bandgap at the ~5 nm closest to the nanodisk sidewalls contributes to separate the carriers, especially the holes, from the core/shell interface. The presence of {1-102} facets at the top interface of the AlN sections, which enlarges the GaN disks close to the surface, does not have a significant effect on the radial location of the hole. This is because the spontaneous and piezoelectric polarization shifts the hole towards the top of the GaN nanodisk. However, these facets modify the electron wavefunctions, which results in a shift of the band-to-band transition by ~300 meV. Figure 83 shows the calculation results of the lateral electric field (along [START_REF] Byrnes | North Atlantic Treaty Organization 2009 Unexploded ordnance detection and mitigation[END_REF][START_REF] Smith | Effect of Light on Selenium During the Passage of An Electric Current[END_REF][START_REF] Beeler | III-nitride semiconductors for intersubband optoelectronics: a review[END_REF][14][START_REF]Bandgap vs lattice constant[END_REF][START_REF] West | First observation of an extremely large-dipole infrared transition within the conduction band of a GaAs quantum well[END_REF][START_REF] Levine | New 10 μm infrared detector using intersubband absorption in resonant tunneling GaAlAs superlattices[END_REF][START_REF] Levine | Quantum-well infrared photodetectors[END_REF][START_REF] Ma | GaInNAs double-barrier quantum well infrared photodetector with the photodetection at 1.24μm[END_REF][START_REF] Gunapala | Development of mid-wavelength and long-wavelength megapixel portable QWIP imaging cameras Infrared[END_REF]) considering the presence of negatively charged surface states. At low dopant concentrations (below 10 19 cm -3 ), the electric field along the [START_REF] Byrnes | North Atlantic Treaty Organization 2009 Unexploded ordnance detection and mitigation[END_REF][START_REF] Smith | Effect of Light on Selenium During the Passage of An Electric Current[END_REF][START_REF] Beeler | III-nitride semiconductors for intersubband optoelectronics: a review[END_REF][14][START_REF]Bandgap vs lattice constant[END_REF][START_REF] West | First observation of an extremely large-dipole infrared transition within the conduction band of a GaAs quantum well[END_REF][START_REF] Levine | New 10 μm infrared detector using intersubband absorption in resonant tunneling GaAlAs superlattices[END_REF][START_REF] Levine | Quantum-well infrared photodetectors[END_REF][START_REF] Ma | GaInNAs double-barrier quantum well infrared photodetector with the photodetection at 1.24μm[END_REF][START_REF] Gunapala | Development of mid-wavelength and long-wavelength megapixel portable QWIP imaging cameras Infrared[END_REF] axis at the top GaN/AlN interface presents a maximum value of ~0.6 MV/cm, which is one order of magnitude smaller than the axial field (along [000-1]). When increasing the doping concentration, we observe a screening of the lateral electric field. As seen in Figure 82 (d), this is causing both a spatial broadening of the electron wavefunction and a shift of the hole wavefunction towards the center of the NW, ultimately leading to the radial alignment of the electron and hole wavefunctions. This improvement of the electron-hole wavefunction overlap explains the drastic decrease of the radiative recombination lifetime. Besides, a positive electric field implies that it points in the [START_REF] Byrnes | North Atlantic Treaty Organization 2009 Unexploded ordnance detection and mitigation[END_REF][START_REF] Smith | Effect of Light on Selenium During the Passage of An Electric Current[END_REF][START_REF] Beeler | III-nitride semiconductors for intersubband optoelectronics: a review[END_REF][14][START_REF]Bandgap vs lattice constant[END_REF][START_REF] West | First observation of an extremely large-dipole infrared transition within the conduction band of a GaAs quantum well[END_REF][START_REF] Levine | New 10 μm infrared detector using intersubband absorption in resonant tunneling GaAlAs superlattices[END_REF][START_REF] Levine | Quantum-well infrared photodetectors[END_REF][START_REF] Ma | GaInNAs double-barrier quantum well infrared photodetector with the photodetection at 1.24μm[END_REF][START_REF] Gunapala | Development of mid-wavelength and long-wavelength megapixel portable QWIP imaging cameras Infrared[END_REF] direction. The transition of the hole towards the center of the NW takes place for a doping concentration around 3.35×10 19 cm -3 , which corresponds to the transition to a zero-field in the radial direction, namely when the sign of the electric field sees a crossover. A null electric field was seen 17 nm from the center of the wire.

Therefore, the radial misalignment of the electron and hole wavefunctions is a determining factor for the band-to-band dynamics in GaN/AlN nanodisks. At low dopant concentrations, the radial electron-hole separation leads to radiative lifetimes which are significantly longer than for GaN/AlN QWs emitting at the same wavelength. Increasing the dopant concentration results in screening of the electric field, which leads to a radial centralization of the hole, i.e. an alignment of the electron and hole wavefunctions, which results in a large decrease in the radiative lifetime.

Conclusions

We studied 40-period GaN/AlN NWs with the GaN nanodisks doped with different Ge concentrations. Our goal was to assess the screening effect of Ge-doping on the internal electric field. The internal electric field leads to the spatial separation of electron and holes, extending the decay time that reaches the order of the µs for n.id. structures. The carrier lifetime is expected to decrease with increasing doping, due to the screening of the electric field by free carriers.

By measuring TRPL, we observed a huge drop in the carrier lifetimes with increasing Gedoping. Interestingly, carrier lifetimes were measured longer in NWs than in QWs with similar width, and the screening effect was much larger in NWs than in QWs with similar width. The long relaxation times in GaN/AlN NWs are explained as the result of the presence of internal electric fields in the nanodisks, with an axial component in the range of a few MV/cm associated to spontaneous and piezoelectric polarization, and a radial component associated to the radial variation of lattice strain. Simulations show that at low dopant concentrations, a large electron-hole separation in both axial and radial directions is present. The relatively weak radial electric field (10 times smaller than the axial electric field) is rapidly screened by Ge doping, leading to the radial and axial centralization of the hole underneath the electron. This bidirectional Ge-doping induced giant screening leads to a large decrease of the radiative lifetime, by about 2 orders of magnitude, in addition to the luminescence blueshift.

From these results, we can conclude that Ge-doping has the advantage over Si not only of not altering the NWs aspect ratio thanks to a homogeneous diffusion in the layers, but also of having a huge screening effect on the internal electric field, allowing to efficiently tune the radiative recombination times in these structures.

Ge-doped GaN/AlN MQWs with ISB transitions in the Short-Wavelength Infrared

Device development requires fine tuning of the carrier concentration in the QWs for the population of the ground quantum electronic level. This is why in this section we focus on the study of doping in GaN/AlN MQWs designed for ISB absorption in the SWIR. As a consequence of the promising properties obtained in GaN layers doped with Ge, we compare the performance of heterostructures doped with Ge and doped with Si.

Sample structure

The structures consist in 25 periods of GaN/AlN (2 nm/3 nm) MQWs, designed to show ISB absorption at 0.71 eV (1.77 µm), and grown on AlN-on-sapphire substrates. The GaN QWs are homogeneously doped with Si or Ge, with the doping densities described in Table 13, and the heterostructures are capped with 30 nm of AlN to avoid surface charges effects. Figure 84 shows a sketch of the structure as well as the obtained band diagram. Table 13 Structural and optical characteristics of the samples under study: nature of the n-type dopant; doping density; HR-XRD measured MQWs period; broadening of the -scan of the (002) XRD reflection measured for the MQWs and the substrate; PL peak energy; measured ISB transition energy; normalized broadening (broadening in energy divided by the absorption peak energy) of the ISB absorption spectrum; ISB absorption per pass. The periodicity of the samples was analyzed by HR-XRD, using the setup described in subsection 2.4.2. Figure 85 shows the -2θ scan of the (002) reflection of the Si-doped E3588 and Ge-doped E3587 samples. The MQW period extracted from the intersatellite distance in the -2θ scans are summarized in Table 13. Samples E3522 to E3525 show a periodicity in agreement with the original design, with a deviation below 5%. In contrast, samples E3587 and E3588, which were not grown with the rest of the series, show a deviation of 15% with respect to the design. Also, the FWHM of the rocking curves was measured for the substrate and the MQW zero-order reflection (MQW 0 peak in Figure 85), providing information on the sample mosaicity. The average broadening for Si-doped MQWs is 0.19  0.01° whereas the average broadening for Ge-doped MQWs is 0.16  0.01°, which indicates that for similar substrate quality, Ge-doping systematically results in structures with better mosaicity than when using Si-doping. This is consistent with our expectations, the ionic radius of a Ge atom being similar to that of Ga, and the metal-nitrogen bond length changing by only 1.4% with Ge, compared to 5.5% with Si [243], allowing the Ge occupancy of the Ga lattice site to induce far less lattice distortion compared to Si. 

Optical characterization

To assess the band-to-band properties of the MQWs, the PL spectra of all the samples were measured at 5 K. The results in terms of emission energy are shown in Table 13, and the obtained spectra are displayed in Figure 86. In both cases of Ge-and Si-doping, the spectra present a multipeak structure due to monolayer fluctuations of the well thickness [START_REF] Tchernycheva | Systematic experimental and theoretical investigation of intersubband absorption in GaN∕AlN quantum wells[END_REF]. Increasing the dopant density induces a blueshift of the PL energy as well as a broadening of the emission peak, which is due to the BME (band filling effect described in section 3.1.4) [259]. The total energy shift and the energy broadening are similar for both dopants. To assess the ISB properties of the samples, the ISB absorption in the SWIR range was measured at room temperature by FTIR spectroscopy. The ISB nature of the transition was set because absorption was observed when exposing the sample to TM-polarized light and not when exposing it to TE-polarized light. In Figure 87, the obtained TM-polarized spectra are normalized by division by the respective TE-polarized spectra. As explained in the PL case, the multipeak structure of the spectra is due to monolayer thickness fluctuations in the wells [START_REF] Tchernycheva | Systematic experimental and theoretical investigation of intersubband absorption in GaN∕AlN quantum wells[END_REF]. The ISB absorption energies for the various samples are presented in Table 13. The lowest-doped structures show ISB absorption in agreement with the simulations. As expected, they are blueshifted when increasing the doping concentration, which is due to many-body effects (namely exchange interaction and depolarization shift). The magnitude of these effects is similar for both dopants. However, in the case of Si-doping, increasing the doping density leads to a stronger broadening of the absorption peak, which is not the case for Ge-doping where the widening effect is much reduced. 

Conclusions

In summary, we have grown 25 period-GaN/AlN (2 nm/3 nm) MQWs designed to show ISB absorption at 0.71 eV (1.77 µm), where the GaN QWs were homogeneously doped with silicon or germanium with different doping densities. Structurally, the Ge-doped structures showed better mosaicity than those Si-doped. For both dopants, increasing the doping density results in a blueshift of the PL energy and a broadening of the peak, which is due to the combination of screening and band filling effects. However, no dependence of these band-to-band properties on the dopant nature was observed. When increasing the doping concentrations, the spectral broadening of the ISB absorption was larger in the case of Si-doping, while the measured energy shift was similar for both dopants.

Ge-doped GaN/AlGaN MQWs with ISB transition in the Mid-Infrared

In this section, we replace AlN by AlGaN in the barriers and enlarge the QW widths and therefore extend the study to the MIR range. Again, we compare the GaN/AlGaN MQWs performance when doped with Si and with Ge.

Sample structure

The structures consist in 30 periods of GaN/Al0.2Ga0.8N (4 nm/3 nm) MQWs, designed to show ISB absorption at 164 meV (7.6 µm) and grown on GaN-on-Si(111) substrates. The 2-nm center region of the GaN QWs are homogeneously doped with Si or Ge, with the doping densities described in Table 14, and the heterostructures are capped with 30 nm of AlGa0.2N to avoid surface charges effects. Figure 88 shows a sketch of the structure as well as the band diagram. The periodicity of the MQWs was verified by HR-XRD and all the samples showed a periodicity of about 7 nm with less than 5% deviation. Their structural quality was evaluated by measuring the FWHM of the rocking curves for the substrate and the MQW zero-order reflection around the (002) reflection. As shown in Table 14, no dependence of the samples structural quality on neither the dopant nature nor the doping density was observed.

Optical characterization

The band-to-band properties of the MQWs were assessed by measuring their low-temperature PL, with the results in Figure 89. When increasing the Ge-doping density, we observe a blueshift of the PL energy as well as an asymmetric widening of the PL peak towards the low-energy side. In contrast, increasing the Si-doping density induced only a slight blueshift of the PL energy, but introduced a certain asymmetry of the PL peak, without any significant broadening. The structures were designed to show ISB absorption at 0.164 eV. To assess their ISB properties, the samples were measured by FTIR at room temperature. As shown in Table 14 and illustrated by Figure 90, all samples present a TM-polarized absorption spectrum where the peak energy is blueshifted from this value. When increasing the Ge-doping density, the ISB absorption peak energy is almost constant and the peak spectral broadening is enlarged by 54%. When increasing the Si-doping density, the peak energy undergoes a blueshift of about 20 meV between the lowest and highest doping levels, which is due to many-body effects (namely exchange interaction and depolarization shift), and the ISB absorption peak broadening is multiplied by a factor of 3.6. We also calculated the magnitudes of ISB absorption per pass for the different doping levels, and as shown in Table 14, they were found to be comparable for similar doping densities of Si and Ge. 

Conclusions

As a conclusion, Ge-doping offers a slightly better mosaicity in the case of high lattice mismatched structures like GaN/AlN MQWs when compared to Si-doping, but the change is negligible in GaN/AlGaN MQWs where the lattice mismatch is reduced. When increasing the Ge doping density, the ISB absorption peak energy shift and widening are very slight (about 3 meV shift). When increasing the Si doping density, the ISB absorption peak undergoes a stronger broadening and blueshifts of about 20 meV, which is stronger than in the case of Ge-doping, and which is due to the combination of depolarization shift and scattering by ionized impurities.

Conclusions on the use of Ge as a dopant

We started by studying the consequences of Ge-doping on the GaN growth process through the characterization of Ga desorption from the GaN surface. We concluded that even for Ge cell temperatures up to 1000°C, the presence of a Ge flux during the growth of GaN did not affect the Ga kinetics. Then, we grew Ge-doped GaN thin films with carrier concentrations in the range of 7.8 × 10 17 cm -3 to 6.7 × 10 20 cm -3 . They showed high quality surface morphology similar to that of n.i.d. GaN thin films. Moreover, the mosaicity of the structure was not affected by Ge incorporation. Optically, the evolution of the PL emission from Ge-doped GaN thin films as a function of the Ge concentration was in agreement with theoretical calculations taking into account the BGR and the BME. From these results, we concluded that Ge constitutes a possible alternative to Si as an n-type dopant for GaN grown by plasma-assisted MBE.

As a first example of the relevance of Ge doping, we studied GaN/AlN NWs, in which the GaN nanodisks had been doped with Ge. We assessed the screening effect of Ge-doping on the internal electric field of the structures via the measurement of the PL energy and radiative recombination time. By measuring TRPL, we observed a huge drop in the carrier lifetimes with increasing Ge-doping. The screening effect was much larger in NWs than in QWs with similar width while the carrier lifetimes were measured longer in NWs than in QWs with similar width. Simulations were run and showed that at low dopant concentrations, a large electron-hole separation in both axial and radial directions was present in the NWs. Then, by increasing the Ge doping, the relatively weak radial electric field (10 times smaller than the axial electric field) got rapidly screened, leading to the radial and axial centralization of the hole underneath the electron. This bidirectional Ge-doping induced giant screening lead to a large decrease of the radiative lifetime, by about 2 orders of magnitude, in addition to the luminescence blueshift. From these results, we concluded that, in contrast to Si-doping, Ge-doping had the advantage not only of not altering the NWs aspect ratio thanks to a homogeneous diffusion in the layers, but also of having a huge screening effect on the internal electric field, allowing to efficiently tune the radiative recombination times in these structures.

We then turned towards 2D GaN/AlGaN MQWs. We designed and grew 25 period-GaN/AlN (2 nm/3 nm) MQWs with ISB absorption at 0.71 eV (1.77 µm) and 30-periods GaN/AlGa0.2N (4 nm/3 nm) MQWs with ISB absorption at 164 meV (7.6 µm). The GaN QWs were homogeneously doped with Si or Ge with different doping densities. Structurally, the Ge-doped GaN/AlN MQWs showed better mosaicity than those doped with Si. In contrast, the GaN/AlGaN MQWs, for which the lattice mismatch is already reduced, showed no structural difference as a function of the dopant nature. No clear dependence of the band-to-band properties on the dopant nature was observed in any of the cases. Regarding the optical properties, both for GaN/AlN and GaN/AlGaN, the ISB absorption peak blueshifted in energy and widened for increasing doping levels, which is due to the combination of depolarization shift and scattering by ionized impurities.

Introduction for Newbies: So far, research has mostly focused on the polar c plane orientation of GaN. However, this crystallographic orientation comes with the complicating factor of a polarization-induced electric field, resulting in a band diagram with triangular potential profiles in the quantum wells, instead of symmetric square wells. Among other consequences, this electric field increases the carrier confinement in the wells and ultimately hampers the extension of the GaN/AlGaN heterostructures towards the far-infrared range (small transition energies of the order of the meV). Nonpolar orientations are free from such a polarization-induced electric field and may be an alternative. To validate this approach, we need first to decide which nonpolar orientation would be the best to work with in terms of structural and optical performance. Then, we need to determine whether or not structures grown in this nonpolar orientation can outperform their polar c-plane counterparts for applications in the different regions of the infrared spectrum. To do so, the quantum well width must be adapted to the targeted spectral range.

For the comparative study of a vs m plane MQWs (section 4.3), I was in charge of AFM, XRD, and FTIR measurements, and conclusions were attained in collaboration with M. Beeler (design, MBE growth, PL measurements), C. Bougerol (TEM), and J. Lähnemann (SEM). The complete study was published in "Intersubband transitions in nonpolar GaN/Al(Ga)N heterostructures in the short and mid-wavelength infrared regions", C. B. Lim et al., J. Appl. Phys. 118, 014309 (2015) [START_REF] Lim | Intersubband transitions in nonpolar GaN/Al(Ga)N heterostructures in the short and midwavelength infrared regions[END_REF].

For the study of GaN/AlGaN MQWs with ISB transitions in the MIR (section 4.4), I performed the design, MBE growth, AFM, XRD, PL and FTIR measurements, and the work was performed in collaboration with C. Bougerol (TEM), J. Lähnemann (SEM) and A. Ajay (temperature-dependent PL). The complete study was published in "Intersubband transitions in nonpolar GaN/Al(Ga)N heterostructures in the short and mid-wavelength infrared regions", C. B. Lim et al., J. Appl. Phys. 118, 014309 (2015) [START_REF] Lim | Intersubband transitions in nonpolar GaN/Al(Ga)N heterostructures in the short and midwavelength infrared regions[END_REF].

For the study of GaN/AlGaN MQWs with ISB transitions in the FIR (section 4.5), I designed and grew the samples, and measured XRD and FTIR. Results were completed in collaboration with A. Ajay (AFM, temperature-dependent PL), J. 

Infrared photons Don't get trapped in stacking faults I need you all out

For the study of the effect of Si doping on GaN/AlGaN MQWs with ISB transition in the FIR (section 4.6), I was in charge of the design and MBE growth, calculation of the many-body effects, XRD, temperature-dependent PL, and FTIR measurements. The study was completed in collaboration with A. Ajay (AFM and help with the PL measurements) and C. Bougerol (TEM). The complete study was published in "Effect of doping on the far-infrared intersubband transitions in nonpolar mplane GaN/AlGaN heterostructures", C. B. Lim et al., Nanotechnology 27, 145201 (2016) [START_REF] Lim | Effect of doping on the far-infrared intersubband transitions in nonpolar m -plane GaN/AlGaN heterostructures[END_REF].

For the comparative study of Si vs Ge doping of m-plane GaN/AlGaN MQWs with ISB transition in the FIR (section 4.7), I realized design and MBE growth, XRD and FTIR measurements, in collaboration with C. Bougerol (TEM).

Introduction

As mentioned at the beginning of this chapter, the presence of polarization-induced internal electric fields in polar materials increases the carrier confinement in the wells, which is illustrated in Figure 91 (a). As a result, the energy distance between the quantum confined states saturates as the QW width increases. Figure 91 (b) shows how the piezoelectric component of the electric field renders the ISB absorption energies more sensitive to the strain state of the QWs, making it necessary to develop complex designs to extend the c-plane GaN-based ISB technology to the FIR [START_REF] Machhadani | Terahertz intersubband absorption in GaN/AlGaN step quantum wells[END_REF]171]. The use of QWs grown along nonpolar crystallographic orientations, like the m-plane {1-100} or the a-plane {11-20} is an alternative to obtain heterostructures without internal electric field [221]. At the beginning of my PhD, high-quality free-standing nonpolar GaN substrates had just been made available. Before that, first experimental results in nonpolar materials were obtained at Bell Labs by heteroepitaxy of a-plane GaN:Si/AlN MQWs on r-plane sapphire by plasma-assisted MBE showing ISB optical absorption at λ  2.1 µm with a FWHM of 120 meV [START_REF] Gmachl | Intersubband absorption at ∼2.1 µm in A-plane GaN∕AlN multiple quantum wells[END_REF]. The possibility to perform homoepitaxy of nonpolar GaN resulted in much interest and rapid progress on the growth and development of nonpolar GaN-based ISB. As a successful result, Technion demonstrated m-plane QWIPs consisting of In0.095Ga0.905N/Al0.07/Ga0.93N (2.5 nm/56.2 nm) and In0.1Ga0.9N/GaN (3 nm/50 nm) MQWs grown on free-standing m-GaN fabricated by the university of California and Santa Barbara, showing photocurrent peaks at 7.5 µm and 9.3 µm, respectively, at 14 K [START_REF] Pesach | Non-polar m-plane intersubband based InGaN/(Al)GaN quantum well infrared photodetectors[END_REF]. In view of these promising results, we decided at the beginning of my PhD thesis to evaluate the potential of the nonpolar GaN/AlGaN technology for applications in the IR spectral range.

Growth conditions

As a first step, we need to verify that the growth conditions on c-plane, m-plane and a-plane GaN are compatible. To confirm the compatibility of the c-plane and m-plane GaN growth, we study the Ga adsorption process to GaN surface of both orientations, using free-standing m-GaN as well as on c-GaN-on-sapphire (for reference). Based on [222,229], we assess the Ga coverage of the GaN surface in function of the impinging Ga flux. The experiment was first performed on c-GaN at a substrate temperature Ts ≈ 723°C. The Ga desorption transients were recorded as a function of the Ga flux by varying the temperature of the Ga cell in steps of 2 degrees. Then, to ensure the same substrate temperature for the c-plane and for the m-plane substrates, we entered both substrates mounted on the same molyblock and we adjusted the substrate heating to obtain the same Ga desorption from c-GaN as previously obtained. Then we shifted the RHEED beam to the m-GaN substrate to perform the second experiment as a function of the Ga flux.

The measurement of the Ga coverage proceeds as follows. First, we expose the GaN surface to a Ga flux for a certain time (30s -1 min), long enough to be sure that the RHEED intensity is stable. This stability implies that we have a constant Ga coverage on the GaN surface, which is only possible if the impinging Ga flux, Φ 𝐺𝑎 𝑖 , is equal to the desorbing flux, Φ 𝐺𝑎 𝑑 . Then the Ga cell is shuttered, and we record the variation of the RHEED intensity during the resulting Ga desorption transient. We assume that at the moment of shuttering the cell (t = 0), the desorption flux is still equal to the impinging flux, Φ 𝐺𝑎 𝑑 (𝑡 = 0) = Φ 𝐺𝑎 𝑖 . We also assume that at any time, Φ 𝐺𝑎 𝑑 (𝑡) depends only on the Ga coverage on the surface c(t) and on the substrate temperature, which is constant all along the experiment. Therefore, during the desorption process, the variation of the coverage can be expressed as:

𝑑𝑐(𝑡) = -Φ 𝐺𝑎 𝑑 (𝑡)𝑑𝑡 Around t = 0, the equation can be written:

𝑑𝑐(𝑡) = -Φ 𝐺𝑎 𝑖 𝑑𝑡
Then, if we compare a certain transient (1) with another one measured with an impinging Ga flux only slightly lower (2), we can extract the variation in the Ga coverage from the variation in the desorption time, Δ𝑡:

𝑐 (1) -𝑐 (2) = -(Φ 𝐺𝑎 𝑖 (1) -Φ 𝐺𝑎 𝑖 (2) )Δ𝑡

Integrating from very low Ga fluxes, i.e.:

𝑐(Φ 𝐺𝑎 ) = ∫ 𝜕𝑐 Φ 𝐺𝑎 0
, it is possible to reconstruct the variation of the Ga coverage as a function of the Ga flux. The transients recorded for different Ga fluxes are illustrated in Figure 92. We observe various regimes where the desorption time is constant, i.e. the Ga coverage remains stable independently of the impinging Ga flux (within that window). -Regime A: a small quantity of Ga is present on the GaN surface for a GaN growth rate about Φ < 0.046 ML/s. -Regime B: less than 1 ML of Ga at the growth front is present for a GaN growth rate 0.046 < Φ < 0.095 ML/s. -Regime C: a bilayer of Ga (~2.7 MLs for c-GaN, ~2.6 MLs for m-GaN) at the growth front is formed for flux 0.12 ML/s < Φ < 0.18 ML/s for c-GaN and 0.10 ML/s < Φ < 0.23 ML/s for m-GaN. -Regime D: the system reaches the Ga accumulation regime (much Ga excess), leading to the formation of metal droplets for flux larger than 0.18 ML/s and 0.23 ML/s for c-and m-GaN, respectively. The different regimes of growth are indicated in Figure 92, where we see that the 1 ML and 2 ML coverages correspond to the stability windows of the desorption transients.

The stability windows are very similar for both crystallographic orientations (equivalent of  3°C of the Ga cell temperature), which proves that compatible growth conditions exist to obtain smooth 2D growth in the bilayer regime. The slight shift of the growth windows between the substrates is most probably due to a slight difference in the temperatures of the substrates mounted on the same molyblock during the experience of Ga desorption from m-plane, which is explained by However, as illustrated in Figure 95, it was not possible to obtain such smooth surfaces when growing under these conditions on the a-orientation of GaN. 

Choice of a nonpolar orientation: a vs m plane GaN/AlN MQWs

To choose the best option between the nonpolar a and m-planes, we compare GaN/AlN MQWs grown simultaneously on a-and m-GaN substrates as well as on the reference polar c-plane. The samples were designed to display ISB transitions in the SWIR region. Indeed, compared to the FIR, this spectral range simplifies the IR optical characterization: FTIR measurements can be performed at room temperature and using a simple liquid-nitrogen-cooled mercury-cadmiumtelluride detector. We compare the nonpolar structures in terms of mosaicity, surface roughness, PL linewidth and intensity, and ISB absorption.

Sample description

A series of 40-period GaN/AlN MQWs was grown at a substrate temperature Ts = 720°C with a growth rate of 0.4 ML/s (≈360 nm/h). Samples were grown along the m-, a-and c-crystallographic directions simultaneously, using a-and m-plane free-standing s.i. GaN substrates and c-plane 1-µmthick AlN-on-sapphire templates all placed on the same molyblock. As explained in Chapter 4.2, this comparison is possible because each of the three crystallographic planes grows two-dimensionally under Ga-rich conditions in plasma-assisted MBE. The structures were designed to show ISB absorption in the 292-795 meV range (1.4-4.2 µm). As an illustration, a sketch of the structures and the band diagram of one of the designs are shown in Figure 96. The QWs were homogeneously doped with Si at a concentration of ≈1×10 19 cm -3 . The geometry of the samples and their characterization results are summarized in Table 15. As an illustration, Figure 97 shows an HR-TEM image of a few QWs in the center of sample E3303m. 

Structural characterization

To evaluate their structural quality, the surface morphology of the samples was assessed by SEM and AFM. On a large scale, the SEM images of the nonpolar samples show smooth surfaces with cracks propagating along the c axis, with an average distance between cracks of ≈ 10 µm, resulting in {11-20} or {1-100} facets for m-or a-oriented samples, respectively. In the polar case, cracks propagation occurs when GaN/Al(Ga)N heterostructures are grown under tensile strain. In this case, cracks are isotropically distributed and present vertical {1-100} facets [START_REF] Einfeldt | Strain relaxation in AlGaN under tensile plane stress[END_REF]280]. Due to the anisotropy of the nonpolar lattices, relaxation along the c and the a/m directions must be analyzed independently.

Cracks propagating along the in-plane axis m have been described in a-AlN grown on a-plane 6H-SiC [START_REF] Vennegues | Influence of Stacking Sequences and Lattice Parameter Differences on the Microstructure of Nonpolar AlN Films Grown on (11-20) 6H-SiC by Plasma-Assisted Molecular Beam Epitaxy[END_REF], which was explained as due to the tensile strain along the c axis (-1.1% lattice mismatch) in combination with a lack of low-energy slip systems available for plastic relaxation. However, in a highly compressed configuration (with larger mismatch such as a-GaN on r-sapphire having +1.2% and +16.1% lattice mismatch along c and m, respectively), cracks are observed to propagate preferentially along the c axis [START_REF] Vennéguès | Epitaxial orientation of III-nitrides grown on R-plane sapphire by metal-organic-vapor-phase epitaxy[END_REF][START_REF] Chiang | Nonpolar a-plane GaN grown on r-plane sapphire using multilayer AlN buffer by metalorganic chemical vapor deposition[END_REF]. In the case of m-AlGaN, cracks propagating along the in-plane axis a have been reported [START_REF] Okamoto | Pure Blue Laser Diodes Based on Nonpolar m -Plane Gallium Nitride with InGaN Waveguiding Layers[END_REF]285]. For the samples under study, we can see on the SEM images that the cracks appeared once the surface features were formed, showing that these cracks did not develop during the growth, but instead during the cooling process, as a result of the temperature-dependent GaN/AlN lattice mismatch [START_REF] Figge | Temperature dependence of the thermal expansion of AlN[END_REF].

On the AFM scale, the RMS surface roughness measured in the 5×5 µm² image was 1.1  0.2 nm, 2.0  0.6 nm, and 3.7  1.2 nm for c-, m-, and a-plane samples, respectively. The mplane growth systematically resulted in smoother surfaces than a-plane growth. The periodicity and strain state of the samples were analyzed by HR-XRD. Figure 99 shows the -2θ scans of the (3-300) reflection of the m-plane samples and of the [START_REF] Byrnes | North Atlantic Treaty Organization 2009 Unexploded ordnance detection and mitigation[END_REF][START_REF] Smith | Effect of Light on Selenium During the Passage of An Electric Current[END_REF][START_REF] Beeler | III-nitride semiconductors for intersubband optoelectronics: a review[END_REF](14)[START_REF]Bandgap vs lattice constant[END_REF][START_REF] West | First observation of an extremely large-dipole infrared transition within the conduction band of a GaAs quantum well[END_REF][START_REF] Levine | New 10 μm infrared detector using intersubband absorption in resonant tunneling GaAlAs superlattices[END_REF][START_REF] Levine | Quantum-well infrared photodetectors[END_REF][START_REF] Ma | GaInNAs double-barrier quantum well infrared photodetector with the photodetection at 1.24μm[END_REF][START_REF] Gunapala | Development of mid-wavelength and long-wavelength megapixel portable QWIP imaging cameras Infrared[END_REF] reflection of two a-plane samples, with the QW thicknesses indicated on the right side of the figure. Table 15 summarizes the MQW period extracted from the inter-satellite distance in the -2θ scans. The FWHM of the rocking curves were measured for the substrate and the MQW zero-order reflection (MQW0 peak on Figure 99) in the c and a (respectively c and m) directions for the m-oriented (respectively aoriented) samples, which provides information on the sample mosaicity in the measured direction.

Comparing the values in Table 15, it appears that the m-plane MQWs exhibit better crystalline quality than the a-plane structures. To assess the MQW strain state, reciprocal space maps were measured. Figure 100 illustrates the results for sample E3304m, where the (3-300) (i.e. oriented along c), (3-302) (i.e. with the c-axis in the diffraction plane), and (3-2-20) (i.e. with the a-axis in the diffraction plane) reflections were considered. The reciprocal space is presented using the GaN substrate as a reference. In Figure 100 (b), we observe a shift in q(0001) (projection of the reciprocal space vector along [0001]) of the MQW (3-300) reflection with respect to the substrate, which reveals a tilt of the epitaxial structure. The tilt angles towards the in-plane directions (δc and δa for m-oriented samples, and δc and δm for aoriented samples) are summarized in Table 15. Taking the measured tilt into account, the strain states along the a, m and c axis can be described as 𝜀 𝑝 = 𝑝-𝑝 𝑟 𝑝 𝑟

, where 𝜀 𝑝 is the strain along the axis p (a, m or c), 𝑝 is the measured lattice parameter along this axis, and 𝑝 𝑟 is the theoretical value of 𝑝 assuming that the structure is relaxed. Using the lattice parameters of Vurgaftman et al. [START_REF] Vurgaftman | Band parameters for nitrogen-containing semiconductors[END_REF] and Wright et al. [START_REF] Wright | Elastic properties of zinc-blende and wurtzite AlN, GaN, and InN[END_REF] (aGaN = 3.1891 Å; aAlN = 3.112 Å; cGaN = 5.1850 Å; cAlN = 4.980 Å), the lattice mismatch between AlN and GaN is -2.4% in the a and m directions and -3.9% in the c direction. The larger mismatch along c explains the larger tilt towards this direction (0.05° to 0.29°). This tilt is a way to relax the in-plane lattice mismatch, and thus to reduce the number of dislocations necessary to release the strain. [START_REF] Brault | Characteristics of AlN growth on vicinal SiC(0001) substrates by molecular beam epitaxy[END_REF] Figure 101 presents the values of strain extracted from the reciprocal space maps, compared with the in-plane lattice mismatch between the GaN substrates and the relaxed MQWs (considered as a relaxed AlGaN alloy with the average Al composition of the structure). The positive (negative) values of strain correspond to compressive (tensile) strain. Due to the lattice mismatch, all the structures undergo in-plane tensile strain, and as a result of Hooke's law, they are compressively strained in the growth direction. In the case of m-oriented samples, all the MQWs are about 50% relaxed along the in-plane a axis, whereas almost full relaxation is observed along c. This strong relaxation along c, i.e. parallel to the crack propagation axis, points to the presence of extended defects in the structure. To visualize the defect structure in these m-plane MQWs, HAADF-STEM was performed. Figure 102 shows a cross-section view along a of the GaN substrate/MQW interface of sample E3304m, with AlN barriers. We observe the generation of a high density of stacking faults (SFs) which initiates at the very interface and propagate to the sample surface. The observed strain relaxation appears to be associated to the partial dislocations that limit the stacking faults. The presence of this defect structure, which relaxes the elastic energy, explains the absence of cracks propagating along the in-plane axis a. As a conclusion of the above-presented structural characterization, the m-plane MQWs exhibit smoother surface, better mosaicity and crystalline quality than the a-plane structures.

Optical characterization

To assess the band-to-band properties of the MQWs, the PL spectra of all the samples were measured at low temperature (T = 5 K), with the results in terms of emission wavelength and intensity To assess the ISB properties of the samples, the ISB absorption in the SWIR range was measured at room temperature by FTIR spectroscopy. The ISB nature of the transition is set because absorption is observed in the case of TM-polarized light, and no absorption is observed under TEpolarized light illumination. To identify the ISB transition energy in the samples, the TE transmission spectra were divided by the respective TM transmission spectra, and the results are presented in Figure 104 (a) and Table 15. As expected, the absorption energy is red-shifted when increasing the QW width. In the case of nonpolar MQWs, the absence of the internal electric field results in a redshift of the ISB energy, in comparison to c-plane structures, where the triangular potential profile in the wells contributes to the separation of the quantized electron levels. A similar result was observed in the case of semipolar [START_REF] Byrnes | North Atlantic Treaty Organization 2009 Unexploded ordnance detection and mitigation[END_REF][START_REF] Smith | Effect of Light on Selenium During the Passage of An Electric Current[END_REF][START_REF] Beeler | III-nitride semiconductors for intersubband optoelectronics: a review[END_REF](14)[START_REF]Bandgap vs lattice constant[END_REF][START_REF] West | First observation of an extremely large-dipole infrared transition within the conduction band of a GaAs quantum well[END_REF][START_REF] Levine | New 10 μm infrared detector using intersubband absorption in resonant tunneling GaAlAs superlattices[END_REF][START_REF] Levine | Quantum-well infrared photodetectors[END_REF][START_REF] Ma | GaInNAs double-barrier quantum well infrared photodetector with the photodetection at 1.24μm[END_REF][START_REF] Gunapala | Development of mid-wavelength and long-wavelength megapixel portable QWIP imaging cameras Infrared[END_REF][START_REF] Walther | Quantum cascade lasers operating from 1.2to1.6THz[END_REF][START_REF] Yang | Room-temperature shortwavelength (λ∼3.7-3.9μm) GaInAs∕AlAsSb quantum-cascade lasers[END_REF] MQWs due to the reduction of spontaneous and piezoelectric polarizations [START_REF] Machhadani | Systematic study of nearinfrared intersubband absorption of polar and semipolar GaN/AlN quantum wells[END_REF]. The TM polarized absorption of nonpolar a-plane sample E3304a undergoes a significant broadening and deviation from the calculations, and no ISB absorption was observed for sample E3305a. In contrast, nonpolar m-plane samples exhibit an absorption linewidth similar to that of polar MQWs absorbing at the same wavelengths.

The difference between simulations and experimental results on ISB absorption peak energies may have several origins, namely the strain state, many-body effects, or fluctuations in layer thickness:

 In our calculations, we assume that the in-plane lattice parameter of the MQW corresponds to the one of relaxed AlGaN with the average alloy composition of the structure. A variation of the strain state has a significant influence on the ISB energy in the case of c-plane QWs [160], due to the piezoelectric component of the internal electric field. In contrast, in semipolar and nonpolar crystallographic orientations, the effect of the strain state is negligible [189].  Because of the high doping level, many-body effects result in a blueshift of the transition, which can reach about 30 meV for the doping levels under study in the SWIR and MIR [288]. The effect is comparable in polar and nonpolar structures.

structures with the same dimensions but grown along the c direction. In the case of nonpolar samples, two quantum confined states only are allowed in the well and the upper states are at the top of the barrier. In the case of polar samples, the upper states e3 e4 are also allowed in the well, making it theoretically possible to observe more than one ISB transition. In the case of the c-oriented MQWs studied in this work, characterization of ISB absorption in the spectral range between 6.7 µm and 9 µm is possible due to the use of floating-zone silicon substrates, as previously demonstrated [START_REF] Kandaswamy | Midinfrared intersubband absorption in GaN/AlGaN superlattices on Si(111) templates[END_REF]. 

Structural characterization

As a first evaluation of the structural quality, the surface morphology was assessed by AFM and SEM, as illustrated in Figure 106 for sample E3399m. Similar to the SWIR samples, SEM images of the nonpolar samples reveal cracks propagating along the c-axis. However, the distance between cracks increased to ≈15-30 µm, in comparison with ≈ 10 µm for GaN/AlN MQWs. At the AFM scale, all the nonpolar samples in Table 16 present similar morphology: large-scale (5×5 µm² to 10×10 µm² images) roughness in the range of 7-15 nm with features elongated along the <11-20> direction, whereas at a smaller scale (1×1 µm² images) the surfaces are smooth, with RMS roughness in the 1-2 nm range. This reduction in the crack density compared to the previous GaN/AlN MQWs points to a modification of the distribution of extended defects in the structure. Figure 107 displays a HAADF-STEM cross-section view along a of sample E3402m, with AlGaN barriers. In addition to the stacking fault network, the barriers present dark horizontal areas (arrows in Figure 107). These features are identified as AlN-rich clusters, in agreement with [289], in which similar Al-rich elongated clusters are observed in m-plane GaN/AlGaN heterostructures grown under N-rich conditions. The periodicity, strain state and mosaicity of sample E3402m were further analyzed by XRD. To assess the MQW strain state, we measured various reciprocal space maps for sample E3402m (the error bars of this technique were too large to extract reliable conclusions in samples with lower Al composition). The calculated strain components are m = 0.03±0.15%, a = -0.43±0.40%, and c = -0.27±0.40%. Compared to the relaxed lattice mismatch between the GaN/Al0.44Ga0.56N MQW and the GaN substrate (-0.98% in the a and m directions and -1.6% in the c direction), they confirm a certain relaxation in spite of the large error bars of the measurement. The FWHM of the rocking curves of the MQW reflection were c = 0.28° and a = 0.22°, pointing to a significant improvement of the MQW crystalline quality with respect to the GaN/AlN MQWs (see Table 15) thanks to the reduced lattice mismatch.

Optical characterization

The PL spectra of the samples were measured at low temperature, as illustrated by Figure 108 (a). In Figure 108 (b), the PL emission energies are compared with theoretical calculations as a function of the QW width. For the c-plane samples, the luminescence is systematically below the GaN bandgap due to the internal electric field, and it exhibits superimposed oscillations due to Fabry-Perot interferences. For nonpolar samples, the emission remains above the GaN band gap energy. In both cases, decreasing the QW width leads to a redshift of the PL energy, with emission energies in agreement with the calculations. We also measured the variation of the luminescence with temperature, which presents the behavior that is illustrated Figure 109 for an m-plane typical sample (E3399m). The fit represented in red solid line was calculated following [290]:

I = I 0 1 + α 1 exp (- E a kT ) ( 93 
)
where I is the PL intensity, I0 the PL peak intensity, α1 is a constant parameters, Ea is the activation energy, k is the Boltzmann constant, and T is the sample temperature during the measurement. From this fit, we obtain an activation energy of Ea = 12.3  3 meV. This is in agreement with literature, where an activation energy of 15  3 meV was found for GaN/AlN MQWs [266].

The PL intensity drop from low temperature to room temperature is less than one order of magnitude, which is rather characteristic of quantum dots systems, where the 3D confinement reduces the effect of non-radiative recombination centers [265,266,[START_REF] Kim | Carrier transfer and recombination dynamics of a long-lived and visible range emission from multi-stacked GaN/AlGaN quantum dots[END_REF][START_REF] Simon | Direct comparison of recombination dynamics in cubic and hexagonal GaN/AlN quantum dots[END_REF][START_REF] Simon | Time-Resolved Photoluminescence Studies of Cubic and Hexagonal GaN Quantum Dots[END_REF]. In c-plane samples with similar characteristics, the PL intensity drop can reach several orders of magnitude [265,294,295]. Looking at the TEM images, the carrier localization that leads to thermal stability of the PL in mplane structures can be assigned to the thickness inhomogeneity of the QWs, which can generate some lateral carrier confinement. The ISB absorption in the MIR range was measured at room temperature by FTIR spectroscopy. To identify the ISB transition in the samples, the substrate transmission spectrum was divided by the respective TM transmission spectra, with the results displayed in Figure 110 [START_REF] Kotani | Temperature dependence of mid-infrared intersubband absorption in AlGaN/GaN multiple quantum wells[END_REF]. They showed that these nonpolar structures had a stable temperature behavior compared to polar ones, which would be advantageous to develop ISB devices operating over a wide range of temperatures.

For all polar samples, two absorption peaks are observed. The peak at lower energy corresponds to the (e1→e2) transition, whereas the higher energy peak is assigned to ISB transitions involving upper states (e1→e3, e1→e4), as previously observed in GaN/AlN QWs [START_REF] Hofstetter | Intersubband spectroscopy probing higher order interminiband transitions in AlN-GaN-based superlattices[END_REF]. In symmetric structures, the e1→e3 transition is forbidden due to parity, whereas e1→e4 is allowed. However, both transitions are possible in asymmetric polar QWs, and the second peak might hence correspond to the combination of both transitions.

In this series of samples, the absorption in m-and c-oriented MQWs is located in the same spectral range, both theoretically and experimentally. This coincidence is due to the choice of the Al content in the barriers, which determines the energetic location of e2 in the c-plane structures. Increasing the Al content of the barriers would introduce only slight corrections to (e1→e2) in m-plane MQWs, but it would induce a major blueshift of this transition in the c-plane MQWs due to the internal electric field. 

Conclusions

In summary, we have designed and grown 50-period m-oriented (nonpolar) and c-oriented (polar) GaN/AlGaN MQWs with various QW widths and Al composition in the barriers, chosen so that the MQWs would show ISB absorption in the MIR range. With the replacement of AlN barriers by AlGaN barriers, we aimed at reducing the lattice mismatch in the structure. Reducing the Al composition of the structure lead to reducing the density of cracks. However we still observe stacking faults, and the AlGaN barriers present AlN-rich clusters. Nevertheless, we have demonstrated that the ISB absorption in these m-plane GaN/AlGaN MQWs can be tuned in the range of 4.0-5.8 µm, the longer wavelength being set by the second order of the GaN Reststrahlen band when using bulk substrates.

m-plane GaN/AlGaN MQWs with ISB transition in the Far-Infrared

We now extend the study to the FIR range and analyze the possibility to cover this spectral region with nonpolar m-plane GaN/AlGaN MQWs.

Sample description

Concerning the sample design, we enlarge the QW widths to obtain ISB absorption in the FIR range. Also, we reduce the Al composition of the AlGaN barriers below 10% to both reduce the lattice mismatch in the structure and keep the two lowermost electronic levels confined in the QWs and the third electronic level close to the continuum. This design should guarantee the confinement of the two lowermost states in the well, which should ensure the observation of ISB transition. The samples under study consist of 40-period m-plane GaN/AlGaN MQWs, with thick barriers around 20 nm to avoid coupling between the wells. The QW widths are chosen to display ISB absorption in the range of 4.8-8 THz (19.7-33 meV). The GaN wells were homogeneously doped with silicon at a concentration of 3×10 18 cm -3 and, to prevent surface effects, the MQW structures were capped with a 50 nm AlGaN layer with the same Al content as the barriers. Table 17 summarizes the m-plane MQWs architectures, and Figure 111 shows the calculated band diagram of sample E3419m, along with a sketch of the sample structure. 

Structural characterization

As a first assessment of the structural quality, Figure 112 displays a typical AFM image of this series (the example corresponds to sample E3420m), showing a smooth surface morphology with an RMS roughness of 0.32 nm, and clearly resolved monoatomic steps. However, a few cracks (between 1 and 5 cracks within an overall distance of 5 mm) propagating along the a direction (in contrast with the previous m-plane series where cracks were propagating along the c direction) are observed in nanostructures with a total MQW thickness above 1.2 µm and an average Al composition around 5%, which is in agreement with Ref. [285]. This is consistent with the higher tensile stress along the c direction (GaN/AlN lattice mismatch = 3.9%) with respect to the in-plane a direction (GaN/AlN lattice mismatch = 2.4%). To further evaluate their structural quality, the samples were analyzed by HAADF-STEM and HR-TEM. Figure 113 The periodicity of the MQWs was measured by HR-XRD. Figure 116 presents -2θ scans along the (3-300) reflection of samples E3420m and E3423m, together with simulations, assuming that the quantum structures are fully strained on the GaN substrate. Table 17 summarizes the MQW periods extracted from the inter-satellite distance in the HR-XRD measurements. The FWHM of the -scans were measured for the substrate and the MQW zero-order (3-300) reflection with the c-axis and the a-axis in the plane of diffraction (Δc and Δa, respectively). Both Δc and Δa remain in the 30 ± 8 arcsec range for all the MQWs, and these values are similar to those measured for the substrate reflections. This is consistent with the absence of epitaxially-generated defects in the TEM images. 

Optical characterization

To assess the quality and homogeneity of the MQW stack, a spectral line-scan of the cathodoluminescence (CL) was recorded on a cross-section of sample E3419m cleaved along the growth direction m. Figure 117 shows the obtained spectral map, along with a sketch of the corresponding sequence of layers. While the s.i. GaN substrate does not yield a discernable emission for the used excitation conditions and integration time, the n.i.d. GaN buffer layer also grown by plasma-assisted MBE presents an emission peak between 3.471 and 3.478 eV, corresponding to donor-bound and free excitons in unstrained GaN, respectively [START_REF] Reshchikov | Luminescence properties of defects in GaN[END_REF]. Following the growth axis, the MQWs show a slightly broader emission with the peak energy continuously shifting from 3.484 to 3.497 eV from the bottom to the top of the MQW stack, while the intensity of the peak remains almost constant. Such a minor shift of the emission energy in this thick (1.15 µm) 40-period MQW stack confirms the excellent homogeneity of the heterostructures. This change in emission energy may be related to fluctuations of the QW thickness (there is no indication of such a gradient in the broadening of the reflection peaks in HR-XRD -2θ scans or in HR-TEM images taken at various points along the structure) or of the strain state. Finally, the AlGaN capping layer is visible as an extra emission peak centered around 3.61 eV. We performed temperature-dependent PL measurements on these samples. Figure 118 (a) shows the typical PL spectrum obtained for this low-Al-content MQW series, for different temperatures. The low temperature spectrum is dominated by the excitonic line associated to the MQW, together with its LO phonon replicas. At high energy, the emission from the AlGaN cap layer is visible, but it is rapidly quenched for increasing temperatures. In Figure 118 (b), we show the variation of the MQW PL peak intensity versus temperature. Two periods of decay are distinguished. We can calculate the corresponding activation energies Ea and Eb extracted from the formula:

I = I 0 1 + α 1 exp (- E a kT ) + β 1 exp (- E b kT ) ( 94 
)
where I is the PL intensity, I0 the PL peak intensity, α1 and β1 are constant parameters, k is the Boltzmann constant, and T is the sample temperature during the measurement.

The MQW line shows a low activation energy (Ea = 4.6±0.3 meV) at lower temperatures and a higher activation energy (Eb = 43±5 meV) at higher temperatures. , where TMMQW and TMsub are the TM-polarized transmission of the MQWs and of the substrate, respectively. Figure 120 presents the normalized absorbance of the samples under study for TM-polarized light, extracted from the transmission measurements. TM-polarized absorption is observed over a broad spectral window of normalized bandwidth close to 1, whose extreme values and central energy are summarized in Table 17. The central energy decreasing from 27.1 to 20.9 meV (6.5 to 5 THz) as the QW width increases is consistent with the trend of the simulations. The broad absorption bands are consistent with the doping density in the QWs of around nS = 3×10 12 cm -2 , i.e. at least three times higher than in Ref.

[198], as illustrated in the inset of Figure 119 (b). The samples show ISB absorption ranging from 6.3 to 37.4 meV (1.5 to 9 THz), providing experimental evidence that ISB transitions in GaN MQWs can cover the THz spectral range forbidden to GaAs. These results complete the work of Purdue University [198], which has recently demonstrated THz ISB absorption (15.6-26.1 meV) in m-plane GaN/AlGaN MQWs. The obtained absorption peaks were also broad (the largest normalized broadening was 0.84) and were reduced by up to 40% by dividing the doping density by a factor 2 and inserting undoped spacer regions between the QWs and the barriers. However, the demonstrated ISB absorption are spectrally broad, with a normalized bandwidth close to 1, which is attributed to the high Si doping density (ns = 3×10 12 cm -2 ). Based on this result, we further study the effect of Si doping density on such FIR structures in the following section.

Effect of Si doping density on Far-Infrared m-plane

GaN/AlGaN MQWs High Si-doping levels are known to perturb significantly the IR absorption spectrum. In the SWIR, the exchange interaction (dominant many-body mechanism) leads to a blueshift of the ISB transitions in c-plane GaN/AlN MQWs [159]. In the MIR, using c-and m-plane GaN/AlGaN MQWs, high doping levels lead to the broadening of the ISB transition. Also, the expected redshift due to the screening of the internal electric field is over-compensated by the blueshift induced by exchange interaction and the now dominant depolarization [135].

In this section, we assess the effect of Si doping on the low-temperature ISB absorption of nonpolar m-plane GaN/AlGaN MQWs designed for ISB absorption in the THz range.

Sample description

In this study, samples consisted of m-plane 40-period GaN/AlGaN MQWs all with the same structure (10 nm GaN / 18.5 nm Al0.075Ga0.925N) based on the design of sample E3419m. As described in the previous section, at low doping levels, there should be only two electronic levels confined in the QWs separated by ~30 meV (7.3 THz). A 300 nm thick, n.i.d. GaN buffer layer was grown by plasma-assisted MBE prior to the heterostructures, and the MQW structures were capped with 50 nm of AlGaN using the same Al content as for the barriers (see sketch of the structure in Figure 111 (a)). The GaN wells were homogeneously doped with silicon, at concentrations increasing from 1×10 11 cm -2 to 3×10 12 cm -2 . The list of samples is presented in Table 18. 

Structural characterization

Since we basically reproduced sample E3419m with same or lower values of Si doping densities, we expect to see similar structural features as for the previous series of samples. We analyzed sample E3448m by HR-TEM and HAADF-STEM. As expected, cross-section images of the stack viewed along the <11-20> and <0001> zone axis do not show any extended defects (neither dislocations nor stacking faults) generated during the epitaxial process over an in-plane length of  2 µm. Again, in the magnified HAADF-STEM image in Figure 121, the variations of contrast are associated to compositional changes in the alloy. This alloy inhomogeneity in the AlGaN barriers appears as small shadowed areas with a typical diameter of 25 nm. The period of the MQWs was verified by  scans of their x-ray reflection, illustrated by Figure 129. To get an idea of the mosaicity of the epitaxial layers, the FWHM of the rocking curves was measured with the c direction in the diffraction plane, which is the case where the lattice mismatch is maximum, for both the substrate and the zero-order MQW (3-300) reflection. As shown in Table 18, the FWHM of the MQW reflection remains in the range of 20-44 arcsec, obtaining similar values to those of their respective substrates regardless of the doping level. This result is consistent with the absence of epitaxially-induced defects in the microscopy images.

Optical characterization

Temperature-dependent PL was measured for all the samples. As an example, the normalized spectra for E3448m are presented in Figure 122 (a). The spectra present two main emission lines, the low-energy line around 3.48 eV associated to the band-to-band excitonic transition in the MQW, and the high-energy line around 3.55 eV associated to the emission from the AlGaN cap layer. Taking into account the penetration depth of the laser (excitation at 244 nm) and the geometry of the sample, the PL emission originates only from the cap layer and the two topmost QWs. The FWHM of the GaN peaks at low temperature are in the range 4.0-10.3 meV, as summarized in Table 18. When increasing the temperature, the integrated intensity of the GaN peak for all samples decreases only by a factor 30. , with a transition energy at 0 K 𝐸 𝑃𝐿 (T = 0) = 3.48 eV and the Varshni and Debye coefficients αV = 0.590 meV/K and βD = 600 K, respectively, which is in complete agreement with the temperature-induced bandgap quenching in c-GaN/AlN MQWs described by Gačevic et al. [266]. On the other hand, the AlGaN presents a marked S-shaped behavior, characteristic of AlGaN alloys [START_REF] Monroy | Surfactant effect of In for AlGaN growth by plasma-assisted molecular beam epitaxy[END_REF][START_REF] Cho | Dynamics of anomalous optical transitions in Al x Ga 1 -x N alloys[END_REF]. The first blueshift up to about 100 K is attributed to the transition from localized to extended bandtail states. Such localization could originate from variations of thickness, interface roughness, or alloy inhomogeneity. In our case, the TEM images revealed sharp interfaces and regular QWs. In addition, having so large QWs makes a variation of thickness unlikely to induce such localization. However the TEM images have shown alloy fluctuations, this is why the origin of the inhomogeneous potential distribution leading to exciton localization is assigned to the alloy inhomogeneity. For temperatures above 100 K, the emission redshifts following the semiconductor band gap.

For a better understanding, Figure 123 shows an illustration of the thermally-induced transition from a localized state of the exciton to a free exciton. On the left, we show the variation of the excitonic transition with temperature, with two distinct zones: above 100 K the PL energy follows the Varshni law, and below 100 K the transition is strongly red-shifted due to localization. On the right, we show a sketch of the band diagram in an area with allow fluctuation. At low temperatures (1), the alloy inhomogeneity lead to the formation of local minima in the energy diagram (circled in red), where the exciton gets localized. Then, the increase in temperature (2) results in an increase of the exciton energy, until reaching the state of a free exciton (here at 100 K). Comparing the measurements at low temperature with the low-temperature transition energy predicted by the Varshni law, we can estimate the exciton localization energy, ELoc, as illustrated in Figure 124. We first performed a fit of the experimental data for temperature above 100 K (temperature from which the exciton is free) to the Varshni law (which describes the behavior of a free exciton). Then we extrapolated this fit to the temperatures from 0 to 200 K, to obtain the energy of the free exciton state. The difference between this value and the measured PL peak energy at low temperature is the localization energy, and the estimated localization energies for all the samples are plotted in Figure 125. The value of ELoc for the sample with the lowest doping level is roughly twice as large as typical values in c-plane AlGaN with similar alloy composition [START_REF] Monroy | Surfactant effect of In for AlGaN growth by plasma-assisted molecular beam epitaxy[END_REF][START_REF] Cho | Dynamics of anomalous optical transitions in Al x Ga 1 -x N alloys[END_REF]. Increasing the doping density results in a higher Fermi level, which increases the amount of carriers in the AlGaN cap layer, filling the AlGaN energy states and reducing the localization energy.

We turn now to the ISB properties of these MQWs. To probe the ISB absorption, FTIR spectroscopy was performed at 5 K. Figure 126 (a) shows the normalized TM-polarized absorbance spectra. By dividing the absorbed intensity ratio by the number of light reflections (≈ 6) in the multipass waveguide, we estimate the ISB absorption per pass with the results in Table 18. Increasing the doping density results in higher absorption which saturates when the Fermi level approaches the first excited electron state e2. Indeed, using the equation (95), the Fermi level is calculated to reach e2 for a doping concentration ns ≈ 2.3×10 12 cm -2 :

𝑛 𝑠 = 𝑚 𝑒𝑓𝑓 𝐸 21 𝜋ℏ 2 ( 95 
)
Where meff is the electron effective mass in GaN, E21 is the transition energy, and ℏ is the reduced Planck constant.

∆E exch = -e√2πn s 4πϵ R ϵ 0 0.18 √ 2n s π [START_REF] Bykhovski | Elastic strain relaxation and piezoeffect in GaN-AlN, GaN-AlGaN and GaN-InGaN superlattices[END_REF] where e is the elementary charge, ϵ 0 is the electric permittivity, ϵ R = 10 is the dielectric constant in GaN [START_REF] Chin | Electron mobilities in gallium, indium, and aluminum nitrides[END_REF], and n s is the 2D density of charge. The shift of the ISB energy induced by depolarization was calculated as ∆E dep = E 21 (√1 + 𝛼 -1), where E 21 is the transition energy (eventually corrected by the exchange interaction), and the depolarization shift is defined as:

α = 2e 2 n s ϵ R ϵ 0 E 21 ∫ [∫ ϕ 2 (z ′ )ϕ 1 (z ′ ) z -∞ dz′] 2 dz +∞ -∞ (97) 
where ϕ j is the electron wavefunction for the j th subband, and z is the growth direction.

The experimental results present a blueshift, as predicted by theory. However, the magnitude of the shift in the most doped samples (E3445m and E3447m) is smaller than expected. The deviation might be attributed to the population of the electron excited state, consistent with the saturation of the absorption. Our study completes the recent work of The University of Tokyo on m-GaN/AlGaN MQWs showing ISB transitions in the MIR [288]. They developed a model that both calculates the blueshift caused by many-body effects on the ISB transition energy, and quantifies the effect of scattering, mainly due to interface roughness, LO phonons, and ionized impurities, on the ISB absorption linewidth.

Conclusions

In summary, we have designed a series of nonpolar m-plane GaN/AlGaN MQWs for ISB absorption at 30 meV (7.3 THz), reproducing the design of the previously studied sample E3419m. To probe the effect of doping on the structural and optical properties of the nanostructures, the Si doping density in the wells was varied from 1×10 11 cm -2 to 3×10 12 cm -2 . All the structures display low-temperature ISB absorption in the THz range. Increasing the doping level leads to an enhancement and blueshift of the absorption peak energy, together with an increase of the linewidth. However, a saturation of the absorption is observed at 1×10 12 cm -2 , and the magnitude of the blueshift and broadening increases less than theoretically predicted for the samples with higher doping levels. This is explained by the presence of free carriers in the excited electron level induced by the increase in n-doping, i.e. the increase of the Fermi level energy.

Si vs Ge-doping of m-plane GaN/AlGaN MQWs with

ISB absorption in the Far-Infrared range

In the previous section, we discussed the effect of Si-doping density on the FIR ISB absorption energy and spectral broadening in m-plane GaN/AlGaN MQWs. In this section, we assess the effect of Ge-doping in m-plane GaN/AlGaN MQWs showing ISB absorption in the FIR, using the previously studied Si-doped structures as references.

Sample description

In this study, the m-plane 40-period GaN/AlGaN MQWs reproduce the previously studied Si-doped series (10 nm GaN / 18.5 nm Al0.075Ga0.925N). As before, at low doping levels, there should be only two electronic levels confined in the QWs separated by ~30 meV (7.3 THz). A 300 nm thick, n.i.d. GaN buffer layer was grown by plasma-assisted MBE prior to the heterostructures, and the MQW structures were capped with 50 nm of AlGaN using the same Al content as for the barriers. The GaN wells were homogeneously doped with germanium, at concentrations increasing from 5×10 11 cm -2 to 5×10 12 cm -2 . The list of samples is presented in Table 19. As shown in Figure 129, we then verified the periodicity of the MQWs by HR-XRD, with the results in Table 19. The obtained period is less than 5% shifted away from the nominal value and the FWHM of the rocking curves reveal a very good mosaicity of the structures, comparable to the bulk GaN substrate. We analyzed sample E3541m by HR-TEM and HAADF-STEM. As expected, cross-section images of the stack viewed along the <11-20> and <0001> zone axis do not show any extended defects (neither dislocations nor stacking faults) generated during the epitaxial process over an inplane length of  2 µm, as illustrated by Figure 130. 

Optical characterization

We assessed the ISB properties of the structures by FTIR, and compared the obtained data to the Si-doped MQWs. On Figure 131, we show the normalized TM absorbance spectra for the three Ge-doped samples, along with the normalized broadening of both the Si-doped and the Ge-doped series. For equivalent doping densities, the Ge-doped structures show ISB absorption peaks with smaller normalized broadening than for the Si-doped structures. When increasing the Ge doping density, we observe a slight widening of the ISB absorption peak and no shift of the ISB energy. However, for equivalent doping densities, the Ge-doped structures show ISB absorption peaks with slightly smaller normalized broadening than for the Si-doped structures. For equivalent doping densities, the Ge-doped structures show ISB absorption peaks with smaller normalized broadening than for the Si-doped structures. When increasing the Ge doping density, we observe a slight widening of the ISB absorption peak and no shift of the ISB energy.

Conclusions

In summary, we have grown a series of Ge-doped nonpolar m-plane GaN/AlGaN MQWs for ISB absorption at 30 meV (7.3 THz), reproducing the design of the previously studied Si-doped series (10 nm GaN / 18.5 nm Al0.075Ga0.925N). To probe the effect of doping on the structural and optical properties of the nanostructures, the Ge doping density in the wells was varied from 5×10 11 cm -2 to 5×10 12 cm -2 . All the structures display low-temperature ISB absorption in the THz range. Structurally, the Ge-doped samples were very similar to those doped with Si in terms of surface roughness and xray rocking curve width. The structures did not show any extended defects (neither dislocations nor stacking faults) generated during the epitaxial process. Optically, for equivalent doping densities, the Ge-doped structures showed ISB absorption peaks with slightly smaller normalized broadening.

Conclusions on the nonpolar orientation study

In this chapter, we have evaluated the possibility to use nonpolar a-or m-plane GaN for infrared optoelectronics. This alternative to polar c-plane GaN was considered as an answer to the issues raised by the polarization-induced electric field in the polar structures.

We first considered the short-wavelength infrared range by studying GaN/AlN MQWs structures simultaneously grown on c-, a-and m-plane GaN. By varying the GaN QW widths, ISB absorption in the targeted range was obtained. Compared to nonpolar a plane samples, m-plane structures displayed better results in terms of mosaicity, surface roughness, PL linewidth and intensity, and ISB absorption. Furthermore, the m-plane GaN/AlN MQWs showed ISB absorption in the 1.5-2.9 µm range, covering the whole SWIR spectrum, with performance comparable to polar cplane MQWs. Yet, the structural quality of the nonpolar structures was insufficient to consider any device processing.

We then extended the study to the mid-infrared range by studying m-oriented GaN/AlGaN MQWs with various QW widths and Al composition, designed to show ISB absorption in the targeted range. By introducing Ga in the AlN barriers, we reduced the average Al composition of the structure and thus the lattice mismatch. This lead to lower densities of cracks. However stacking faults were still present, and Al-rich clusters were observed in the AlGaN barriers. We demonstrated that the ISB absorption in these m-plane GaN/AlGaN MQWs could be tuned in the range of 4.0-5.8 µm, the longer wavelength being set by the second order of the GaN Reststrahlen band when using bulk substrates. However, the density of defects in these structures was still too high to compete with polar c-plane samples in this spectral range.

The possibility of using the nonpolar m-plane orientation of GaN was then considered for the FIR range. Indeed, ISB absorption in this range requires AlGaN barriers with much lower Al content, which implies a much lower lattice mismatch. We thus studied m-plane low-Al-composition GaN/AlGaN MQWs (Al composition in the AlGaN alloy below 10% and average Al concentration in the MQW below 6%), designed to show ISB absorption in the FIR. The structures displayed flat and regular layers in the two in-plane directions and a very good crystalline quality. No extended defects like stacking faults or dislocations were observed, and cracks propagating along the a direction were present only when the total MQW thickness exceeded 1.2 µm. Inhomogeneities of the Al composition in the barriers were observed along the growth axis m. Optically, the structures showed low-temperature ISB absorption in the 6.3 to 37.4 meV (1.5 to 9 THz) range. With this result, we provide an experimental demonstration of the possibility for GaN to cover a large part of the 7-10 THz band forbidden to GaAs-based technologies.

However, the demonstrated ISB absorption was spectrally broad due to the high Si doping density (ns = 3×10 12 cm -2 ). To confirm the effect of doping on the structural and optical properties of the nanostructures, we reproduced one of the GaN/AlGaN MQWs designs with ISB absorption at 30 meV (10 nm GaN / 18.5 nm Al0.075Ga0.925N), and varied the Si doping density in the wells from 1×10 11 cm -2 to 3×10 12 cm -2 . The obtained structures displayed low-temperature ISB absorption in the THz range. Increasing the doping level lead to an enhancement and blueshift of the absorption peak energy, together with an increase of the linewidth. However, high levels of n-doping resulted in the presence of free carriers in the excited electron level, i.e. the increase of the Fermi level energy. This appeared as a saturation of the absorption at the doping density 1×10 12 cm -2 , with the magnitude of the blueshift and broadening increasing less than theoretically predicted.

Finally, we assessed the possibility to use Ge as n-dopant instead of Si. We grew a series of Ge-doped nonpolar m-plane GaN/AlGaN MQWs for ISB absorption at 30 meV reproducing again the same design (10 nm GaN / 18.5 nm Al0.075Ga0.925N). The Ge doping density in the wells was varied from 5×10 11 cm -2 to 5×10 12 cm -2 . All the structures display low-temperature ISB absorption in the THz range. Structurally, the Ge-doped samples were very comparable to those doped with Si in terms of roughness and crystalline quality. No extended defects (neither dislocations nor stacking faults) were generated during the epitaxial process. Optically, for equivalent doping densities, the Ge-doped structures showed ISB absorption peaks with slightly smaller normalized spectral broadening.

Conclusions and perspectives

The purpose of this work was to explore alternatives to Si-doped (0001)-oriented GaN/AlGaN MQWs for ISB absorption in the infrared range. On the one hand, we discussed the possibility to use Ge as an n-dopant. On the other hand, and this was our main issue, we assessed the optical and structural performance of GaN/AlGaN MQWs grown along the nonpolar orientations (1-100) and [START_REF] Byrnes | North Atlantic Treaty Organization 2009 Unexploded ordnance detection and mitigation[END_REF][START_REF] Smith | Effect of Light on Selenium During the Passage of An Electric Current[END_REF][START_REF] Beeler | III-nitride semiconductors for intersubband optoelectronics: a review[END_REF](14)[START_REF]Bandgap vs lattice constant[END_REF][START_REF] West | First observation of an extremely large-dipole infrared transition within the conduction band of a GaAs quantum well[END_REF][START_REF] Levine | New 10 μm infrared detector using intersubband absorption in resonant tunneling GaAlAs superlattices[END_REF][START_REF] Levine | Quantum-well infrared photodetectors[END_REF][START_REF] Ma | GaInNAs double-barrier quantum well infrared photodetector with the photodetection at 1.24μm[END_REF][START_REF] Gunapala | Development of mid-wavelength and long-wavelength megapixel portable QWIP imaging cameras Infrared[END_REF] (m and a-plane, respectively) of GaN to obtain square potential profiles with ISB absorption in the whole infrared domain.

Ge as an alternative dopant to Si

The growth process of GaN in presence of Ge was first studied. By verifying that the Ga kinetics and thus the Ga-bilayer formation was not disturbed by the Ge flux, we ensured that high quality growth surface could be obtained, even for Ge cell temperatures up to 1000°C. Then, we studied the structural, electrical and optical characteristics of Ge-doped GaN thin films, using n.i.d. thin films as references. For the carrier concentrations in the range of 7.8 × 10 17 cm -3 to 6.7 × 10 20 cm -3 , Ge incorporation showed no effect on the structural quality and mosaicity of the layers. By Hall Effect, we measured the resulting free carrier concentration and demonstrated that the incorporation of the dopant scales linearly with the Ge flux. Optically, the evolution of the band-toband emission from the Ge-doped thin films as a function of the Ge concentration was in agreement with theoretical calculations taking into account the effects of high electron densities on the bandgap and on the band-to-band transition energies (BGR and the BME). These results show that Ge can be used as an alternative to Si as an n-type dopant for GaN grown by plasma-assisted MBE.

As a first example of the relevance of Ge doping, we studied its efficiency to screen the internal electric field in GaN/AlN NWs. Indeed, the internal electric field leads to the spatial separation of electron and holes, which results in the extension of the carrier lifetime. We observed a huge drop of the carrier lifetimes with increasing Ge-doping, which confirms the screening effect of the free carriers introduced by doping. On the other hand, carrier lifetimes were measured longer in undoped NWs than in undoped QWs with similar width, and the spectral shift associated to screening was much larger in NWs than in QWs. The long relaxation times measured in the NWs were explained as the result of the fact that, at low dopant concentrations, there is a radial electron-hole separation in the NWs. Increasing the dopant concentration resulted in a screening of the radial electric field, which lead to the realignment of the electron and hole wavefunctions, and hence to a large decrease of the radiative lifetime. Overall, these results point out that Ge-doping is an efficient dopant for GaN/AlN structures.

Coming to the heart of the topic, ISB transitions in GaN/AlGaN planar heterostructures, we then compared the structural and optical (band-to-band and ISB) performance of Ge-and Si-doped 2D GaN/AlGaN MQWs with ISB absorption in the short-wavelength and mid-infrared ranges. The GaN QWs were homogeneously doped with Si or Ge with different doping densities. Structurally, the use of Ge contributed to improve the mosaicity of the high lattice mismatched-GaN/AlN MQWs, but had no relevant effect on GaN/AlGaN MQWs. The band-to-band properties were not affected by the nature dopant. In terms of intersubband transitions, increasing the doping concentrations in both GaN/AlN MQWs and GaN/AlGaN MQWs induced an energy blueshift due to many-body effects PhD students I'm a kid of MBE I will keep growing Atoms are flying Quantum wells are absorbing And my dream comes true which was similar for both dopants. However, stronger spectral broadening of the ISB absorption is observed in the case of Si-doping.

Towards the THz range with nonpolar GaN

The main issue of this work was to explore the possibility of using nonpolar a-or m-plane GaN for infrared optoelectronics. This alternative to polar c-plane GaN is considered as a potential answer to the issues raised by the polarization-induced electric field in (0001)-oriented heterostructures, and a possible opening towards the development of THz GaN-based devices.

We first considered GaN/AlN MQWs with ISB absorption in the SWIR range, where the structures were simultaneously grown on c-, a-and m-plane GaN. Compared to nonpolar a plane samples, m-plane structures displayed better structural characteristics (mosaicity, surface roughness) as well as better optical performance (band-to-band emission linewidth and intensity, and ISB absorption). Furthermore, the m-plane GaN/AlN MQWs showed ISB absorption in the 1.5-2.9 µm range, covering the whole SWIR spectrum, with performance comparable to polar c-plane MQWs. These results allowed us to choose and move forward with the nonpolar m-plane orientation of GaN, eventhough the density of extended structural defects in the nonpolar structures resulting from the high lattice mismatch was too high to consider any further device processing.

By introducing Ga in the AlN barriers, we reduced the average Al composition of the structure and thus the lattice mismatch, and this way extended the study to m-GaN/AlGaN MQWs with ISB transition in the MIR range. Thanks to the reduced lattice mismatch, the density of cracks was reduced, but stacking faults were still present, and Al-rich clusters were observed in the AlGaN barriers. We demonstrated that the ISB absorption in these m-plane GaN/AlGaN MQWs could be tuned in the range of 4.0-5.8 µm, the longer wavelength being set by the second order of the GaN Reststrahlen band when using bulk substrates. Again, the density of defects in these structures was still too high to compete with polar c-plane samples in this spectral range, but these results showed how reducing the Al composition of the stack resulted in an improvement of the MQWs structural quality.

We then considered the possibility of using the nonpolar m-plane orientation of GaN to grow GaN/AlGaN MQWs with ISB absorption in the FIR range, where Al composition only as low as 10% in the alloy are required, allowing for an even much reduced lattice mismatch. As a result, the structures displayed flat and regular layers in the two in-plane directions and a very good crystalline quality. No extended defects like stacking faults or dislocations were observed, and cracks propagating along the a direction were present only when the total MQW thickness exceeded 1.2 µm. Inhomogeneities of the Al composition in the barriers were still observed along the growth axis m instead of the previously seen Al-rich clusters. Optically, the structures showed broadband ISB absorption in the 6.3 to 37.4 meV (1.5 to 9 THz) range at 5 K. With these results, we provided an experimental demonstration of the possibility for GaN ISB technologies to cover a large part of the 7-10 THz band forbidden to GaAs-based technologies.

The large spectral broadening of the THz ISB absorption was assigned to the high Si doping density (ns = 3×10 12 cm -2 ), which we confirmed by studying the effect of Si-doping on the structural and optical properties of GaN/Al0.075Ga0.925N MQWs designed for ISB absorption at 30 meV, where the Si doping density in the wells was varied from 1×10 11 cm -2 to 3×10 12 cm -2 . The structures displayed low-temperature ISB absorption in the THz range as expected, and we demonstrate that increasing the doping level lead to an enhancement and blueshift of the absorption peak energy, together with an increase of the linewidth. For high levels of n-doping, we observe the presence of free carriers in the excited electron level, i.e. the increase of the Fermi level energy. This appeared as a saturation of the absorption at the doping density 1×10 12 cm -2 , in agreement with the broadband ISB absorptions observed in the previous series of samples, with the magnitude of the blueshift and broadening increasing less than theoretically predicted.

Taking advantage of the conclusions we drew from the Ge-doping study, we assessed the possibility to use Ge as n-dopant instead of Si for the FIR m-plane GaN/Al0.075Ga0.925N MQWs, in view of efficiently reaching high densities of doping. The Ge doping density in the wells was varied from 5×10 11 cm -2 to 5×10 12 cm -2 , and all the structures display low-temperature ISB absorption in the THz range. The structural quality of the Ge-doped samples was very similar to those doped with Si (roughness, mosaicity, and absence of any extended defects). Optically, for equivalent doping densities, the Ge-doped structures showed ISB absorption peaks with slightly smaller normalized spectral broadening.

Taking some perspective

From our results, we can say that Ge is indeed a possible alternative to Si to n-dope GaN. However, the improvement margin compared to Si-doping appears to be very slight when studying nonpolar m-plane GaN/AlGaN MQWs. To complete the study, we suggest to assess the effect of Gedoping on c-plane GaN/AlGaN MQWs with ISB absorption in the FIR, using the 4-layer QW design from Beeler et.al. [START_REF] Beeler | Terahertz absorbing AlGaN/GaN multi-quantum-wells: Demonstration of a robust 4-layer design[END_REF], which we did not have the time to do at the end of my thesis. Until further demonstration of their limitation is done, it is currently not possible to decide which one of the two dopants is the most favorable.

Concerning the alternative of nonpolar m-plane GaN to avoid any effect of the internal electric field, it appeared that m-plane structures could not compete with c-plane MQWs in the SWIR and MIR ranges due to the too high density of defects resulting from the high and anisotropic lattice mismatch. To be able to develop nonpolar devices in these ranges, further study and optimization of the homogeneity of nonpolar AlGaN ternary alloys in function of the growth conditions is required. However, the FIR heterostructures displayed outstanding structural quality and very good optical performance, allowing to obtain tunable THz ISB absorption in agreement with simulations and with a simple MQW design and growth process. Combined to the doping density adjustment we calibrated through our doping studies, these structures are very promising for further device processing, from QWIPs to QCLs. In view of realizing such devices, we suggest first to run electroluminescence experiments in the IR range, and to assess the possible resonant tunneling properties of THz heterostructures. Then, the demonstration of m-plane GaN/AlGaN THz devices could be considered starting by adapting the designs proposed for GaAs-based systems. Aside from the IR, these results and the comparative study of nonpolar orientations of GaN can also be of interest for further development of UV and green LEDs, where the presence of the internal electric field is also an issue [302]. Beside the scientific and technical challenges to be raised, remaining issues hampering future device development and large-scale commercialization may concern the actual high cost and very reduced size of the m-plane free-standing GaN substrates, which has already been improved during my PhD and can be improved even more, for example by using patterned substrates or facetted growth surfaces.
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 1 Figure1Examples of possible applications of GaN-based optoelectronics devices in the infrared range.[5][6][7][8] 
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 2 Figure 2 Schematic of the bandgap energy dependence on the material lattice constant. (Modified from [15])
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 3 Figure 3 Spectral coverage by band-to-band and ISB devices based on different material systems.

Figure 4

 4 Figure 4 Periodic table of elements. The red borders indicate the materials of interest in this work. (modified from [30]).

Figure 5

 5 Figure 5 (a) Wurtzite and (b) zinc-blende crystallographic structures of GaN.

Figure 6

 6 Figure 6 Hexagonal unit cell showing the c-, a-and m-planes and corresponding axis.

Figure 7 Figure 8

 78 Figure 7 Crystalline structure of Ga-and N-polar wurtzite GaN. (Modified from [2])

Figure 9

 9 Figure 9 Schematic illustration of the energy bandgap around the Fermi energy and of the allowed energy bands at T = 0 K. In blue we represent the presence of electrons.

Figure 10

 10 Figure 10Simplified schematic of the crystallographic arrangement along the x direction, with the periodic potential energy (considering the simplest approach of a free electron).

Figure 11

 11 Figure[START_REF] Byrnes | North Atlantic Treaty Organization 2009 Unexploded ordnance detection and mitigation[END_REF] Schematic of the potential energy in the crystal along one space dimension and considering the quasifree electron model.

Figure 12

 12 Figure 12 Energy diagram of an electron in a crystal of length L with periodic potential of period a.

Figure 13 (

 13 Figure 13 (a) First Brillouin zone of a wurtzite crystal [44]. Band structures of wurtzite (b) GaN [46] and (c) AlN [48].

Figure 14 Figure 15 Figure 16

 141516 Figure 14 Schematic of the valence band splitting in wurtzite GaN. (Modified from [49])

Figure 17

 17 Figure 17 Description of the polar (0001), nonpolar (1-100) and (11-20), and semipolar (1-103) and (11-22) planes. (Modified from [62])

Figure 18

 18 Figure 18 Schematic of the acoustic and optical phonon vibrations in a crystal.

Figure 19

 19 Figure 19 A1 and E1 optical phonon modes in wurtzite GaN (modified from [64]).

Figure 20

 20 Figure 20 Transmittance of a 250-µm thick free-standing GaN film vs the energy of the incident light; 𝝎 𝑻𝑶 and 𝝎 𝑳𝑶 represent the TO phonon and LO phonon frequencies. (Reproduced from [67])

Figure 21

 21 Figure 21 Real and imaginary parts of GaN refractive index in the FIR range.

Figure 22

 22 Figure 22 Example of a type I double heterostructure and its band diagram. VB refers to the valence band, CB refers to the conduction band.

Figure 23

 23 Figure 23 Illustration of tensile and compressive strains.

Figure 24

 24 Figure[START_REF] Adachi | GaAs and related materials[END_REF] Fourier-filtered high-resolution transmission electron microscopy image showing misfit dislocations at a GaN/Sapphire interface.[START_REF] Ruterana | Atomic Structure of Extended Defects in Wurtzite GaN Epitaxial Layers[END_REF] 

Figure 25

 25 Figure 25 Scanning transmission electron microscopy bright field image of InGaN/GaN multi-quantum wells showing a V-defect [74].

Figure 26 (

 26 Figure 26 (a) Unit cell of wurtzite GaN. (b) Edge-type dislocation. (c) Screw-type dislocation. (d) Mixed-type dislocation. (Reproduced from [83]) The dislocations are represented by a thick black line.

Figure 27 (

 27 Figure 27 (a) High-resolution cross-sectional TEM image of a GaN/AlN heterostructure taken along the <11-20> zone axis and showing stacking faults [94]. (b) High-resolution electron microscopy image along the <11-20> zone axis showing {1-100} inversion domain boundaries in GaN grown on sapphire [89].

Figure 28

 28 Figure 28 describes the different types of stacking faults observed in Figure 27(a) as an example.

Figure 28

 28 Figure 28 Schematic description of the defect structure observed in Figure 27 (a), projected along (a) the <11-20> zone axis and (b) the [0001] axis.[START_REF] Kandaswamy | Nanostructures Al(Ga)N/GaN pour l'optoélectronique intersousbande dans l'infrarouge proche et moyen[END_REF] 

  subsection 1.2.1, we established the lattice deformation:

Figure 29

 29 Figure 29 Polarization directions, sheet carrier densities and band diagrams in GaN and AlGaN for (a) unstrained GaN or AlGaN (b) tensile-strained AlGaN on a relaxed GaN buffer (c) compressively-strained GaN grown on a relaxed AlGaN buffer. (Modified from [98])

  𝐴𝑙𝑁 and 𝑙 𝐺𝑎𝑁 are the barrier and well widths, 𝜖 𝐴𝑙𝑁 and 𝜖 𝐺𝑎𝑁 are the barrier and well dielectric constants. The electric field in the GaN well causes what is known as the quantum confined Stark effect (QCSE): the first electron level e1 in the conduction band and the first hole level h1 in the valence band get closer in energy, which induces a redshift of the band-to-band transition energy e1-h1, as compared to square potential profiles [102]. As illustrated by Figure 30, QCSE also results in the spatial separation of electron and hole wavefunctions, which weakens the band-to-band oscillator strength, and therefore results in large radiative lifetimes.

Figure 30

 30 Figure30QCSE on the electron wavefunction (red) and the hole wavefunction (green) spatial separation, for a GaN/AlN (2 nm/ 4 nm) heterostructure, calculated using Nextnano 3 . The wavefunction represents the probability of presence of the carrier.

  ⟨f f |e ⃗ . p ⃗ |f i ⟩⟨u ν′ |u ν ⟩ + ⟨f f |f i ⟩⟨u ν′ |e ⃗ . p ⃗ |u ν ⟩ = ⟨f f |e ⃗ . p ⃗ |f i ⟩δ νν′ + ⟨f f |f i ⟩⟨u ν′ |e ⃗ . p ⃗ |u ν ⟩ The two terms have very different character: (70) -⟨f f |f i ⟩⟨u ν′ |e ⃗ . p ⃗ |u ν ⟩ represents the band-to-band transition from band 𝜈 to band 𝜈′. -⟨f f |e ⃗ . p ⃗ |f i ⟩δ νν ′ represents the ISB transition and is non-zero when two envelope states are taken from the same band (i.e. ν = ν′). The ISB transition is thus governed by ⟨f f |e ⃗ . p ⃗ |f i ⟩.

Figure 31

 31 Figure 31 Experimental geometries allowing the measurement of ISB transitions. (Reproduced from [41])

Figure 32

 32 Figure 32 Schematic description of relevant scattering mechanisms in the two different cases: the transition energy is larger than the LO phonon energy (short-wavelength and mid-infrared) or the transition energy is smaller than the LO phonon energy (THz). (Modified from [41])

Figure 33

 33 Figure[START_REF] Vegard | Die Konstitution der Mischkristalle und die Raumfüllung der Atome Z[END_REF] Scattering by an optical phonon between two subbands. (Modified from[START_REF] Faist | Intersubband optoelectronics lecture notes[END_REF])

  -2,2 → 1,1 and 2,2 → 2,1, which tend to transfer the electrons from the upper to the lower subbands. The 2,2 → 1,1 process is the dominant electron-electron scattering, and we note that the 2,2 → 2,1 scattering is forbidden by parity in a symmetric structure[129]. The computation of the 2,2 → 1,1 electron-electron scattering rate by[130] demonstrates the linear dependence of the scattering rate on the electron density, and its inverse dependence on the ISB transition energy. As a result, electron-electron scattering is expected to play a significant role only for structures with very little impurities at low temperature.

Figure 34

 34 Figure 34The different electron-electron scattering processes.

Figure 36

 36 Figure 36 Schematic representation of the direct Coulomb interaction in the case of doping in the barriers. The electrons tunnel towards the QW and the spatial separation between electrons (e-) and ionized donors (D + ) creates an electrostatic potential 𝑬 ⃗ ⃗ across the structure.

  6 THz [171]. The second one involves the replacement of the usual polar c-oriented GaN by GaN in alternative crystallographic orientations where the intensity of the internal electric field in reduced (semipolar GaN) or null (nonpolar GaN).

Figure 37

 37 Figure 37 Band diagram (a) and structure (b) proposed by Beeler et al. for a THz c-plane GaN/AlGaN heterostructure with a quasi-square potential profile in the wells. (Reproduced from [171])

Figure 38

 38 Figure 38 Band diagram of (0001)-and (11-22)-oriented GaN/AlN (2.5 nm/ 5 nm) MQWs assuming structures fully-strained on AlN and on GaN. (Modified from [192])

Figure 40

 40 Figure 40 TM-polarized FIR ISB absorbance spectra. (Reproduced from [198])

  shows the transmittance spectra of sapphirebased and Si(111)-based substrates in the SWIR and MIR. Sapphire-based templates are transparent in the SWIR but have a cut-off at ≈ 6 µm. We used AlN-on-sapphire templates to grow Si-and Gedoped polar GaN/AlN MQWs with ISB absorption in the SWIR (section 3.3), and GaN-on-sapphire templates to grow the reference GaN/AlN polar MQWs with ISB absorption in the SWIR (section 4.3).

Figure 41

 41 Figure 41 Transmittance spectra of sapphire-based and Si(111)-based substrates in the (a) SWIR and (b) MIR, measured by Fourier transform infrared spectroscopy. (Reproduced from [204])

Figure 42

 42 Figure 42 Typical AFM images of the (a) GaN-on-sapphire templates and (b) AlN-on-sapphire templates used in this work. (Modified from [205])

Figure 43

 43 Figure 43 Schematic description of the GaN-on-Si(111) templates used in this work.

Figure 44

 44 Figure 44 AFM image of the GaN-on-Si(111) templates used in this work. (Reproduced from [205])

Figure 45

 45 Figure[START_REF] Bourne | The band structure of GaN[END_REF] Transmission spectra of semi-insulated and n-doped free-standing GaN substrates.

Figure 46

 46 Figure 46 Typical AFM images of the (a) a-plane and (b) m-plane free-standing substrates used in this work.

Figure 47

 47 Figure 47 Atomistic processes that can occur at the surface during the growth.

Figure 48

 48 Figure 48 Growth modes as a function of the adatom mobility: (a) multi-layer growth, (b) and (c) layer-bylayer growth, (d) step-flow growth.

Figure 49

 49 Figure 49 Possible heteroepitaxy growth modes: (a) Volmer-Weber (b) Franck van der Merwe (c) Straski-Krastanov.

Figure 50

 50 Figure 50 Schematic of the plasma-assisted MBE we used.

Figure 51 (

 51 Figure 51 (a) Photograph and (b) schematic of the nitrogen plasma cell.

Figure 52

 52 Figure 52 Description of a standard effusion cell.

Figure 53

 53 Figure 53 Schematic description of the RHEED measurement principle.

Figure 54

 54 Figure[START_REF] Matsumoto | Temperature Dependence of Photoluminescence from GaN[END_REF] Schematic description of the procedure to determine the growth rate from the variation of the RHEED intensity.

Figure 55

 55 Figure 55 Schematic representation of the process occurring during a GaN layer growth. (Reproduced from [226])

Figure 56

 56 Figure 56 RHEED intensity oscillations and pattern at different III/V ratios.

Figure 57

 57 Figure 57 Schematic representation of the laterally-contracted Ga bilayer model [228].

Figure 58

 58 Figure 58 Ga coverage on top of the GaN(0001) surface as a function of the Ga flux. (Reproduced from [204])

Figure 59

 59 Figure 59 Ga coverage regimes as a function of both substrate temperature and impinging Ga flux.

Figure 60 (

 60 Figure 60 (a) RHEED pattern of an Al-rich AlN surface (azimuth <11-20>). (b) Intensity profile along the <11-20> direction. The extra streaks due to the Al excess are indicated by the arrows. (Reproduced from [229])

Figure 61

 61 Figure 61 Ga coverage of polar GaN(0001) and semipolar GaN(11-22) surfaces in function of the Ga flux. (Modified from [232])

Figure 62

 62 Figure 62 Schematic of the AFM setup.

Figure 63

 63 Figure 63The Rigaku Smartlab system in the used configuration.

Figure 64

 64 Figure[START_REF] Gorczyca | Optical phonon modes in GaN and AlN[END_REF] Schematic of all the rotation angles:  is the angle defined by the incident beam and the sample surface,  is the angle of in-plane rotation,  is the angle of off-plane rotation, and θ is the angle defined by the detector direction and the sample surface.

Figure 65

 65 Figure 65 Schematic of the sample orientation: after orientation, the atomic planes normal is parallel to the axis.

Figure 66

 66 Figure 66 Schematic of the PL setup.

Figure 67

 67 Figure 67 Schematic of the FTIR setup in the transmission mode.

Figure 68

 68 Figure 68 Atmosphere absorption lines in the IR window.

Figure 70

 70 Figure 70 Effect of mirror tilt on a flat mirror and on a cube corner mirror.

Figure 71

 71 Figure 71 Multipass waveguide configurations in the case of 45° polishing for measurements (a) in the SWIR and MIR and (b) in the FIR.

Figure 72

 72 Figure 72 Illustration of the Hall effect

Figure 73

 73 Figure 73 RHEED intensity oscillations during the Ga desorption after the growth of non-intentionally doped GaN and of GaN:Ge for different Ge cell temperatures. (Modified from ref. [234])

Figure 74

 74 Figure 74 AFM images of n.i.d. and Ge-doped GaN thin films. [Modified from [234]]

Figure 75 (

 75 Figure 75 (a) Free carrier concentration measured by Hall effect as a function of the Ge cell temperature. The dashed line is a fit to Eq. (89) (b) For reference, free carrier concentration as a function of the Si cell temperature. (Modified from [234])

Figure 76

 76 Figure 76 PL spectra at (a) 5 K and (b) 300 K. The spectra are normalized and vertically shifted for clarity. (Modified from [234])

Figure 77 (

 77 Figure 77 (a) HAADF-STEM image of the GaN/AlN NW heterostructures. The dark layers correspond to the AlN barriers and the bright layers correspond to the GaN disks. (b) Zoom into the squared region in (a) displayed in temperature color code. (c) HR-TEM image of the first three GaN:Ge disks (near the GaN stem). The dashed line highlights the presence of facets. (d) HR-XRD ω-2θ scan around the (0002) reflection of sample N70, and corresponding simulation. The simulation is down shifted for clarity. (Reproduced from [235])

Figure 78

 78 Figure 78 Low temperature PL spectra for different doping concentrations. Spectra are normalized and vertically shifted for clarity. (b) Normalized integrated PL intensity of the samples shown in (a) as a function of temperature. Solid lines are fits to Eq. (92). Inset: Simplified three-level model of the PL dynamics. (Modified from [235])

Figure 79 (

 79 Figure 79 (a) Time-resolved PL spectra for sample N70 (doped with [Ge] = 1.7 × 10 20 cm -3 ). The red line follows the intensity maximum as a function of time. (b) Evolution of the PL spectra as a function of time. The time of maximum intensity is taken as t = 0. The spectra are acquired with a time integration window of 0.4 ns. The red line follows the intensity maximum. (c) Evolution of the PL peak intensity as a function of time. The dashed black line is an exponential fit to the PL decay for times longer than 60 ns. (Reproduced from [235])

Figure 80 (

 80 Figure 80 (a) Low-temperature PL decay for NWs with different doping concentrations. (b) PL decay characteristic times extracted from the exponential part of the PL decays [similar to Figure 79 (c)], plotted as a function of temperature. The emission wavelengths are indicated in the figure. Superimposed, PL decay times of an n.i.d. GaN/AlN QW emitting at approximately the same wavelength that the n.i.d. NWs. (Modified from [235])

Figure 81 (

 81 Figure 81 (a) Schematic representation of three GaN/AlN nanodisks in the center of the nanowire heterostructures. The structure is viewed along the <1-100> direction. White areas correspond to GaN and yellow areas correspond to AlN. (b) Calculation of the εxx strain component (strain along <11-20>) for these

Figure 82 (

 82 Figure 82 (a)-(d) Calculation of the conduction and valence band profiles and first electronic levels of electrons (blue) and holes (pink). (a), (b) Conduction and valence band profiles along [000-1] taken at the center of the NW, for (a) undoped nanodisks and (b) Ge-doped nanodisks (ND = 1.7×10 20 cm -3 ). The ground electron and hole levels are indicated by dashed lines. In (a), the ground hole level is not indicated because the value of the squared wavefunction along the center of the NW is zero. (c), (d) Radial conduction and valence band profiles

Figure 83

 83 Figure 83 Calculation of the electric field along [11-20] at the top of the nanodisk for various doping concentrations in the nanodisks, with surface charges at a concentration of σ = -2×10 12 cm -2 . (Modified from [235])

Figure 84 (

 84 Figure 84 (a) Sketch of the GaN/AlN MQWs structure. (b) Band diagram calculated using the Nextnano 3 software.

Figure 85

 85 Figure 85 XRD -2θ scans of the (002) reflection of samples E3587 and E3588.

Figure 86

 86 Figure 86 PL spectra of the Ge-doped and Si-doped samples measured at 5 K.

Figure 87

 87 Figure 87 TM-polarized ISB absorption of the Ge-and Si-doped samples measured at room temperature. The dashed lines indicate the theoretical ISB absorption energy at 0.71 eV.

Figure 88 (Table 14

 8814 Figure 88 (a) Sketch of the GaN/AlGaN MQWs structure. (b) Band diagram calculated using the Nextnano 3 software.

Figure 89

 89 Figure 89 PL spectra of the Ge-doped and Si-doped samples measured at 5 K.

Figure 90

 90 Figure 90 TM-polarized ISB absorption of the Ge-and Si-doped samples measured at room temperature.

  Schörmann, who helped me with the XRD measurements, C. Bougerol and B. Haas (TEM) and J. Lähnemann (CL measurements). The complete study was published in "Nonpolar m-plane GaN/AlGaN heterostructures with intersubband transitions in the 5-10 THz band", C. B. Lim et al., Nanotechnology 26, 435201 (2015) [274].

Figure 91 (

 91 Figure 91 (a) Saturation of the energy distance in the QW as its width increases. (b) Dependence of the ISB transition energy in polar and nonpolar MQWs with different strain states.

Figure 92

 92 Figure 92 RHEED intensity of the Ga desorption transient for different Ga flux (Ga cell temperature indicated on the right side of the figure) for (a) the c-plane GaN (b) the m-plane GaN. The dashed lines indicate equivalent states of desorption.

Figure 93

 93 Figure 93 Absolute Ga surface coverage as a function of the impinging Ga flux for c-GaN and m-GaN.

Figure 94

 94 Figure 94 AFM images of m-plane and c-plane GaN grown in the same Ga-rich conditions.

Figure 95

 95 Figure 95 AFM images of (a) c-plane (b) a-plane (c) m-plane (2.5 nm/3.5 nm) GaN/AlN MQWs grown simultaneously under Ga-rich conditions on GaN-on-sapphire and bulk a-and m-GaN, respectively.

Figure 96 (Figure 97 :

 9697 Figure 96 (a) Sketch of the MQW structure. Conduction band diagram of a QW in the center of the active region of sample E3304 grown on (b) nonpolar (c) polar substrate, with the two first electron confined energy levels (e1, e2) and their electron wavefunction. Calculations were performed using Nextnano 3 software. (Modified from [278])

Figure 98

 98 Figure 98 SEM and AFM images of GaN/AlN (3.1/3.6 nm) MQWs grown on (a) a-plane and (b) m-plane. Note that the crystallographic axis are the same for both the SEM and AFM images. (Reproduced from [273])

Figure 99

 99 Figure 99 XRD -2θ scans of the (3-300) reflection of samples E3303m, E3304m, and E3305m and the (11-20) reflection of samples E3303a and E3304a. The corresponding QW thicknesses are indicated at the right side of the figure. (Reproduced from [273])

Figure 100

 100 Figure 100 Reciprocal space maps of sample E3304m around the asymmetric reflections (a) (3-302) with the c-axis in the diffraction plane and (c) (3-2-10) with the a-axis in the diffraction plane, and the symmetric reflection (b) (3-300) oriented along c. (Reproduced from [273])

Figure 101

 101 Figure 101 Strain state of the MQWs extracted from the XRD measurements. (a) In-plane lattice parameter a (m samples) or m (a samples). (b) In-plane lattice parameter c. (c) Out-of-plane lattice parameter. Dashed lines indicate the lattice mismatch between a relaxed AlGaN layer with the average Al concentration of the MQW and the GaN substrate. (Reproduced from [273])

Figure 102 :

 102 Figure 102 : HR-TEM image of the GaN substrate/MQW interface in sample E3304m viewed along <11-20>, displaying a high density of stacking faults. (Reproduced from [287])

Figure 104 (

 104 Figure 104 (a) TM-polarized ISB absorption of the samples measured at room temperature. Data are normalized and vertically shifted for clarity. The corresponding QW thicknesses are indicated on the right side. (b) ISB energies as a function of the QW width. Solid lines correspond to theoretical simulations assuming that the inplane lattice parameters of the MQWs correspond to those of a relaxed AlGaN alloy with the average Al composition of the structure. (Reproduced from [273])

Figure 105

 105 Figure 105 (a) Sketch of the MQW structure. Conduction band diagram with first four energy levels and electron wavefunctions of a QW in the center of the active region of samples (b) E3399m, (c) E3402m, (d) E3399c, and (e) E3402c. (Modified from [273])

Figure 106

 106 Figure 106 Typical (a) SEM and (b) AFM images of the GaN/AlGaN MQWs in Table 16. Note that the crystallographic axis are the same for both images. Measurements correspond to sample E3399m. (Reproduced from [273])

Figure 107

 107 Figure 107 HAADF-STEM image of a sample E3402m viewed along <11-20>. Layers with dark and bright contrast correspond to the AlGaN barriers and GaN QWs respectively. (Reproduced from [287])

Figure 108

 108 Figure 108 (a) PL spectra of the m-and c-plane GaN/AlGaN MQWs in Table 16 measured at low temperature. Data are normalized and vertically shifted for clarity. The corresponding QW thicknesses are indicated on the left side. (b) PL peak energies as a function of the QW width. Error bars correspond to the FWHM of the PL emission. Solid lines are theoretical calculations of the band-to-band transition assuming that the in-plane lattice parameters of the MQWs correspond to those of a relaxed AlGaN alloy with the average Al composition of the structure. Dashed lines mark the location of the GaN band gap. (Reproduced from [273])

Figure 109

 109 Figure 109 PL peak intensity versus temperature and fit to equation (93) for sample E3399m.

  (a) and (b). In nonpolar structures, increasing the QW width leads to a redshift of the ISB energies from 308 to 213 meV (4.0 to 5.8 µm), in agreement with calculations as shown in Figure 110 (c). The deviation observed in the sample with the largest QWs (calculated transition at 186 meV) is attributed to the proximity of the second order of the Reststrahlen band at 184 meV (6.7 µm), which sets the onset of substrate absorption [shadowed area in Figure 110 (a) and (c)]. These results complete the work of The University of Tokyo [296], which has recently demonstrated room-temperature MIR ISB absorption in the range from 256 meV to 295 meV (4.20 to 4.84 µm) in m-plane GaN/Al0.5Ga0.5N MQWs grown by MOCVD on free-standing m-GaN substrates. The same group also recently studied the temperature-dependence of MIR ISB absorption in m-GaN/AlGaN MQWs

Figure 110

 110 Figure 110 TM-polarized ISB absorption spectra for (a) the m-plane and (b) c-plane GaN/AlGaN MQWs in Table 16 measured at room temperature. Data are normalized and vertically shifted for clarity. The corresponding QW thicknesses are indicated on the right side. ISB energies as a function of QW width for all (c) m-plane and (d) c-plane samples. Solid lines are theoretical calculations assuming that the in-plane lattice parameters of the MQWs correspond to those of an AlGaN alloy with the average Al composition of the structure. Note that the calculations represented as a function of the well width do not follow a linear trend since two parameters (Al composition of the barriers and QW width) are changed in the simulations. Shadowed areas in graphs (a) and (c) mark the second order of the Reststrahlen band of GaN. (Reproduced from [273])

Figure 111 (

 111 Figure 111 (a) Sketch of the sample structure. (b) Conduction band diagram with the three first electronic states and their square wavefunctions of a QW in the center of the active region of sample E3419m. (Modified from [274])

Figure 112

 112 Figure 112 AFM image of sample E3420m showing smooth surface morphology (RMS = 0.32 nm) with monoatomic steps. (Reproduced from [287])

  (a) and (b) show cross-section HAADF-STEM images of sample S2, viewed along (a) <0001> and (b) <11-20>. The images show the flatness of the QW interfaces along the two perpendicular directions. Furthermore, no dislocations or stacking faults appear in the epitaxial layers, which was further confirmed by HR-TEM measurements.

Figure 113

 113 Figure 113 Cross-section HAADF-STEM images of sample E3419m viewed (a) along <0001>, and (b) along <11-20>. Layers with dark and bright contrast correspond to the AlGaN barriers and GaN QWs, respectively. (Modified from [274])

Figure 114 Figure 115

 114115 Figure 114 Layers with dark and bright contrast correspond to the AlGaN barriers and GaN QWs, respectively. (a) Cross-section HAADF-STEM image of sample E3419m viewed along <11-20> and intensity profile along <0001>. (b) High-resolution HAADF-STEM image of the barrier/QW interface showing that the variations of contrast in the image are not associated to structural defects. (Reproduced from [274])

Figure 116

 116 Figure 116 HR-XRD ω-2θ scans of the (3-300) reflection of samples E3420m and E3423m. Simulations assume the structures fully strained on the GaN substrate. (Reproduced from [274])

Figure 117

 117 Figure 117 CL spectral line-scan on the cross-section of sample E3419m measured at T = 5 K. The intensity is color-coded on a logarithmic scale. The sketch on the right side shows the corresponding sequence of layers. (Modified from [275])

Figure 118 (

 118 Figure 118 (a) Variation of the PL spectrum of sample E3423m as a function of temperature, from 5K to 300K. (b) Variation of the PL intensity of the MQW-related PL peak with temperature. Squares correspond to the experimental data and the red solid line correspond to the fit to equation (94). (Reproduced from [287])

Figure 119

 119 Figure 119 (a) Transmission spectra of TM and TE-polarized light of sample E3419m measured in the THz range. Inset: Magnification of the transmission spectra showing Fabry-Pérot oscillations. (b) Transmission spectra of TM-polarized light of sample E3419m and of the substrate, measured in the THz range. Inset: Normalized broadening of the absorbance as a function of the doping density in the MQWs. Hollow square symbols are extracted from Ref. [198], and the full round symbol corresponds to this work. (Reproduced from [274])

Figure 120

 120 Figure 120 Normalized absorbance of TM-polarized light for the samples under study in the THz range. Data are vertically shifted for clarity. The striped and shadowed areas represent the phonon absorption bands of GaAs and GaN, respectively. (Reproduced from [274])

Figure 121

 121 Figure 121 Cross-section HAADF-STEM images of sample E3448m, viewed along the <11-20> zone axis showing two QWs in the middle of the stack. Clear areas correspond to GaN, darker contrast reveals the presence of aluminum. (Modified from [275])

Figure 122 (

 122 Figure 122 (a) Temperature-dependent PL spectra measured for sample E3448m. Data are vertically shifted and the AlGaN peaks (light blue) are magnified by a factor 10 for clarity. (b) Temperature-dependent energy of GaN and AlGaN band-to-band transitions in sample E3448m and fit to the Varshni law. (Modified from [275])

Figure 123

 123 Figure 123 Illustration of the temperature-induced transition from a localized state of the exciton to a free exciton. Left: Temperature-dependent energy of the AlGaN band-to-band transition for sample E3448m. Right: Illustration of the delocalization process on an energy diagram scheme in the reciprocal space.

Figure 124

 124 Figure 124 Estimation of the localization energy ELoc for sample E3448m. The dotted line corresponds to the measured band-to-band transition energy of the AlGaN cap layer. The red solid line corresponds to the fit to the Varshni law for temperatures above 100 K (range between brackets), extrapolated to the full range of temperatures.

Figure 125

 125 Figure 125 AlGaN cap exciton localization energy as a function of doping density. (Modified from [275])

Table 19 Figure 127

 19127 Figure 127 Sketch of the MQW structure.

Figure 128

 128 Figure 128 AFM image of sample E3540m showing smooth surface morphology (RMS = 0.28 nm), comparable to that observed on the Si-doped FIR structures.

Figure 129

 129 Figure 129 HR-XRD ω-2θ scans of the (3-300) reflection of samples E3643m (Ge-doped) and E3445m (Sidoped).

Figure 130

 130 Figure 130 Cross-section HAADF-STEM image of sample E3541m viewed along <11-20>. Layers with dark and bright contrast correspond to the AlGaN barriers and GaN QWs, respectively.

Figure 131

 131 Figure 131 ISB absorption spectra in the FIR from (a) Si-doped (b) Ge-doped MQWs and (c) their normalized broadening in function of the doping density. (Modified from [275])
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Table 1

 1 Classification of the IR spectral range [11].

	Classification	Wavelength (µm)
	Near-IR	0.75 -1.4
	Short-wavelength IR	1.4 -3
	Mid-wavelength IR	3 -8
	Long-wavelength IR	8 -15
	Far-IR	15 -1000

Table 2

 2 Lattice parameters of bulk wurtzite GaN and AlN at room temperature.

	Lattice parameter GaN AlN Ref.
	a (Å)	3.189 3.112 [34]
	c (Å)	5.185 4.982 [34]
	u (Å)	

Table 4

 4 Static and high-frequency dielectric constants of GaN and AlN at T = 300 K

Table 5

 5 Elastic coefficients of GaN and AlN[START_REF] Wright | Elastic properties of zinc-blende and wurtzite AlN, GaN, and InN[END_REF][START_REF] Polian | Elastic constants of gallium nitride[END_REF].

		C11	C12	C13	C33	C44
		(GPa)	(GPa)	(GPa)	(GPa)	(GPa)
	GaN	390	145	106	398	105
	AlN	396	140	108	373	116

Table 6

 6 Dislocations observed in hexagonal structure. P: prismatic, B: basal, SS: stacking sequence.

Table 7

 7 Stacking faults in hexagonal structure. 𝑹 ⃗⃗ is the displacement vector. P: prismatic, B: basal, SS: stacking sequence.

Table 8

 8 Piezoelectric constants of GaN and AlN.

Table 9

 9 Material parameters used in the theoretical calculations.

	Parameters (units)	[ref.]		GaN	AlN
	Lattice constants (nm)	[34][150][149][147][146][15 1][150][153][152][140][139]	a c	0.3189 0.5185	0.311 2 0.498 2
	Spontaneous polarization (C.m -2 )	[35]		-0.029	-0.081
	Piezoelectric constants (C.m -2 )	[35]	e13 e33	-0.49 0.73	-0.60 1.46
			C11	390	396
	Elastic constants (GPa)	[72,73]	C12 C13	145 106	140 108
			C33	398	373
	Dielectric constants	[200]		10	8.5
			A1	-5.947	-3.991
			A2	-0.528	-0.311
			A3	5.414	3.671
			A4	-2.512	-1.147
	Luttinger parameters	[201]	A5	-2.510	-1.329
			A6	-3.202	-1.952
			A7	0	0
			E P ∥ (eV)	14	17.3
			E P ⊥ (eV)	14	16.3
			ac1	-4.6	-4.5
			ac2	-4.6	-4.5
			D1	-1.70	-2.89
	Deformation potentials (eV)	[200]	D2 D3	6.30 8.00	4.89 7.78
			D4	-4.00	-3.89
			D5	-4.00	-3.34
			D6	-5.66	-3.94
	Band offset (eV)	[71]		1.8	

Table 10

 10 List of techniques used to grow GaN and AlN and their specifications.

	Technique	Principle	Precursors	Growth temperature	Results
	MOVPE/ MOCVD	Chemical reaction	Mixtures NH3 and (CH3)3M, M being In, Ga, or Al [209]	1000-1100°C [210-212]	High growth rate (1-3 µm/h) and excellent material quality and control over layer thickness and doping.
					Very high growth rate (up to
	HVPE	Physical deposition	GaCl, NH3 [213]	1000-1050°C [210,214-216]	100 µm/h). synthesize mm-thick GaN Possibility to crystal boules to slice free-
					standing wafers [217].
					Low growth rate (0.2-1 µm/h),
	MBE	Physical deposition	High purity metals and N2 or NH3	600-800 [218]	excellent control over layer composition and thickness.
					Real-time in-situ control.
	Reactive sputtering	Physical deposition	High purity metals or III-nitride blanks and N2		

Table 11

 11 Description of the samples under study: temperature of the Ge cell during growth and free carrier concentration measured by Hall Effect.

	Sample

TGe (°C) Free carrier concentration (× 10 18 cm -3 )

  

	E3495	720	0.78 ± 0.07
	E3496	760	1.0 ± 0.1
	E3482	800	2.4 ± 0.2
	E3483	850	13 ± 1
	E3484	875	31 ± 3
	E3480	900	68 ± 7
	E3485	925	150 ± 20
	E3481	950	260 ± 30
	E3487	1000	670 ± 70
	E3488	(n.i.d.)	

20 cm -3 ) Period from HR-XRD (nm) Ea (meV) α2

  

	N40	(n.i.d.)	7.5  0.2	40  10	9  2
	N60	0.9	7.6  0.2	54  10	31  2
	N70	1.7	7.4  0.2	53  10	42  2
	N80	3.7	7.4  0.2	68  10 131  2

  20 

Table 16

 16 Structural and optical characteristics of the GaN/AlGaN samples: QW thickness (tQW); MQW period measured by XRD; Al composition in the barrier (xB); PL peak energy; simulated and measured first (e1→e2), second (e1→e3) and third (e1→e4) ISB transition energies. (*) Thickness extrapolated from XRD measurements of other samples in the same series.

	Sample	tQW (nm)	XRD Period (nm)	xB (%)	PL peak energy (eV)	Simul. (e1→e2) / Meas. ISB transition (meV)	Simul. (e1→e3, e1→e4) / Meas. ISB transition (meV)
	E3399m 3.1	25.7 (*)	26	3.60	186 / 222	--
	E3401m 2.8	25.4 (*)	31	3.64	223 / 213	--
	E3403m 2.5	25.1 (*)	35	3.39	261 / 251	--
	E3402m 2.0	24.6 (*)	44	3.40	356 / 308	--
	E3399c	3.1	25.7 (*)	26	3.61	162 / 188	227, 256 / 270
	E3401c	2.8	25.4	31	3.68	200 / 209	264, 294 / 319
	E3403c	2.5	25.1	35	3.41	226 / 241	292, 323 / 326
	E3402c	2.0	24.6	44	3.46	290 / 286	358, 387 / 378
	4.4.2.					

Table 17

 17 Structural and optical characteristics of the m-plane GaN/AlGaN MQWs: QW and barrier thickness (tQW and tB, respectively); Al composition of the barriers (xB); MQW period measured by HR-XRD; FWHM of the -scan of the (3-300) x-ray reflection of the MQWs and of the GaN substrate, measured in the c and a directions (c and a, respectively); simulated ISB transition energy; measured ISB transition energy window and central energy.

	Sample	tQW (nm)	tB (nm)	xB (%)	Period (nm)	-scan FWHM MQW (arcsec)	-scan FWHM GaN (arcsec)	Sim. ISB transition energy (meV)	Meas. ISB transition energy window (meV)	Meas. ISB transition central energy (meV)
	E3420m	9.5				c = 35 a = 34	c = 34 a = 39	33	[13.4 -37.4]	25.4
	E3419m 10.0 			c = 38 a = 35	c = 35 a = 36	30.5	[18.1 -36.1]	27.1
	E3424m 10.4 			c = 22 a = 31	c = 24 a = 39	30.3	[6.3 -36.3]	21.3
	E3423m 12.9 			c = 38 a = 28	c = 42 a = 29	19.7	[7.9 -33.9]	20.9

Table 18

 18 Structural and optical characteristics of the m-plane GaN/AlGaN MQWs: Si doping concentration; FWHM of the -scan of the (3-300) x-ray reflection of the MQWs and of the GaN substrate measured with the c direction in the diffraction plane; FWHM of the MQW PL emission at T = 5 K; measured ISB transition energy; ISB absorption per pass.

	Sample

Si doping concentration (× 10 12 cm -2 )

  

	4.6.2.						
			-scan FWHM MQW (arcsec)	-scan FWHM GaN (arcsec)	PL at T = 5 K FWHM (meV)	Measured ISB transition energy (meV)	ISB absorption per pass (%)
	E3445m	3	23	22	10.3	35.5	9.1
	E3447m	1	44	33	5.2	28.2	10.0
	E3448m	0.3	20	19	4.0	31.0	7.3
	E3449m	0.1	35	35	6.3	27.6	2.9

La plupart des études sur le GaN se sont concentrées sur le GaN d'orientation polaire, dans lequel la présence d'un champ électrique rend les puits de potentiel asymétriques (triangulaires) et augmente le confinement des électrons dans les puits et finit par saturer la distance entre les niveaux d'énergie électroniques, empêchant ainsi l'extension des transitions intersousbandes dans les systèmes polaires GaN/AlGaN aux petites énergies de la fenêtre lointain infrarouge. L'utilisation de puits quantiques GaN/AlN épitaxiés selon les orientations non-polaires comme le plan m {1-100} et le plan a {11-20} est une alternative pour obtenir des hétérostructures sans champ électrique interne et ainsi, des puits de potentiel carrés. L'Illustration 4 montre la structure cristalline du GaN wurtzite étudié et les différents plans cristallographiques en jeu. Avant le début de ma thèse, l'hétéroépitaxie de multi-puits quantiques de GaN/AlN plan a sur des substrats de saphir plan r avait permis de démontrer de l'absorption intersousbande à 2.1 µm, mais les nombreux défauts cristallins résultant de la croissance sur des substrats en large désaccord de maille avec le GaN non-polaire rendait très difficile d'obtenir plus de résultats. Quelques mois avant le début de ma thèse, il fut possible de se procurer des substrats massifs de GaN non-polaire plan a et plan m de grande qualité cristalline, ce qui a stimulé la recherche dans ce domaine et conduit à de rapides progrès quant à l'épitaxie des structures et le développement de technologies intersousbandes à base de GaN non-polaire, telles qu'un détecteur QWIP plan m par exemple. Aux vues des résultats prometteurs obtenus après homoépitaxie de GaN non-polaire, nous avons décidé au début de ma thèse d'évaluer le potentiel des multi-puits quantiques 2D de GaN/AlGaN non-polaires pour l'optoélectronique infrarouge.

We wish you a pleasant reading.
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nitrogen-cooled mercury-cadmium-telluride detector. For characterization in the FIR, we used a mercury lamp source, a Si beam splitter and a helium-cooled Si bolometer. The working principle of the FTIR spectrometer is based on the Michelson interferometer, represented in Figure 69 (a). In consists of a source (S), a detector (D), a beam splitter (BS), a fixed flat mirror (M1) and a moving flat mirror (M2). Ideally, the beam splitter transmits 50% of the incident radiation and reflects the other 50%. That way, the beam splitter separates the source IR light into two optical beams: one is transmitted through and reflects off of the flat fixed mirror M1, and the other one reflects off of the beam splitter to the mirror with constantly moving mechanism M2. The beams reflected from the mirrors M1 and M2 are recombined at the beam splitter. As the moving mirror M2 travels back and forth, various wavelengths of light go in and out of phase. By recording the signal received by the detector at different precise intervals, the raw data for the interferogram is generated, as shown in Figure 69 (b). The main peak of highest intensity corresponds to the interference of two beams with zero optical path difference. The reduction of the distance between the fringes when the path difference is increased makes them more difficult to see. The interferogram is then converted into an absorption spectrum using Fast Fourier Transform algorithm.

In the FTIR though, the flat mirrors are replaced by cube corner mirrors. These mirrors are practically immune to mirror tilt, as shown in Figure 70, allowing the interferometer to have a stable permanent alignment. This way, the light can recombine precisely at the beam splitter, and the stability, resolution, spectral quality, and thus signal-to-noise ratio are maximized.

Chapter 3.

Germanium and silicon doping

In this chapter, we assess the effect of doping on the structural and optical properties of polar cplane GaN/AlGaN multi-quantum wells, designed to show intersubband absorption in the shortwavelength, mid-and far-infrared ranges. We first explain the issues related to silicon doping, and then introduce germanium as an alternative dopant. As an example of the interest of germanium doping, we study its effect on the optical characteristics of GaN/AlN nanowires. Finally, we compare the optical and structural properties of c-plane GaN/AlGaN multi-quantum wells doped with different concentrations of silicon and of germanium. 

Nonpolar orientation

In this chapter, we study the possibility to use nonpolar orientations of GaN to obtain heterostructures without internal electric field, which is a major hurdle to extend the operation range of GaN-based intersubband devices towards the far-infrared. We start by introducing our motivation to work with nonpolar GaN. Then we detail the growth conditions of our structures. We continue by presenting two possible nonpolar planes, a and m, and we justify our choice to work with the m orientation through the comparative study of a-vs m-plane GaN/AlN multiquantum-wells showing intersubband transition in the short-wavelength infrared range. The study is then extended to m-plane GaN/AlGaN multi-quantum wells with intersubband transitions in the mid-and far-infrared. In Figure 103 (b), the PL peak emission energies are compared with theoretical calculations assuming that the in-plane lattice parameters correspond to those of an AlGaN ternary alloy with an Al composition equal to the average Al content of the MQW. For nonpolar samples, their luminescence is systematically above the GaN band gap, confirming the absence of internal electric field. For the c-plane samples, the emission energy shifts below the GaN band gap when increasing the well width. In general, the emission energies are in agreement with the theoretical calculations. The deviation from the calculations observed for the smallest QWs (E3303) is attributed to carrier localization in thickness fluctuations in such small QWs (the thickness of a GaN monolayer being ≈ 0.25 nm).

 In polar structures the internal electric field renders the ISB transition energies more sensitive to QW thickness fluctuations compared to nonpolar structures. In 2-nm-thick polar QWs, a variation of the QW thickness by 0.25 nm may shift the ISB energy by 100 meV (typical interface roughness in the range of ±0.25 nm). In contrast, in 2-nm-thick nonpolar QWs, a variation of the QW thickness by 0.25 nm shifts the ISB energy by less than 50 meV. The typical thickness fluctuations observed in HR-TEM images of nonpolar GaN/AlN QWs being as high as ±1 nm might explain the deviation from the expected energies.

Conclusions

In summary, we have grown 40-period GaN/AlN MQWs with various GaN QW widths, with the QWs doped with Si, designed to show ISB absorption in the SWIR range. To allow their comparison, each design was grown simultaneously on 3 substrates: a bulk nonpolar a-plane GaN substrate, a bulk nonpolar m-plane GaN substrate and polar c-plane GaN template. Compared to nonpolar a plane samples, m-plane structures display better results in terms of mosaicity, surface roughness, PL linewidth and intensity, and ISB absorption. Furthermore, the m-plane GaN/AlN MQWs showed ISB absorption in the 1.5-2.9 µm range, covering the whole SWIR spectrum, with performance comparable to polar c-plane MQWs.

m-plane GaN/AlGaN MQWs with ISB transition in the Mid-Infrared

Based on the results of chapter 4.3, we now analyze the possibility to cover the MIR spectral region with nonpolar m-plane GaN/AlGaN MQWs.

Sample description

To obtain ISB transition in this spectral range, we enlarge the QW widths, and we replace the AlN barriers by AlGaN (i.e. decrease the Al composition of the barrier) with a twofold purpose: reducing the lattice mismatch in the MQW and approaching the excited level in the QW to the continuum to mimic the band diagram of a QWIP by reducing the band offset. A sketch of the designed structures is shown in Figure 105. Four m-plane structures were designed to display ISB transitions between the ground conduction band level and the first excited level (e1→e2) in the 186-356 meV (3.4-6.7 µm) range, using the QW thicknesses and Al contents in the barriers summarized in Table 16. The samples consist of 50-period GaN/AlGaN MQWs with Al composition between 26% and 44%, and with each design being grown simultaneously on an m-plane free-standing s.i. GaN substrate and on a c-plane GaN-on-Si(111) template placed on the same molyblock. The barriers were chosen to be 22.6 nm thick, in order to prevent coupling between QWs even in the largest QWs. The QWs were Si-doped with [Si] ≈ 2×10 19 cm -3 for samples E3399, E3401, and E3402. Sample E3403 was doped with [Si] ≈ 8×10 18 cm -3 . The MQWs structures were capped with ≈ 100 nm GaN.

In this spectral range, we must keep in mind that the use of bulk GaN as a substrate sets an additional limit for characterization. Even though the GaN Reststrahlen band spans from 9.6 μm to 19 µm, absorption in the range of 6.7 µm to 9 µm has been observed in bulk GaN substrates with carrier concentrations <10 16 cm -3 , and was attributed to the second harmonic of the Reststrahlen band [START_REF] Yang | Photon absorption in the Restrahlen band of thin films of GaN and AlN: Two phonon effects[END_REF][START_REF] Hao | Infrared properties of bulk GaN[END_REF]121]. Figure 105 shows the band diagrams of the m-plane MQWs, together with those of Based on the models in [126,288], we calculated the normalized linewidth at low doping density (1×10 11 cm -2 ) taking into account the scattering by interface roughness (dominant at this low doping density), longitudinal acoustic and optic phonons and alloy disorder. In our estimation, we set the mean height of roughness parameter to Δ = 0.2 nm and adjusted the correlation length to λ = 70 nm, values that are consistent with AFM measurements. When increasing the Si concentration, the scattering by ionized impurities becomes dominant and sets a linear dependence of the linewidth on the doping density. From our experiment, increasing the doping concentration by one order of magnitude increases the normalized linewidth by a factor of 4.4.

The measured ISB transition energies extracted from the absorbance spectra are plotted in Figure 126 (c). The transition presents a blueshift that is assigned to many-body effects, namely exciton shift, exchange interaction and plasmon screening. From our calculations, the exciton shift β for the considered doping densities is of the order of 10 -14 , i.e. negligible compared to 1. This is why the considered many-body effects are the exchange interaction and plasmon screening or depolarization (which formula were established in subsection 1.3.1 of Chapter 1).

Based on [START_REF] Liu | Intersubband transitions in quantum wells: Physics and device applications[END_REF][START_REF] Bandara | Exchange interactions in quantum well subbands[END_REF], the magnitude of the exchange interaction Eexch (in red) was calculated as:
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