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Nowadays, communication networks are becoming more and more important, with the massive emergence of social networks, "streaming" platforms, or even the "Internet of things" for example. In this context where the demand in terms of communications continues to grow, it is necessary to find new technological solutions to overcome the limitations posed by current systems. The emergence of silicon photonics meets all the requirements related to these needs: this technology allows the creation of ultra-fast communication systems (thus making it possible to transmit more data on the same channel) and reduces the energy consumption of the components of the entire transmission chain. In addition, the use of silicon as the basis for these new systems makes it possible to take advantage of the great maturity of manufacturing processes already established in the microelectronics industry. During my thesis work, I dedicated my efforts to the exploration of nonlinear optical effects in photonic components compatible with silicon technology. The first goal was to study the possibility of exploiting Pockels effect (a second order nonlinear effect) in silicon to produce ultra-fast and power-efficient electro-optical modulators. Due to the centro-symmetry of the crystal lattice of silicon, this effect is absent in this material. The solution envisaged in this work is to apply a stress on the waveguide in order to deform it and therefore break the crystalline symmetry. Thus, Pockels effect becomes theoretically possible. Modulation experiments in static regime as well as in hyper-frequency regime were carried out. The results show the difficulty of separating the different effects responsible for the observed electro-optical modulation.

Titre : Optique non linéaire pour la photonique silicium Mots clés : Photonique, silicium contraint, optique non linéaire Résumé : De nos jours, les réseaux de communications prennent de plus en plus d'importance, avec le déploiement massif des réseaux sociaux, de plateformes de « streaming », ou encore de « l'Internet des objets » par exemple. Dans ce contexte où la demande en termes de communications ne cesse de croître, il est nécessaire de trouver de nouvelles solutions technologiques pour dépasser les limitations posées par les systèmes actuels au niveau des bandes passantes, de l'énergie consommée, du coût et de l'intégration. L'émergence de la photonique silicium répond à l'ensemble des exigences relatives à ces besoins : cette technologie permet la création de systèmes de communications ultra-rapides (permettant ainsi de transmettre plus de données sur un même canal), et réduit la consommation énergétique des composants de l'ensemble de la chaîne de transmission. De plus, l'utilisation du silicium comme base pour ces nouveaux systèmes permet de profiter de la grande maturité des procédés de fabrication déjà établis dans l'industrie de la microélectronique. Au cours de mes travaux de thèse, j'ai dédié mes efforts à l'exploration d'effets optiques non linéaires dans des composants photoniques compatibles avec la technologie silicium. Le premier objectif a été d'étudier la possibilité d'exploiter l'effet Pockels (effet non linéaire d'ordre deux) dans le silicium pour réaliser des modulateurs électro-optiques ultra-rapides et peu coûteux en énergie. Du fait de la centro-symétrie de la maille cristalline du silicium, cet effet est absent dans ce matériau. La solution envisagée dans ce travail est d'appliquer une contrainte sur le guide d'onde afin de le déformer et donc de briser la symétrie du silicium. Ainsi, l'effet Pockels devient théoriquement possible. Des expériences de modulation en régime statique ainsi qu'en régime hyper-fréquence ont été menées. Les résultats montrent la difficulté de séparer les différents effets responsables de la modulation électrooptique observée.

En effet, des effets semi-conducteurs ont un comportement similaire à l'effet Pockels, rendant l'interprétation des résultats expérimentaux particulièrement difficile. Des modèles numériques ont été mis en place afin d'identifier la contribution de chaque effet dans les résultats de modulation électro-optique. Le deuxième axe abordé dans ma thèse a porté sur la réalisation de sources de lumière large bande pouvant fonctionner dans les fenêtres classiques de télécommunication. Des guides d'onde en nitrure de silicium (matériau compatible avec la technologie silicium) ont été excités avec un laser pulsé. Par la combinaison des effets non linéaires et de la dispersion au cours de la propagation, le spectre initial de la source se retrouve drastiquement élargie, formant ce qu'on appelle un supercontinuum. Ce type de sources est très intéressant pour la réalisation de peignes de fréquences large bande, utiles pour les systèmes avancés de communication, mais aussi en spectroscopie, en imagerie, ou pour des capteurs chimiques et biologiques par exemple. Dans mon travail, plusieurs plateformes de fabrication de guides en nitrure de silicium ont été étudiées. Chaque plateforme montre des pertes de propagation extrêmement faibles, et leurs propriétés non linéaires sont comparés au travers d'expériences sous lumière laser pulsée. La génération de supercontinuum ainsi que l'absorption à deux photons ont été analysées afin de conclure sur les performances non linéaires de ces plateformes.

Indeed, semiconductor effects behave similarly to the Pockels effect, making interpretation of experimental results particularly difficult. Numerical models were set up to establish the contribution of each effect in the electro-optical modulation results. The second axis approached in my thesis concerned the realization of broadband light sources that can work in classic telecommunication windows. Silicon nitride waveguides (a material compatible with silicon technology) were excited with a pulsed laser. By the combination of nonlinear effects and dispersion during propagation, the initial spectrum of the source is drastically broadened, forming what is called a supercontinuum. This type of source is very interesting for producing broadband frequency combs, useful for advanced communication systems, but also in spectroscopy, in imaging, or for chemical and biological sensors for example. In my work, several platforms for manufacturing silicon nitride waveguides were studied. Each platform showed extremely low propagation losses, and their non-linear properties are compared through pulsed laser light experiments. The generation of supercontinuum as well as two-photon absorption were analyzed in order to conclude on the nonlinear performances of these platforms.

Résumé en français 1 Contexte

Depuis l'apparition du "World Wide Web" il y a 40 ans, ouvrant l'usage d'Internet au grand public, la demande de transmission de données n'a cessé d'augmenter. De plus, la nature de la demande évolue rapidement. Des simples sites Web, l'utilisation d'Internet s'est rapidement propagée aux e-mails, aux réseaux sociaux, aux plateformes de streaming, aux jeux en ligne, à "l'Internet des objets", à la crypto-monnaie et au stockage de données dans les "clouds". En conséquence, le nombre de données véhiculé dans le monde a suivi une croissance exponentielle au fil des annnées. Cette évolution drastique impose d'importants défis technologiques. En effet, la matérialisation d'une telle demande de transmission de données passe par la création d'installations gigantesques. Pour pouvoir répondre aux exigences du traitement massif de l'information, des centres de données dit "hyperscale" ont été construits. Ces installations sont loin de l'utopie d'un nuage flottant dans le ciel contenant nos données : il s'agit d'énormes hangars remplis de baies de serveurs et de disques de stockage. Fig. 1 a) montre une vue aérienne d'un centre de traitement de données de Google, dont la surface est équivalente à 3 terrains de football. Le nombre d'infrastructures de ce type augmente et est désormais de 628, contre 338 en 2016. Les centres de données sont au coeur des considérations de trafic de données car ils représentent un peu plus de 70% du trafic mondial et les transmissions de données au sein de ces centres a triplé en 5 ans. Lorsque le réchauffement climatique est au centre des préoccupations, cette tendance peut être inquiétante. En effet, la consommation énergétique de telles installations est énorme. Il a été etabli que de fortes limitations se trouvent dans les interconnexions électriques au sein des centres de données. Par exemple, les interconnexions consomment 80% de la puissance d'un microprocesseur. A mesure que les densités d'interconnexion augmentent, cette problématique devient de plus en plus importante. Fig. 1 b) donne un exemple de ce que l'on peut trouver à l'intérieur d'un centre de traitement de données. Cette image permet de se rendre compte du nombre faramineux d'interconnexions qu'il y a dans ce type d'installations. De plus, la bande passante des interconnexions électriques est limitée par la dispersion des canaux, ce qui rend difficile le suivi de la demande de transmission de données nécessitant toujours des débits de données plus élevés. Les interconnexions apparaissent alors comme un point-clé pour l'optimisation de la consommation énergétique des centres de données.

L'émergence de la photonique silicium

Les technologies optiques sont largement explorées pour remplacer les interconnexions électriques. Les systèmes optiques offrent une transmission longue portée à faibles pertes et des débits de données élevés grâce à l'utilisation du multiplexage en longueur d'onde par exemple. Cette méthode consiste à envoyer plusieurs porteuses optiques sur différentes longueurs d'onde dans un même canal. De cette façon, un débit de données par canal plus élevé est réalisable. L'idée est alors de fabriquer des puces optiques traduisant un signal électrique contenant l'information codée en un signal optique. Pour ce faire, les porteuses optiques sont générées par des lasers, dont les intensités sont modulées par des modulateurs électro-optiques pilotés par le signal électrique contenant l'information à transmettre. Ensuite, chaque canal est fusionné en un seul guide d'onde par un multiplexeur. À ce stade, le signal optique est transporté vers le récepteur via une seule fibre optique. Enfin, le récepteur récupère le signal de la fibre, sépare les différentes porteuses via un démultiplexeur et chacune d'elles est envoyée dans un photodétecteur, traduisant le signal optique en signal électrique. Fig. 1 c) montre une représentation schématique de cette technique de multiplexage en longueur d'onde. Dans ce contexte, les circuits photoniques offrent une excellente alternative avec une large bande passante, une haute densité d'intégration et une faible consommation d'énergie comparée aux interconnexions électriques. Cependant, cette solution n'est envisageable que si elle peut être réalisée sur une plateforme compatible avec la technologie dite "complementary metal oxyde semiconductor" (CMOS), qui est le standard actuel pour la microélectronique. La plateforme silicium sur isolant (SOI), avec des dispositifs en silicium au-dessus d'une couche de silice isolante, offre des atouts forts correspondant aux besoins actuels :

• la fenêtre de transparence du silicium couvre les longueurs d'onde télécom classiques en bande O (environ 1.31 µm de longueur d'onde) où la dispersion Contexte v des fibres optiques de silice est minimale et en bande C (environ 1.55 µm ) où l'absorption des fibres optiques de silice est la plus faible;

• l'important contraste d'indice de réfraction entre le silicium et la silice permet un fort confinement de la lumière dans des guides d'onde et d'envisager une intégration à haute densité ;

• la propagation à faible perte est réalisable en utilisant des processus de fabrication communs compatibles avec les procédés CMOS Par conséquent, la photonique silicium a été la solution naturelle pour répondre aux défis des interconnexions optiques et des communications optiques en général. Au cours des dernières décennies, la photonique silicium n'a cessé d'évoluer et les prévisions du marché prévoient qu'elle continue à suivre cette tendance. De nombreuses démonstrations d'émetteurs-récepteurs photoniques intégrés sur la plateforme SOI ont déjà été réalisées et montrent le fort potentiel de cette plateforme pour dépasser les limitations actuelles des technologies de communication.

Au-delà des télécommunications optiques

L'émergence de la photonique silicium a non seulement donné lieu à des développements substantiels de nouveaux dispositifs de communication, mais elle a également ouvert la voie à d'autres applications extrêmement intéressantes. Les capteurs sur puce pour la biologie ou pour la chimie, par exemple, est un sujet en fort développement. Les bonnes propriétés de transparence et de confinement du silicium ont permis le développement de circuits intégrés optiques pour la détection. L'optique intégrée est également à l'honneur depuis quelques années avec l'émergence de la technologie LiDAR sur puce. Avec l'évolution rapide que connaît l'industrie automobile, cette technologie apparaît comme une véritable charnière pour la photonique et de gros efforts sont déployés pour construire des LiDARs intégrés pour les voitures autonomes. La photonique silicium concerne également les technologies quantiques. Des circuits optiques intégrés basés sur la technologie silicium ont été développés pour traiter l'information quantique. Ces circuits complexes comprennent la génération, la configuration et l'analyse d'états quantiques, ouvrant de nouvelles opportunités vers l'informatique quantique et la communication quantique. Ces exemples ne représentent que quelques applications parmi les immenses possibilités offertes par la photonique silicium pour le traitement des signaux optiques, allant des technologies quantiques à l'astronomie.

La photonique non linéaire: vers de nouvelles possibilités

Les applications de la photonique silicium évoquées ci-dessus reposent principalement sur des propriétés optiques linéaires (lorsque la polarisation diélectrique dans le matériau est proportionnelle au champ électrique se propageant). Cependant, lorsqu'un matériau est excité par de la lumière intense, la polarisation diélectrique réagit de manière non linéaire avec le champ électrique, ce qui permet de générer de nouvelles fréquences, de contrôler et de façonner la lumière se propageant dans une structure photonique. Les vastes possibilités de l'optique non linéaire permettent d'explorer de nouvelles voies pour développer des fonctionnalités innovantes en optique intégrée. La photonique silicium offre d'excellentes propriétés pour exploiter les effets non linéaires : le silicium a un coefficient non linéaire de troisième ordre élevé et le fort confinement modal entraîne de fortes interactions de la lumière avec le matériau. Il y a déjà eu des démonstrations de mélange d'ondes paramétrique (utile par exemple pour la conversion de longueur d'onde, la génération de photons intriqués ou la génération de peigne de fréquence), de génération de troisième harmonique (utile par exemple pour l'émission de lumière ou le traitement du signal) ou de génération de continuum (utile par exemple pour la détection et pour les télécommunications) dans le silicium, pour ne citer que quelques exemples. Malheureusement, le silicium souffre également d'inconvénients majeurs pour être un candidat viable pour la photonique non linéaire. Premièrement, il ne possède pas de non-linéarité de second ordre, limitant la gamme d'effets qui peuvent être utilisés, par exemple l'effet Pockels, effet électro-optique bien connu pour la modulation de phase rapide. De plus, il est connu que l'absorption linéaire du silicium se produit à des longueurs d'onde inférieures à 1.2 µm, mais à haute intensité optique, le matériau peut absorber deux photons d'énergie inférieure (correspondant à une longueur d'onde plus élevée) s'additionnant de manière à ce que leur énergie totale soit égale ou supérieure à l'énergie de la bande interdite. Ce mécanisme d'absorption non linéaire (absorption à deux photons) est l'une des limitations majeures pour les applications d'optique non linéaire car il implique des pertes supplémentaires et crée plus de porteurs libres dans la bande de conduction. En conséquence, le silicium est soumis à de fortes pertes non linéaires et à l'absorption de porteurs libres générés par ce processus à des longueurs d'onde inférieures à 2.4 µm, en particulier dans les fenêtres de télécommunication. Des démonstrations à des longueurs d'onde supérieures à 2.4 µm ont été publiées, mais d'autres stratégies doivent être mises en place pour fonctionner aux longueurs d'onde de télécommunication.

Les travaux réalisés au cours de cette thèse

Les travaux de thèse présentés ici portent sur l'exploration des effets optiques non linéaires dans des circuits photoniques à base de silicium. Ces travaux ont été développés selon deux axes:

• Le premier axe porte sur l'étude de modulateurs électro-optiques en silicium contraints. L'objectif de cette partie est d'analyser la possibilité d'exploiter des effets non linéaires d'ordre deux dans le silicium en brisant la symétrie cristalline par l'application de contraintes.

• Le deuxième axe concerne la réalisation de sources de lumière large-bande à partir de guides d'onde en nitrure de silicium. Ce matériau est compatible avec la technologie silicium et présente de bonnes propriétés non linéaires. Les guides d'onde sont soumis à une lumière pulsée intense afin d'exploiter des effets non linéaires de troisième ordre et ainsi d'élargir le spectre des impulsions se propageant dans le guide. Cela résulte en un spectre couvrant une grande gamme de longueurs d'onde, appelé supercontinuum.

Etude de modulateurs électro-optiques en silicium contraint

Le silicium a une maille cristalline de type diamant. Celle-ci est donc centro-symétrique. Cette propriété a pour conséquence l'absence d'effets optiques non linéaires de deuxième ordre, comme l'effet Pockels. Ce dernier se manifeste comme une dépendance de l'indice de réfraction du matériau avec un champ électrique appliqué de façon externe. Cet effet permet de moduler la phase de la lumière de façon quasiinstantanée sans avoir recours à des systèmes capacitifs et/ou résistifs qui consomment de l'énergie. En insérant ce genre de modulateur de phase dans une structure vii interférométrique (comme un interféromètre de Mach-Zehnder), la modulation de phase est transformée en modulation d'intensité (Fig. 2 a). Afin de pouvoir exploiter cet effet dans le silicium, la solution envisagée ici est d'appliquer une contrainte sur les guides d'onde en silicium. De cette manière, la structure est déformée de façon hétérogène et l'effet Pockels devient théoriquement exploitable. Cette contrainte est créée par le dépôt d'une couche de nitrure de silicium sur les guides d'onde en silicium. Fig. 2 b) donne une représentation schématique de l'application de contrainte sur un guide d'onde. Les précédents travaux sur ce sujet ont permis d'établir un modèle théorique de l'effet des contraintes sur les propriétés non linéaires d'ordre deux du silicium et ont donné lieu à une première démonstration expérimentale de modulation électrooptique en utilisant du silicium contraint. Cependant, bien que très prometteurs, les résultats obtenus montrent une très faible efficacité de modulation. Une stratégie d'optimisation a donc été mise en place pour améliorer les performances de ces composants. Durant ma thèse, j'ai étudié des modulateurs électro-optiques optimisés pour une meilleure application du champ électrique externe. Les expériences ont montré l'existence d'une modulation électro-optique, mais l'analyse de ces résultats montre que d'autres effets entrent en jeu dans la modulation (effets, thermiques, effets semiconducteurs, effets non linéaires d'ordre 3). En appliquant des signaux électriques à très haute fréquence (de l'ordre de quelques GHz), les effets thermiques sont aisément écartés. Cependant, les contributions des autres effets restent présentes. J'ai mis en place des modèles numériques multi-physiques afin de modéliser les différents effets électro-optiques susceptibles d'influer sur le résultat global. Malheureusement, la complexité de ces phénomènes et le caractère fortement multi-physique de ce problème rendent cette analyse particulièrement compliquée. Les simulations numériques développées ici permettent de reproduire fidèlement les résultats expérimentaux en régime statique, mais ne permettent pas encore de conclure sur les comportements à haute fréquence. Néanmoins, les divers résultats expérimentaux et les premiers résultats numériques permettent déjà de mettre en avant l'importance des effets semiconducteurs et thermiques comparativement aux effets non linéaires en régime statique.

La conception d'autres structures de modulateurs, par exemple à base de jonctions PIN, pourrait permettre de découpler les différentes contributions impliquées dans la modulation, mais le déménagement du laboratoire au début de la thèse s'est traduit par la fermeture de la salle blanche pendant deux années. Par conséquent, il n'a pas été possible de fabriquer de nouveaux échantillons de silicium contraint. A cela s'ajoute les limitations rencontrées en terme de modélisation numérique des matériaux semiconducteurs à haute fréquence. De ce fait, les travaux de thèse ont été redirigés vers un autre axe (toujours en lien direct avec la photonique silicium non linéaire).

Génération de supercontinuum dans le nitrure de silicium

Le deuxième axe de la thèse porte sur la génération de spectres large-bande dans des guides d'onde en nitrure de silicium. Le nitrure de silicium est un matériau compatible avec les procédés de fabrication usuels pour le silicium, et a l'avantage d'avoir une très grande fenêtre de transparence (de l'UV jusqu'au moyen infrarouge, à environ 7 µm). Le grand gap de ce matériau résulte alors en l'absence d'absorption à deux photons dans les gammes de longueurs d'onde des télécommunications. De plus, le coefficient non linéaire de troisième ordre du nitrure de silicium est relativement élevé (10 fois celui de la silice), ce qui le rend particulièrement intéressant pour les applications non linéaires. Les procédés de fabrication de guides d'onde en nitrure de silicium se sont rapidement développés et permettent la réalisations de guides avec de très faibles pertes de propagation (allant du dB/m jusqu'à quelques dB/cm environ). Ces faibles pertes rendent possible l'utilisation efficace de phénomènes non linéaires. Ce matériau a fait l'objet de nombreuses études démontrant d'excellents résultats en termes de génération de peignes de fréquence. Ce genre de sources lumineuses sont extrêmement intéressantes pour les communications optiques, pour la spectroscopie ou encore pour l'imagerie. En particulier, dans mon travail de thèse je me suis concentré sur la génération de supercontinuum. Ce dernier est le fruit de l'intéraction de phénomènes de dispersion de vitesse de groupe et d'effets non linéaires de troisième ordre (auto-modulation de phase). Dans certaines conditions, la combinaison de ceux-ci mène à la propagation d'un type d'onde appelé soliton. En se propageant le long du guide d'onde, ce soliton voit son spectre s'élargir jusqu'à atteindre des valeurs telles que des ondes supplémentaires sont générées (appelées ondes dispersives). L'ensemble de ces phénomènes donne alors un spectre pouvant couvrir plusieurs octaves, constitué de raies séparées par la fréquence de répétition de la source laser. Fig. 3 a) montre un schéma simplifié de la formation d'un peigne de fréquence par génération de supercontinuum. Au cours de ma thèse, j'ai étudié la génération de supercontinuum dans des guides d'onde en nitrure de silicium fabriqués via des procédés industriels par des collaborateurs à STMicroelectronics et au CEA LETI. Les guides utilisés dans les expériences montrent des pertes de propagation très faibles et des spectres supercontinuum très larges ont été observés. Pour compléter les études expérimentales, j'ai implémenté un code Matlab permettant de simuler la propagation non linéaire d'impulsions. Il fut alors possible de prédire théoriquement le comportement des guides d'onde étudiés et d'analyser les différents mécanismes entrant en jeu (comme l'auto-modulation de phase et la génération d'ondes dispersives par exmemple). Fig. 3 b) donne un exemple de résultat de simulation de génération de supercontinuum dans un guide en nitrure de silicium. Fig. 3 c) montre une photo d'un guide d'onde émettant des ondes dispersives dans le visible (la photo fut prise pendant les expériences sur les guides fabriqués par STMicroelectronics). Les différentes plateformes testées (celles de STMicroelectronics et celle du CEA LETI) ont alors pu être comparées en régime non linéaire. Différents comportements ont pu être identifiés. Les guides d'onde fabriqués par STMicroelectronics ont donné lieu à des spectres x avec une largeur atteignant les plus hautes valeurs trouvées dans la littérature pour des guides similaires. Les guides d'ondes provenant du CEA LETI montrent des élargissement spectraux moindre, mais ils mettent en avant des phénomènes de conversion de fréquence asymétriques intéressants.

Chapter 1

General introduction 1.1 Context

Since the apparition of the World Wide Web 40 years ago, opening the use of the Internet to the general public, the data transmission demand has not stopped increasing. Moreover, the nature of the demand evolves rapidly. From the simple use of websites, it quickly spread to emails, social networks, streaming platforms, online gaming, the "Internet of things", cryptocurrency and data storage in clouds. As a consequence, global data traffic has followed an exponential growth through the years. This drastic evolution places upon us important technological challenges. Indeed, the materialization of such data traffic demand passes through the creation of gigantic facilities. Hyperscale datacenters were built in order to answer the requirements of massive information processing such as cloud computing. When global warming is at the center of concerns, this trend can be worrying. Indeed, the energy consumption of such facilities is enormous. To give an idea, in 2018 the electricity consumption of data centers was about 200 TWh [2], which is equivalent to 80% of the electricity consumption of Spain or Australia for example. Strong limitations are found in electrical interconnects within data centers [START_REF] Zia | Optical Interconnects for Data Centers[END_REF]. For example, interconnects consume 80% of a microprocessor's power. As interconnect densities rise, this matter becomes more and more important. Fig. 1.1 gives an idea of the gigantic amount of interconnects within a hyperscale data center. In addition, the bandwidth of electrical interconnects is limited by channel dispersion, hence making it challenging to follow the demand in data transmission always requiring higher data rates. Interconnects then appear to be a cornerstone of efficiency in data centers. From there, the question that comes to the mind is: how can we fix this issue? Answers have been found with the development of silicon photonics.

What silicon photonics can bring

Optical interconnects have been explored to replace the electrical ones. They offer low-loss long-range transmission and high data rates through the use of wavelength division multiplexing (WDM). This method consists in sending multiple optical carriers on different wavelengths on a single channel. This way, a higher data rate per channel is achievable. The idea is then to fabricate optical chips translating an electrical signal containing the coded information onto an optical signal. To do so, the optical carriers are generated by lasers, of which intensities are modulated by electro-optic (EO) modulators driven by the electrical signal containing the information to transmit. Then, each channel is merged into a single waveguide by a multiplexer. At that point, the optical signal is transported to the receiver via a single optical fiber. Finally, the receiver collects the signal from the fiber, separates the different carriers through a demultiplexer and each one of them is sent into a photodetector, translating the optical signal back to electrical [START_REF]Integrating WDM in the silicon photonics chips[END_REF] (Fig. 1.3). Using such scheme, photonics based circuits offer an excellent high-bandwidth, high-density, low power consumption alternative solution to electrical interconnects. However, this solution is only conceivable if it can be produced on a platform compatible with complementary-metal-oxyde-semiconductor (CMOS) technology, which is the current standard for microelectronics. The silicon-on-insulator (SOI) platform, with silicon devices on top of an insulating silica layer, offers strong assets corresponding to the current needs:

• the transparency window of silicon covers the classical telecom wavelengths in the O-band (around 1.31 µm wavelength) where dispersion of silica fibers is at its minimum and in the C-band (around 1.55 µm) where absorption of silica fibers is the lowest;

• the high refractive index contrast of the platform results in tight confinement of light, allowing high density integration;

• low-loss propagation is achievable using common CMOS-compatible fabrication processes Therefore, silicon photonics has been the natural candidate to answer the challenges of optical interconnects [START_REF] Thomson | Roadmap on silicon photonics[END_REF]. During the last decades, silicon photonics has not stopped growing and market forecast predicts that it will keep following this trend [6]. Interestingly, it can be seen on Fig. 1.4 that the major part of silicon photonics market relies on data centers transceivers.

Many demonstrations of integrated WDM transceivers and receivers on the SOI platform have already been achieved [START_REF] Absil | Advances in silicon photonics WDM devices in[END_REF][START_REF] Moscoso-Mártir | 8-channel WDM silicon photonics transceiver with SOA and semiconductor mode-locked laser[END_REF][START_REF] Liu | 25 x 50 Gbps wavelength division multiplexing silicon photonics receiver chip based on a silicon nanowire-arrayed waveguide grating[END_REF] and show the high potential of this platform to surpass the current bottlenecks of communication technology.

Other applications

The emergence of silicon photonics has yielded not only substantial developments of novel communication devices, but it paved the way for other exciting applications [START_REF] Soref | Silicon Photonics: A Review of Recent Literature[END_REF][START_REF] Ye | Review of silicon photonics: history and recent advances[END_REF]. Bio-sensing on chip for example is a hot topic, from the visible to the mid-IR regions. The good transparency and confinement properties of silicon and silicon nitride permitted the development of lab-on-a-chip circuits for sensing [START_REF] Misiakos | All-Silicon Spectrally Resolved Interferometric Circuit for Multiplexed Diagnostics: A Monolithic Lab-on-a-Chip Integrating All Active and Passive Components[END_REF][START_REF] Luan | Silicon Photonic Biosensors Using Label-Free Detection[END_REF][START_REF] Wang | A silicon photonic biosensor using phase-shifted Bragg gratings in slot waveguide[END_REF][START_REF] Liu | Integrated broadband dual-polarization Ge-rich SiGe mid-infrared Fourier-transform spectrometer[END_REF][START_REF] Liu | Mid-infrared sensing between 52 and 66 µm wavelengths using Ge-rich SiGe waveguides[END_REF]. Integrated optics is also under the spotlights since a few years with the emergence of the LiDAR technology. With the rapid evolution experienced by the automotive industry, this technology appears to be a real cornerstone in photonics and strong efforts are deployed to build integrated LiDAR for autonomous cars [START_REF] Hsu | A Review and Perspective on Optical Phased Array for Automotive LiDAR[END_REF][START_REF] Van Acoleyen | Off-chip beam steering with a one-dimensional optical phased array on silicon-on-insulator[END_REF]. Silicon addresses quantum technology as well. Integrated optical circuits based on silicon technology were built to process quantum information. These complex circuits comprise generation, configuration and analysis of quantum states, unlocking paths towards quantum computing and quantum communication [START_REF] Silverstone | Qubit entanglement between ring-resonator photonpair sources on a silicon chip[END_REF][START_REF] Carolan | Universal linear optics[END_REF][START_REF] Oser | High-quality photonic entanglement out of a stand-alone silicon chip[END_REF][START_REF] Qiang | Large-scale silicon quantum photonics implementing arbitrary two-qubit processing[END_REF][START_REF] Sibson | Integrated silicon photonics for high-speed quantum key distribution[END_REF][START_REF] Silverstone | Silicon Quantum Photonics[END_REF]. These examples are merely representing a few applications among the tremendous possibilities offered by silicon photonics for optical signal processing, ranging from quantum technology to astronomy [START_REF] Leon-Saval | Astrophotonics: a promising arena for silicon photonics in Silicon Photonics[END_REF].

Nonlinear photonics: a cornerstone for new functionality on chip

All the applications of silicon photonics discussed above are mainly based on linear optical properties (when the dielectric polarization in the material is proportional to the electric field propagating). Entering the vast world of nonlinear optics allows to explore new routes for innovative functionality in integrated optics [START_REF] Lin | Nonlinear optical phenomena in silicon waveguides: Modeling and applications[END_REF][START_REF] Leuthold | Nonlinear silicon photonics[END_REF][START_REF] Borghi | Nonlinear silicon photonics[END_REF]. Exciting optically a material in a way that the dielectric polarization reacts to the electric field in a nonlinear way permits to generate new frequencies, to control and shape light propagating in a photonic structure, allowing to overcome limitations of linear photonics and to imagine new possibilities. Silicon photonics offers some great properties to exploit nonlinear effects: it has a high third order nonlinear coefficient, and the tight confinement of light results in strong interactions of light with the material. There have been demonstrations of parametric wave mixing (useful e.g. for wavelength conversion, entangled photon generation or frequency comb generation) [START_REF] Fukuda | Four-wave mixing in silicon wire waveguides[END_REF][START_REF] Foster | Broad-band continuous-wave parametric wavelength conversion in silicon nanowaveguides[END_REF][START_REF] Monat | Four-wave mixing in slow light engineered silicon photonic crystal waveguides[END_REF][START_REF] Kuyken | An octave-spanning mid-infrared frequency comb generated in a silicon nanophotonic wire waveguide[END_REF], third harmonic generation (useful e.g. for light emission, or signal processing) [START_REF] Corcoran | Green light emission in silicon through slow-light enhanced third-harmonic generation in photonic-crystal waveguides[END_REF][START_REF] Sederberg | Coherent Visible-Light-Generation Enhancement in Silicon-Based Nanoplasmonic Waveguides via Third-Harmonic Conversion[END_REF][START_REF] Yao | Efficient Third Harmonic Generation by Doubly Enhanced Electric Dipole Resonance in Metal-Based Silicon Nanodisks[END_REF], or continuum generation (useful e.g. for sensing and for telecom applications) [START_REF] Koonath | Continuum generation and carving on a silicon chip[END_REF][START_REF] Singh | Octave-spanning coherent supercontinuum generation in silicon on insulator from 1.06 µm to beyond 2.4 µm[END_REF][START_REF] Junxiong | Supercontinuum Generation Assisted by Wave Trapping in Dispersion-Managed Integrated Silicon Waveguides[END_REF] in silicon, to name a few examples. Unfortunately, silicon also suffers from major drawbacks to be a viable candidate for nonlinear photonics. First, it lacks from second order non-linearity, limiting the range of effects that can be used, e.g. Pockels effect, a famous EO effect enabling fast phase modulation. Furthermore, it is known that linear absorption of silicon happens at wavelengths lower than 1.2 µm, but at high intensity the material can absorb two photons of lower energy (corresponding to a higher wavelength) adding up in a way that their total energy is equal or greater than the bandgap energy. This nonlinear absorption mechanism (two photon absorption) is one of the major limitations for nonlinear optics applications as it implies additional losses and it creates more free carriers in the conduction band. As a consequence, silicon is subject to strong nonlinear losses and associated free carriers absorption at wavelengths lower than 2.4 µm, in particular in the telecom windows. Outstanding nonlinear demonstrations in silicon at wavelengths higher than 2.4 µm have been published, but other strategies must be set up to work at telecom wavelengths. • Chapter 2 is an introduction about electro-optic modulation and gives a stateof-the-art on strained silicon technology;

Organization of the manuscript

• Chapter 3 describes the structures that were studied in this work alongside with preliminary numerical simulations;

• Chapter 4 presents the experimental results that were obtained, as well as their interpretation and comparison with multiphysics numerical models;

• Chapter 5 gives a discussion about the results I obtained and concludes this part of the thesis work.

Unfortunately, due to unexpected numerical software limitations and to the moving of the lab leading to the closure of the clean room during two years, hindering the fabrication of samples during most of my Ph. D. thesis, this topic had to be left aside, despite the promising results that were obtained. I pursued my work on nonlinear photonics by studying the optical nonlinear behavior of silicon nitride waveguides. This platforms compatible with CMOS fabrication answers the struggle of nonlinear absorption while being able to support efficient nonlinear processes. The second part of the manuscript is thus dedicated to the study of supercontinuum generation, a spectral broadening based on third order non-linearity. It is divided in 5 chapters:

• Chapter 6 gives an introduction about nonlinear optics on the silicon nitride platform;

• Chapter 7 describes in detail the mechanisms of supercontinuum generation through the theory of pulse propagation and soliton dynamics;

• Chapter 8 presents the experimental and numerical results of nonlinear experiments on two low temperature silicon nitride platforms proposed by STMicroelectronics;

• Chapter 9 completes the study with the results on an ultra-low loss silicon nitride platform developed by CEA LETI;

• Chapter 10 gives a discussion and a conclusion on this part of the manuscript.

Appendix A gives an overview of nonlinear optics to help the reader understand the notations used in the models and physical processes presented in the manuscript.

------------------------------ Modulators are key components in transceivers as they are the ones translating the electrical signal onto an optical carrier wave. The optical carrier is generated by a laser and EO modulation is generally performed externally to the source. It is possible to modulate the intensity of a laser by playing directly on the pumping power, but this technique leads to parasitic phase modulation, inducing chirp in the output signal. For this reason, EO modulators are deported after the laser source: the source emits in continuous regime, and an additional active component modulates the output optical power. Different methods exist to achieve optical modulation: by applying an electric field, the absorption coefficient of the material constituting the waveguide can be altered (electro-absorption), or its refractive index can be varied (electro-refraction). For electro-absorption based modulators, no particular structures are needed, the optical power is directly modulated along a simple waveguide through modulation of the absorption coefficient. Franz-Keldysh effect [START_REF] Abadía | Low-Power consumption Franz-Keldysh effect plasmonic modulator[END_REF][START_REF] Mastronardi | High-speed Si/GeSi hetero-structure Electro Absorption Modulator[END_REF] or quantum confined Stark effect [START_REF] Kuo | Strong quantum-confined Stark effect in germanium quantumwell structures on silicon[END_REF][START_REF] Chaisakul | O-band quantum-confined Stark effect optical modulator from Ge/Si 0.15 Ge 0.85 quantum wells by well thickness tuning[END_REF] are the most commonly employed effects to modulate the absorption of silicon based structures with an external electric field. However, Franz-Keldysh modulators only works close to the absorption edge of the material, drastically limiting their bandwidth. Quantum confined stark effect has been demonstrated in Ge/SiGe quantum wells in both O-band and C-band, but it requires precise epitaxial growth of the quantum well layers. On the other hand, when electro-refraction is used, the refractive index variation results in a phase change. Using an interferometric device, the phase modulation can be transformed into intensity modulation. EO modulation in silicon has seen a turning point when R. Soref and B. Bennett showed the high potential of electrorefraction in silicon by modulating free carriers with an electric field [START_REF] Soref | Electrooptical effects in silicon[END_REF]. This effect, called plasma dispersion effect (PDE), is currently the most common way to achieve electro-refraction in silicon [START_REF] Reed | Silicon optical modulators[END_REF]. Silicon EO modulators have strongly evolved and can now offer high data rates up to 100 Gbit/s with low power consumption that can be in the order of a few tens of fJ/bit [START_REF] Dong | Low Vpp, ultralow-energy, compact, high-speed silicon electrooptic modulator[END_REF][START_REF] Haffner | Low-loss plasmon-assisted electro-optic modulator[END_REF][START_REF] Li | Silicon intensity Mach-Zehnder modulator for single lane 100 Gb/s applications[END_REF][START_REF] Witzens | High-Speed Silicon Photonics Modulators[END_REF][START_REF] Deniel | DAC-less PAM-4 generation in the O-band using a silicon Mach-Zehnder modulator[END_REF]. Although PDE modulators show excellent performances, they also suffer from drawbacks limiting their use. First, the index change is actually accompanied by a modification of absorption, causing parasitic amplitude variations in the phase modulator. In addition, the index change relation with the applied voltage is not linear, leading to difficulties to implement complex multi-level information encoding schemes.

To overcome the limitations of photonic devices based on electronic properties, nonlinear optics has gained strong interest in the last decades. In particular, Pockels effect attracted a lot of attention as it provides pure phase modulation at very high speed, representing strong assets for EO modulators. However, this effect is only possible in non symmetric materials, making it impossible to exploit directly in silicon. This issue led to the emergence of new photonic platform, involving highly nonlinear materials with strong Pockels coefficients such as lithium niobate, barium titanate or organic materials for instance. Another approach to solve this issue is to resort to strained silicon technologies: by straining the silicon lattice, Pockels effect could be enabled, paving the way to high performance silicon modulators. In this part of the manuscript, a study of EO modulation in strained silicon structures is presented. The goal is to understand the different mechanisms involved in the EO response of such devices in order to properly model them and to optimize them. The highly multiphysic nature of this problem makes it especially difficult to study. This problem includes mechanics, nonlinear optics, radio-frequency (RF) electronics, semiconductor physics and thermal behaviors. First, the different effects responsible for EO modulation in silicon are discussed, then a state-of-the-art is presented, describing the latest advances in strained silicon photonics. Following this, a full description of the samples we used is given. Finally, experimental results and their comparison with numerical models are presented.

Principle of electro-optic modulation

Interferometric structures are widely used to perform EO modulation, taking advantage of electro-refraction effects. An interferometer consists in a structure with multiple beams experiencing different optical paths. The recombination of these beams gives a total intensity that depends on the phase difference between each one of them, responsible for constructive or destructive interference. In an EO modulator, the phase difference is driven by an electrical signal, modifying the resonance positions according to the applied voltage. It results in a modification of transmission at the output of the structure. The classical interferometric systems used in photonics are the ring resonators, Fabry-Perot interferometers and Mach-Zehnder interferometers (MZI). Ring resonators are sensitive to temperature and fabrication defects, and the coupling coefficient between the bus waveguide and the ring is strongly wavelength dependent, making it working in a small optical bandwidth. Fabry-Perot interferometers are also limited in bandwidth since Bragg mirrors are used to build the cavity. However, MZIs are quite robust to fabrication defects and the 50/50 splitters separating the beam in the two arms work in a broad wavelength range. For these reasons, MZIs were used in our study.

The Mach-Zehnder interferometer

A MZI is constituted of a waveguide split into two arms. Light propagating in each arm can undergo modifications and is then recombined in a single waveguide. For example, the phase difference between the two beams can be due to a difference of length: one arm is longer than the other, inducing a delay between the two optical paths resulting in periodic resonances in the transmission spectrum. The resonance positions can be tuned by inducing an additional relative phase shift in one or both arms. This can be done via electro-refraction effect, when an electric field changes the refractive index of the material. For a more comprehensible description, we focus on the case of single drive MZI (only one arm is submitted to the driving voltage). Of course, more complex modulation schemes are possible by applying signals on both arms. The principle of operation is simple: through the use of an electrode deposited around one arm of the MZI, a voltage is applied, inducing a relative phase change ∆φ of the light beam propagating in this arm. When recombined with the light coming from the second arm, constructive or destructive interference can occur depending on the phase difference. It is then possible to control the amplitude of the output light with the applied voltage. A schematic representation of a MZI is showed in fig. 2.1 a). The optical transfer function of such a modulator is given by the following formula if losses are neglected:

T = P out P in = 1 2 (1 + cos(∆φ)) (2.1)
The phase change is controlled through a variation of effective index ∆n e f f : Where λ is the optical wavelength.

∆φ = 2π∆n e f f λ L a (2.2)
To obtain the index change as a function of the voltage V, the spectrum at the output of the MZI is recorded and the shift in the resonance position is measured for each voltage. From the wavelength shift ∆λ k of the k th resonance it is possible to calculate the corresponding index change:

∆n e f f (V) = λ k ∆λ k (V) FSR k L a (2.3)
L a is the active length, where the voltage is applied, FSR k = λ k+1λ k is the free spectral range near the k th resonance. Fig. 2.1 b) shows how the spectrum of the MZI output is changed when a voltage is applied. The index variation is obtained through an electro-refractive effect such as PDE, Pockels effect or Kerr effect. Each effect are detailed in the next sections.

Plasma dispersion effect

Light propagation in a semiconductor strongly depends on the electronic properties of the material. Free carriers play a major role on the materials's absorption and index. This can be understood via the well-know Kramers-Kronig relations. Indeed, the absorption coefficient is directly related to the free carrier density, and to ensure causal behavior of the light propagating in the material, the Kramers-Kronig relations implies that the refractive index can be deduced from the absorption coefficient. Hence, by playing on the free carrier density (holes and electrons), the absorption coefficient α as well as the refractive index n can be changed. This is the so-called plasma dispersion effect. The variation of α and n due to carrier density modifications ∆N e (for free electrons) and ∆N h (for free holes) in silicon has been studied by R. Soref and B. Bennett, leading to the following semi-empirical formulas at a wavelength of 1550 nm [START_REF] Soref | Electrooptical effects in silicon[END_REF]: ∆n = -8.8 × 10 -22 ∆N e -8.5 × 10 -18 ∆N 0.8 h (2.4) ∆α = 8.5 × 10 -18 ∆N e + 6.0 × 10 -18 ∆N h (2.5) PDE is widely exploited for EO modulators due to its ease of use and its efficiency: modulators are fabricated in the form of PN-like structures or metal-oxidesemiconductor (MOS) capacitance in the active region of the MZI, and carrier density in the waveguide core is controlled by a voltage between the N-doped and Pdoped regions. For instance, PIN junctions with metal contacts on the doped regions are used to control the injection of carriers inside the waveguide's core (Fig. 2.2).

However, a major drawback of this effect, is that both index and absorption are changed at the same time. This absorption variation can cause spurious amplitude modulation in the active region, perturbing the overall behavior of the modulator. For this reason, efforts are made to use pure phase modulation through nonlinear optical effects.

Nonlinear optical effects

When intense electric fields are applied to a material, they interact with each other through the creation of a nonlinear dielectric polarization. This changes the behavior of the material in which light propagates and in the case where a static or slowly varying field F is applied additionally to the optical field, changes in the refractive index can be obtained:

∆n χ (2) F n + 3χ (3) F 2 2n (2.6)
More details about nonlinear optical effects can be found in appendix A.

Pockels effect

The first and second terms of ∆n correspond to Pockels and Kerr effects respectively. Pockels effect plays a straightforward role on the index change as ∆n is proportional to the electric field F. This linear EO effect is of great interest in telecom applications as it allows the use of advanced multi-level modulation schemes in a robust and distortion-less manner. Besides, the absence of variation of the absorption coefficient ∆α is an extremely appealing feature for pure phase EO modulation.

Kerr effect

The quadratic term in ∆n associated to Kerr effect can have non negligible consequences both in DC regime and in AC regime. To explain it, we assume the driving electric field to be composed of a DC component and an AC component at the angular frequency ω:

F(t) = F DC + F AC • cos(ωt) (2.7)
From Eq. 2.7, the total refractive index change from Kerr effect can be calculated:

∆n = 3χ (3) 2n F 2 DC + 1 2 F 2 AC + 2F DC F AC • cos(ωt) + 1 2 F 2 AC • cos(2ωt) (2.8)
The term in F 2 DC is the classical DC Kerr effect, but it can be noticed that an additional static index change arises from the AC component with an amplitude proportional to F 2 AC . Also, the AC driving field creates an index variation at the double of the driving field's frequency, also with a quadratic dependence on F AC . Finally, a mixed term proportional to F DC F AC is involved at the same frequency as the driving field, so it adds up with the AC Pockels effect. Experimental observation of these behaviors in silicon can be found in literature [START_REF] Zhu | Investigation on the electric-field-induced Pockels effect and optical rectification in near-intrinsic silicon samples[END_REF]. Therefore, it will be important to evaluate the influence of Kerr effect on the global response of the modulator.

In the end, three contributions to the index change have to be taken into account: ∆n c from PDE, ∆n p from Pockels effect and ∆n k from Kerr effect. The goal of my work is to evaluate the contribution of Pockels effect in the global EO response compared to the other contributions.

Effective EO effect

The theories presented previously do not take into account the fact that light is guided in a structure containing several materials with different optical properties. The expressions established for PDE, Pockels effect and Kerr effect are valid locally, for all position in space. By applying the perturbation theory the propagation constant of the guided optical modes, it is possible to write a global model to calculate the effective index change ∆n e f f :

∆n e f f = 2c 0 n wg ∆n|E opt | 2 dxdy ∞ E opt × H * opt + E * opt × H opt • u z dxdy (2.9)
Where "wg" denotes the waveguide's core section, within which the EO effect occurs, and ∆n = ∆n c + ∆n p + ∆n k . u z is the unit vector along the propagation axis. It appears that for the EO modulation to be efficient, it is of prime importance to optimize the overlap of the local refractive index change and the transverse modal distribution of the optical field E opt .

State of the art of Pockels effect for EO modulation 2.2.1 Pockels EO modulators

As implied by Eq. 2.6, Pockels effect consists in a linear dependence of the refractive index of a material with an externally applied electric field. Theoretically, it is the perfect candidate for EO modulation: the refractive index of the nonlinear medium varies proportionally to an external electric field without any change in the absorption, offering a pure phase linear EO modulation. This apparently answers perfectly the bottleneck of EO modulators. Outstanding performances of Pockels effect based EO modulators have been demonstrated in lithium niobate [START_REF] Mercante | 110 GHz CMOS compatible thin film LiNbO3 modulator on silicon[END_REF][START_REF] Wang | Nanophotonic lithium niobate electro-optic modulators[END_REF][START_REF] He | High-performance hybrid silicon and lithium niobate Mach-Zehnder modulators for 100 Gbit/s and beyond[END_REF], lead zirconate titanate [START_REF] George | Advances in PZT-on-SiN electro-optic modulator platform in Advanced Photonics[END_REF] or barium titanate [START_REF] Rosa | Barium titanate (BaTiO 3 ) RF characterization for application in electro-optic modulators[END_REF][START_REF] Eltes | A BaTiO 3 -Based Electro-Optic Pockels Modulator Monolithically Integrated on an Advanced Silicon Photonics Platform[END_REF][START_REF] Abel | Large Pockels effect in micro-and nanostructured barium titanate integrated on silicon[END_REF] to name a few examples. The issue with these intrinsically efficient materials for Pockels effect is the complexity of their integration on the SOI platform, requiring several additional materials, specific substrate and/or dedicated process flows. Fig. 2.3 a) shows an example of fabrication of a barium titanate layer for EO modulator designs. It can be seen that three additional materials are involved, and non-standard bonding methods compared to Si processes are applied to create the final stack.

Efforts have been made to use silicon waveguides as a base, and to add organic materials with a high second order optical non-linearity on the structure, creating a silicon organic hybrid (SOH) platform [START_REF] Korn | Silicon-organic hybrid (SOH) IQ modulator using the linear electro-optic effect for transmitting 16QAM at 112 Gbit/s[END_REF][START_REF] Koeber | Femtojoule electro-optic modulation using a silicon-organic hybrid device[END_REF][START_REF] Sato | Low driving voltage Mach-Zehnder interference modulator constructed from an electro-optic polymer on ultra-thin silicon with a broadband operation[END_REF]. The highly electro-optic organic material can be added as a cladding on top of the waveguide so that it interacts with the evanescent field of the mode propagating along the waveguide, or it can fill the gap of a slot waveguide, where light is tightly confined. An illustration is shown in where it has a high interaction with both the driving electric field and the optical mode at the same time. This solution still requires the use of an additional material, which is not convenient for integration. Nonetheless, since the issue with silicon to exhibit Pockels effect on its own comes from its centrosymmetry, the most intuitive way to surmount it is to break the crystal symmetry. A straining layer can be deposited on the silicon device to deform the silicon lattice within the waveguide, thus unlocking Pockels effect to perform EO modulation. This method is extremely challenging but promising results have been demonstrated in the last decade.

Pioneer works on strained silicon modulators Experimental demonstrations

Since the beginning of the 2000's, lots of studies were performed on strain induced second order nonlinear effects and high values of χ (2) were demonstrated, even close to the one of lithium niobate. In these studies, a silicon resonant device, Mach-Zehnder interferometer or Fabry-Perot interferometer, was strained by a silicon nitride (SiN x ) layer to break the crystal symmetry, as schematically shown in Fig. 2.4. By measuring the amplitude modulation of the output light from the interferometric structure, the χ (2) coefficient was retrieved. The first demonstration was [START_REF] Puckett | Tensor of the second-order nonlinear susceptibility in asymmetrically strained silicon waveguides: analysis and experimental validation[END_REF]. By measuring the resonance shift of the resonator under various DC voltages, they showed behaviors corresponding to second and third order effects. By fitting the index change curve with a second order polynomial function, they obtained a χ (2) of 188 pm/V. Even higher values were obtained shortly after by Damas et al [START_REF] Damas | Wavelength dependence of Pockels effect in strained silicon waveguides[END_REF]. In a similar experiment as the one of Chmielak et al., a maximum χ (2) of 336 pm/V was obtained by optimizing the waveguide width and the pump wavelength. The main proof given by the authors of these studies that the measured responses are due to strain induced Pockels effect is the linearity of the index change with the applied voltage.

Another way that was investigated to demonstrate second order optical nonlinearity in strained silicon, is second harmonic generation (SHG). SHG is also a second order nonlinear process, and has the advantage of happening without having to apply an external electric field. In 2012 Cazzanelli et al. showed promising results in silicon waveguides strained by a SiN x layer [START_REF] Cazzanelli | Second-harmonic generation in silicon waveguides strained by silicon nitride[END_REF]. From the conversion efficiency of SHG, they calculated an effective χ (2) of 20 pm/V. Table 2.1 summarizes the values of χ (2) in strained silicon reported in the literature between 2006 and 2014.

Modeling strain-induced Pockels effect

The promising experimental observations of EO modulation in silicon devices in the early 2010's led to the need to model this behavior in order to better understand it and to find ways to improve it. P. Damas et al. established a theoretical model relating χ (2) to the deformation of a silicon waveguide [START_REF] Damas | Bond orbital description of the strain-induced second-order optical susceptibility in silicon[END_REF]. It is based on the sp3 bond orbital theory and consists in calculating the bond polarity at the atomic level (Fig. 2.5).

χ (2) (pm/V) Method Reference (year) (2) reported in the literature FIGURE 2.5: Simplified representation of the bond polarity generation process (from Ref. [START_REF] Damas | Bond orbital description of the strain-induced second-order optical susceptibility in silicon[END_REF]).

It resulted that χ (2) is directly dependent on the strain gradients η ijk = ∂ε ij /∂u k within the silicon core, ε being the deformation matrix and u k the k th axis (x, y, or z):

χ (2) = Γ . . . η (2.10)
The fact that second order non-linearity can arise only from strain gradients was expected: if the deformation of the structure is homogeneous, it stays symmetric. As described in Fig. 2.5, an homogeneous strain conserves the inversion symmetry and bond polarity is not generated, but if the lattice experiences an heterogeneous strain, a non-zero bond polarity appears along the strain gradient direction. The sixth order Γ tensor depends only on the nature of the crystal. It can be directly related to the lattice properties and the crystal orientation through two constants a and b. Γ has 729 terms, but it has been shown that only few terms are significant [START_REF] Damas | Bond orbital description of the strain-induced second-order optical susceptibility in silicon[END_REF]. For example, by neglecting the contribution of shear components of strain ε ij

(i = j), χ (2)
xxy (corresponding the optical field along the x axis and the driving electric field along the y axis) relies on two strain gradient components only:

χ (2) xxy = Γ xxy,xxy η xxy + Γ xxy,yyy η yyy (2.11)
With the Γ components defined as follows:

Γ xxy,xxy = d 6 K 27 0 [5b -3a -(a + b)cos(4ϕ)]
(2.12)

Γ xxy,yyy = - d 6 K 27 0 [2(a -3b)] (2.13)
In these expressions d is the lattice parameter and K = -7.25 • 10 26 m -3 V -3 s 6 . The constants a and b were determined experimentally by M. Berciano et al. and are a = 2.9 ± 1.7 • 10 4 J/m 2 , b = 1.5 ± 0.2 • 10 5 J/m 2 [START_REF] Berciano | Fast linear electro-optic effect in a centrosymmetric semiconductor[END_REF]. Thanks to this study, Eq. 2.9 can be adapted to evaluate the effective index change related to any strain-induced χ (2) ijk component:

∆n e f f = 2c 0 ∑ lmn Γ ijk,lmn wg η lmn E opt,i E * opt,j F k dxdy ∞ E opt × H * opt + E * opt × H opt • u z dxdy (2.14)
From Eq. 2.14, it is clear that the overlap of the optical mode, strain gradient and electric field distributions is critical and it constitutes a key point in the global EO efficiency. This theoretical model of strain-induced χ (2) gives rich insights about how mechanical deformations impact Pockels effect and paves the way for improvement through the optimization of interplay between the optical, mechanical and electrical properties of the EO modulator.

Questioning the role of strain

In the experimental results presented previously, the whole EO response was attributed to Pockels effect only, neglecting carriers effects. However, silicon being a semiconductor, PDE cannot be ruled out easily and it has been showed that the published values of χ (2) in strained silicon were strongly overestimated due to a non negligible effect from free carriers. In 2015, S. Azadeh et al. demonstrated that index change arising from PDE can be linear with the applied voltage, even around 0 V because of the effect of fixed charges at the Si/SiN x interface [START_REF] Sharif Azadeh | On the measurement of the Pockels effect in strained silicon[END_REF]. This invalidates the linearity of the measured EO modulation as a discriminating argument to rule out PDE. In addition to the linearity of PDE, they observed hysteresis behavior in the index change curve versus the applied voltage. This usually comes from trapping of carriers, proving that free carriers effects are not negligible. In addition, they demonstrated changes in the absorption of silicon when a voltage is applied, which is in very good agreement with the theory of PDE. The hysteresis in the EO effect due to trapping of carriers and the dependence of absorption with voltage have been validated by I. Olivares et al. in 2017 (Fig. 2.6 a) [START_REF] Olivares | On the influence of interface charging dynamics and stressing conditions in strained silicon devices[END_REF]. It is also interesting to notice that previous studies were performed in the DC regime or at very low frequency (<200 kHz), constituting particularly good conditions for PDE. AC experiments were performed by M. Borghi et al. in 2015 using a ring resonator based EO modulator, and the dynamic response showed a bandwidth corresponding to the carriers recombination time scale [START_REF] Borghi | High-frequency electro-optic measurement of strained silicon racetrack resonators[END_REF]. This behavior points toward PDE as the main contributor of the EO modulation, while the effective χ (2) is evaluated to be at least two orders of magnitude lower than that previously predicted (Fig. 2.6 b).

Furthermore, strain induced second order non-linearity in silicon has been investigated through second harmonic generation (SHG) and showed that the nonlinear response was actually due to interface charges creating a strong electric field responsible for electric field induced SHG, a third order nonlinear effect [START_REF] Castellan | On the origin of second harmonic generation in silicon waveguides with silicon nitride cladding[END_REF][START_REF] Schriever | Second-Order Optical Nonlinearity in Silicon Waveguides: Inhomogeneous Stress and Interfaces[END_REF]. Indeed, charged states exist at the Si/SiN x interface and create a static electric field in the waveguide. This electric field combined with the third order nonlinear susceptibility results in an effective χ (2) responsible for SHG. The study of C. Castellan et al.

showed that the SHG signal disappears when these interface charges are removed by UV exposition (Fig. 2.6 c). This result proves that the measured SHG is majorly related to the third order nonlinear effect coupled with the DC electric field caused by the fixed charged at the Si/SiN x interface. Yet, these studies do not invalidate the existence of Pockels effect, they highlight that carriers effect both within the silicon core and at interfaces are not negligible and that they have to be taken into account in the results analysis in order to validate or not the manifestation of strain induced Pockels effect.

A more robust method to characterize strain induced Pockels effect

Strong efforts were made to unambiguously demonstrate Pockels effect in strained silicon and to build a model of the strain induced χ (2) [67]. This model shows a dependence of χ (2) with the strain gradients in the silicon waveguide section and the crystalline properties. In particular, the crystal orientation plays a significant role on χ (2) . This dependence with the crystal orientation can be used to differentiate Pockels effect and PDE. Moreover, working at high enough frequency to overpass the carriers lifetime can rule out the PDE in the EO response. Indeed, charge carriers are limited in speed while nonlinear optics effects can be considered instantaneous. The crystal orientation dependence of the EO response and the modulation speed were then used as criteria to differentiate strain induced Pockels effect from PDE in MZIs [START_REF] Berciano | Fast linear electro-optic effect in a centrosymmetric semiconductor[END_REF]. Devices were fabricated using a high resistivity silicon base for the substrate and the waveguides, reducing the amount of charge carriers. A SiN x stressing layer was deposited on top of the devices and resulted in a 1.3 GPa compressive stress. A first feature that can be observed is that at frequency lower than 3 GHz, the EO response of the MZI changes with the bias voltage. Indeed, at low frequency the bias voltage variation modifies the carriers regime, making the carriers work whether in the inversion or depletion regime. The fact that the EO response is different in each regime demonstrates that carriers play a significant role in the modulation behavior, making it difficult to identify Pockels and its contribution. However, at frequencies higher than 3 GHz, the EO response is identical for every bias voltage, implying that the modulation is not influenced by the carriers regime. The EO response at frequencies higher than 3 GHz can then be attributed to Pockels effect (Fig. 2

.7 b).

In this frequency range, the same experiment was performed on MZIs with different orientation angles showing a strong dependence with the direction of the MZIs as predicted by the theoretical model (Fig. 2.7 c). From these results it was possible to calculate the effective χ (2) coefficient, resulting in a value of approximately 1 pm/V. This rather small value, several orders of magnitude lower than previous works, is mainly due to a poor interplay between the optical mode distribution and the strain gradient distribution, and due to a weak vertical electric field in the silicon core. Some numerical studies have been performed to propose ways to enhance the effective second order non-linearity [START_REF] Olivares | Enhancing Pockels effect in strained silicon waveguides[END_REF]: for example, the use of a hybrid straining layer, with opposite stress signs could increase the overlap between the optical mode and the strain gradient profiles. Also, by using doping regions forming a PIN-like structure, the electrical properties can be improved too. These solutions are of great interest, but their implementation in terms of fabrication is yet to be proved.

In my thesis, I tried to improve the response of EO modulators by playing on the driving electric field. To characterize the strength of Pockels and carrier effects in the device, similar methods were used: high speed EO measurements were performed with different bias voltages, making the hypothesis that at high enough frequencies only Pockels effect is involved. 

Design of the EO modulators

Improving the effective χ (2) in strained silicon is done by optimizing the overlap between optical mode, electric field, and strain gradient. Different approaches are conceivable: changing the geometry of the waveguide in order to enhance the overlap of strain gradients with the optical mode; increasing the initial stress; improving the electric field distribution inside the core of the waveguide, etc... The option we chose here is to improve the interaction of the optical mode with the driving electric field by playing on the electrode configuration to increase the vertical component of electric field within the core of the waveguide. The electrodes were then designed in a microstrip configuration.

Geometry

The devices designed for this study are very similar to the ones used in the work of M. Berciano et al. [START_REF] Berciano | Fast linear electro-optic effect in a centrosymmetric semiconductor[END_REF]: silicon waveguides are patterned on a buried oxide layer (BOX) and cladded with a SiN x film to strain the waveguides. The ground electrode is buried in the BOX and the signal electrode is deposited on top of the cladded waveguide. The waveguides are 260 nm thick and 400 nm wide to ensure singlemode operation at 1550 nm wavelength. A SiN x thickness of 700 nm was deposited to reach a trade-off between efficient straining of the waveguide and low interaction of the optical mode with the top metal electrode to limit losses. A width of 5 µm for the top electrode ensures a characteristic impedance of 50 Ω for better RF performances. Two types of structures were fabricated:

• MZI with electrodes on top of both arms, with an imbalance of 60 µm between the arms ensuring a good sensitivity of index change in the experiments.

• Phase shifters (PS), consisting of single straight waveguides with an electrode deposited on top of it to induce a phase change on the light propagating through it.

Fig. 3.1 a) gives an overview of the layout with all the structures used in this study. Devices with different active region lengths L a were designed, ranging from 1 mm to 5 mm. Light is coupled in and out the waveguides via grating couplers. The contact pads to apply the driving voltage are made in a coplanar configuration with a 100 µm pitch, matching the RF probes. Vertical interconnect accesses (VIA) were etched to reach the buried ground electrode and connect it to the ground pads of the coplanar contacts. Fig. 3.1 b) and c) show a schematic of an MZI and the detailed cross section of the active region respectively. A scanning electron microscope (SEM) view of a part of the fabricated chip is showed on Fig. 3.1 d).

Fabrication

200 mm wafers from CEA-LETI were used to fabricate the modulators at C2N's cleanroom. The wafer is made of a stack of different layer: a silicon substrate (725 µm), a first silica layer (500 nm), a metallic plane (1 µm), a second silica layer (1.2 µm), and a silicon thin film (260 nm). After coating the silicon film with photo-resist, waveguides are patterned through electronic lithography and dry etching. To apply the compressive stress on the devices, a 700 nm thick SiN x film is deposited via plasma enhanced chemical vapor deposition. The temperature and pressure conditions of this deposition step determine the final stress in the film. In order to make vertical interconnect accesses to connect the contact pads with the buried metallic plane, holes were etched in the SiN x , Si and SiO 2 layers. Another step of electronic lithography was performed for the deposition of the metallic electrodes on top of the MZI arms and PS. These electrodes were then obtained using the lift-off technique.

A simplified representation of the fabrication process flow is depicted in Fig. 3.2: insets a) to f) describe the waveguide patterning, insets g) to k) describe the fabrication of VIA. Fabrication was performed by M. Berciano and X. Le Roux in the clean room at C2N. All the details can be found in Ref. [START_REF] Berciano | Nonlinéarités optiques du second ordre dans le silicium Thèse de doctorat dirigée par Vivien[END_REF].

Optical behavior

Dimensions of the waveguide were optimized for optimal single mode operation at 1.55 µm wavelength. The only degree of freedom was the width of the waveguide.

The goal is to reduce the losses while operating in the single mode regime. By increasing the width, propagation losses decrease due to lower interaction of the optical mode with sidewall roughness, but wide waveguide can support several modes. In our case, the largest width ensuring single mode operation at a wavelength of 1.55 µm was found to be 400 nm. For these dimensions, only the fundamental quasi-TE (E opt along x axis) and quasi-TM (E opt along y and z axis) modes1 (Fig. 3.3) can be guided. TE mode was used in our experiments because TM mode has a larger proportion of the optical mode propagating on the top part of the structure (Fig. Since the optical wave is polarized in the TE mode while the driving electric field in oriented on the y axis, the nonlinear susceptibility component involved in Pockels effect is χ

(2)
xxy , which is given by Eq. 2.11.

Mechanical behavior

The SiN x stress layer is deposited by plasma enhanced chemical vapor deposition on the chip. The deposition conditions resulted in a 1.3 GPa compressive stress in the film (calculated from the bow radius of the wafer after deposition). It is important to notice that this value is lower than the elasticity limit of silicon (8 GPa), meaning the mechanical behavior can be described with Hooke's law, which is a linear model linking the stress σ to the strain ε via the stiffness tensor C:

σ = C . . ε (3.1)
The stiffness tensor depends on the crystal orientation and is directly related to the more commonly used parameters E m and ν m (respectively Young's modulus and Poisson's ratio). In our case, the waveguides are oriented on the [0 11] direction. SiN x and SiO 2 are amorphous, thus their Young's modulus and Poisson coefficient do not depend on the orientation. Table 3 The strain gradients were obtained using a linear mechanical finite element method with the commercial software Comsol. According to the work of P. Damas et al., the shear components of strain ε ij with i = j has a negligible contribution, so only two strain gradients are necessary to model the strain induced χ It is noteworthy that maximum absolute values of η xxy and η yyy are found close to the edges of the silicon waveguide core, while they reach minimum values at the center. Since the optical mode is mainly distributed around the center of the waveguide, the overlap with the strain gradients is weak, strongly limiting the effective χ (2) coefficient. Improvement of this overlap may be obtained by changing the shape of the waveguide section, but it is not in the frame of my Ph. D. work presented here.

Interface charges

The stressing SiN x layer deposited on top of the waveguide also changes significantly the electrical behavior of the EO modulators as it creates charge states at the interface between Si and SiN x [START_REF] Warren | Electron paramagnetic resonance investigation of charge trapping centers in amorphous silicon nitride films[END_REF]. These charge states are complex and play a significant role in the total electro-optic effect. In detail, these charge states arise from dangling bonds in SiN x compounds. The unpaired electron in this structure can create two types of defects: K-centers, when a silicon atom is missing a nitrogen bond (•Si≡N 3 ), and N-centers, when a nitrogen atom is missing a silicon bond (Si 2 =N•); as seen in Fig. 3.5. It is known that K-centers are predominant compared to N-centers. For this reason, we focus on the properties of K-centers. K-centers can be neutral (K 0 ), positively charged when the unpaired electron captures a hole (K + ) or negatively charged when the unpaired electron captures an electron (K -). Studies determined that Kcenters are thermodynamically more stable when charged than in their neutral state, especially in their positive state K + . This leads to a positive surface charge density at the interface between Si and SiN x . Hence, an inherent electric field already exists in the structure without applying any voltage. Through capacitance measurements of metal-oxyde-semiconductor (MOS) capacitors, surface charge densities in Si/SiN x interfaces were found to be of the order of Q f = 3 • 10 12 cm -2 [START_REF] Berciano | Nonlinéarités optiques du second ordre dans le silicium Thèse de doctorat dirigée par Vivien[END_REF]. Moreover, charge carriers can be trapped at the Si/SiN x interface, inducing a voltage dependent effective surface charge density. Studies showed that the surface charge density is strongly dependent on the bias voltage and the interface becomes significantly more charged when a negative voltage is applied on a Si/SiN x stack [START_REF] Sharif Azadeh | On the measurement of the Pockels effect in strained silicon[END_REF][START_REF] Bazilchuk | Modulating the fixed charge density in silicon nitride films while monitoring the surface recombination velocity by photoluminescence imaging[END_REF], as depicted on Fig. 3.6 a).

This voltage dependent surface charge density is responsible for hysteresis behaviors in EO modulators working in DC regime as it were demonstrated in several research works. For example, the study of S. Azadeh et al. showed drastic differences in the phase shift in a MZI when the device has been left to soak at -200 V or at +200 V. The curve obtained when soaking at +200 V shows behavior that corresponds to an effective surface charge density Q f = -4 • 10 12 cm -2 while the one obtained when soaking at -200 V corresponds to Q f = 7.5 • 10 12 cm -2 (curves represented in Fig. 3.6 b)). It is interesting to notice that the drifting of Q f due to trapping at the interface responsible for the hysteresis occurs with a time constant of the order of several tens of seconds, meaning that this effect does not impair the EO response at high frequency operation.

Electrical behavior

The electrical behavior was simulated with the commercial software Lumerical Device in the DC regime. However, these simulations only give a rough idea of the shape of the distribution profile for free carriers and electric field since the Q f dependence with voltage is unknown in our case.

The structure is close to the one of a MOS capacitance. Therefore, the modulator can be operated in three different regimes:

• Accumulation regime: when the same type of carriers as the initial state of the semiconductor material accumulate close to the insulator (SiNx) layer;

• Depletion regime: when both types of carriers are removed from the semiconductor material;

• Inversion: when the bias is such that the bending of conduction and valence bands result in the accumulation of the opposite carriers compared to the initial state of the semiconductor material.

In this simulation, a DC voltage between -30 V and +30 V is applied on the top electrode while the bottom electrode is kept at 0 V. Free carrier and electric field distributions are then calculated. In our simulations, an initial acceptor concentration N A = 1 • 10 15 cm -3 was considered, accounting for the residual doping in the silicon waveguides.

The electric field penetration into silicon is very weak because of the redistribution of carriers. Moreover, inside the core the electric field is not purely vertical because of carriers accumulating at the boundaries of the silicon ridge. However, the horizontal component of the electric field does not impact Pockels effect. Indeed, due to symmetry properties of the strain gradients and electric field, the effective index change related to χ

(2)

xxx is null. It can be seen that the vertical component of the electric field has opposite signs near the top and the bottom of the core (Fig. 3.7 b), but this profile does not cause trouble for Pockels effect because the strain gradient distributions show the same type of profile. Hence, in the total overlap to calculate ∆n e f f described by Eq. 2.9, the change of signs of strain gradients and electric field cancel each other out, enabling a non-zero χ (2) xxy . As for free carriers, numerical simulations show that their concentration varies strongly with the voltage and can reach high values. An example of electron concentration at V DC = 30 V is given in Fig. 3.7 a). At this voltage, holes are negligible (inversion regime), while at -30 V the opposite behavior occurs (accumulation regime).

Effective index change

From the optical, mechanical and semiconductor simulations that were carried out, the effective index change can be estimated. From these simulations, each component are evaluated:

• PDE: free carriers concentrations are obtained with a semiconductor simulation for each voltage. From these, the variation of concentration compared to intrinsic silicon is obtained for each point in the waveguide core section. As a means to better understand how the interface charge density changes the EO behavior, the simulation was performed for different values of Q f , ranging from 0 to 4 • 10 12 cm -2 . The overlap with the optical mode is then calculated, giving the index and absorption changes from carriers ∆n e f f ,c , shown in Fig. 3.8 a) and b).

• Pockels effect: the index change ∆n e f f ,P from χ (2) is obtained by overlapping the strain gradients (Fig. 3.4) with the optical mode and the electric field (obtained with the semiconductor simulation). The result is shown in Fig. 3.8 c).

• Kerr effect: an homogeneous Kerr coefficient of 2 • 10 -19 m 2 /V 2 is assumed in the silicon core. The Kerr coefficient of SiO 2 and SiN x being several orders of magnitude lower than that of Si, they have been neglected. The overlap of the optical mode and the squared electric field was computed to obtain the index change from Kerr effect ∆n e f f ,k , as seen in Fig. 3.8 d). 

Q f = 0 cm -2 . d) ∆n e f f ,k for Q f = 0 cm -2 .
These results show that PDE is expected to be the dominant effect in the DC regime, while Pockels effect is predicted to be considerably lower because of the low electric field in the waveguide core and the poor overlap of η, F y and E opt . This is mainly due to the fact that strain gradients and driving electric field are concentrated at the edges of the silicon core while the optical mode is tightly confined at the center of the waveguide. [START_REF] Berciano | Fast linear electro-optic effect in a centrosymmetric semiconductor[END_REF]. In this measurement campaign, three degrees of freedom were played on:

• the RF frequency, which influences the dynamics of free carriers;

• the DC bias voltage, which changes the initial free carrier regime (accumulation, depletion, or inversion);

• the AC voltage, which changes the amplitude of the EO modulation. Each component ∆n c , ∆n p and ∆n k reacts differently to the AC voltage amplitude, meaning that this parameter can be used to identify the contribution of each effect.

Results on MZIs permit to evaluate the phase modulation caused by ∆n, while results on PS give an estimation of the change in absorption ∆α.

I performed these experiments with the help of Lucas Deniel, Ph. D. student at C2N as well.

DC electro-optic characterization

First, EO measurements were carried out in the DC regime. Both MZIs and phase shifters were tested. The MZIs are used to retrieve the effective index change ∆n e f f while the phase shifters give the absorption coefficient change ∆α.

Mach-Zehnder interferometers

An optical beam is launched into the device in TE polarization and the transmission spectrum is measured with a component tester (CT-400). Due to the imbalance of length between the two arms of the MZI, resonances can be observed even in the absence of voltage. Then, a DC voltage between -30 V and +30 V is applied on one of the MZI's arms and the resonance shift ∆λ r is extracted from the spectrum. The electrical path is left in open circuit so that no current passes through the lines, thus avoiding thermo-optic effects through Joule effect. A schematic drawing of the experimental setup is depicted on Fig. 4.1 a). The voltage was applied following a cycle to check if the device has an hysteresis behavior. The voltage sequence is the following: from 0 V to 30 V, 10 minutes wait to let the slow charging effect stabilize, 30 V to -30 V, 10 minutes wait, -30 V to 30V. Examples of measured spectra are shown in Fig. 4.1 b), where the resonance shift can be clearly seen. From ∆λ r at each voltage, the effective index variation is retrieved through Eq. 2.3. On Fig. 4.1 c) shows the result for a 2 mm long MZI. It can be seen that a small hysteresis exists. This is attributed to the charging of traps at the Si/SiN x interface. Another particular 4.2. DC electro-optic characterization feature, is the asymmetric shape of the curve: at negative voltages, the curve flattens while at positive voltages the index variation is more important. We believe that this behavior is also due to the charging of the Si/SiN x interface. This kind of asymmetry has been observed by Azadeh et al. who showed that on a voltage range the EO response is instantaneous, but passed a certain voltage, the response drifts with a time constant of the order of a few seconds [START_REF] Sharif Azadeh | On the measurement of the Pockels effect in strained silicon[END_REF]. Results on other MZIs with different lengths show the same features as the 2 mm long one. 

Phase shifter waveguides

In the phase shifters, the variation of absorption directly implies a modulation of the light intensity at the output of the waveguide. The method to obtain ∆α is straightforward: we measure the amplitude P opt of the optical output of the waveguide for each voltage we apply and compare it to the output amplitude at V DC = 0 V. Knowing the Length L a of the active part of the wavegudie, ∆α can be calculated as follows:

∆α(V DC ) = 1 L a log P opt (0) P opt (V DC ) (4.1)
The experimental setup is very similar to the one described in In Fig. 4.2 b), we see that the ∆α curve as a function of V DC has a similar shape compared to the ∆n e f f curve obtained previously on the MZI, with a flat response at negative voltage, and stronger variation at positive voltage.

Analysis

In order to establish which effect are responsible for the observed behaviors, experimental results are compared to numerical simulations presented in Fig. 3.8. The first observation that can be made is that Pockels and Kerr effects are several orders of magnitude lower than the experimental ∆n e f f while ∆n e f f ,c has the same order of magnitude. We can then conclude that in the DC regime, PDE is largely predominant compared to both Pockels and Kerr effects. However, the shape of the curve is not reproduced by simulations with a constant Q f . At positive voltage, the tendency is in good agreement with the experiment for both ∆n e f f ,c and ∆α for Q f close to 0 cm -2 , but at negative voltage the quasi constant behavior is not predicted. As explained before, this can be due to a voltage dependency of Q f . Fig. 3.6 a) shows that at negative voltage, the surface charge density increases and it can be seen in Fig. 3.8 a) and b) that increasing Q f shifts the PDE curves towards negative voltages.

In order to describe this tendency, the approach I chose was to implement a linear voltage dependency of Q f for V DC ≤ 2 V and a constant Q f for V DC > 2 V:

Q f = 0 if V DC > 2 V -1 • 10 15 • (V DC -2) if V DC ≤ 2 V (4.2)
This function permits to approximately reproduce the flattening of ∆n e f f at negative voltages. It is important to point out that the function used for Q f in Eq. 4.2 is arbitrary, and other functions can be found to reproduce this flattening. The function proposed here aims at giving a qualitative explanation of the experimental results. This Q f profile corresponds to a case where free carriers work in the inversion regime at positive voltage while they stay in depletion regime at negative voltage, meaning that in this range ∆n e f f ,c stays close to zero, as displayed in Fig. 4

.3 a) and b).

The results presented here validates that in the DC regime the effective index change is mainly due to PDE. It also highlights the repercussion of surface charges at the Si/SiN x interface, which modifies significantly the EO effect at negative voltages.

AC electro-optic characterization

As it was seen, in the DC regime Pockels effect is negligible compared to PDE. Thus, high frequency experiments were carried out in order to study the dynamic EO response since free carriers are likely to be limited by their lifetime in the AC regime. The measurements in high speed regime could emphasize the EO modulation based on strain induced Pockels effect by reducing the PDE.

Electrical characterization

Before studying the EO response of the devices, the electrical characteristics of the microstrip lines were measured. The electrical behavior is described in terms of reflection and transmission of the RF waves propagating in device under test (DUT). These properties are modeled by the so-called S-parameters as defined in Fig. 4.4 a). To obtain the S-parameters of our device, the input and output contact pads of the DUT were connected to 2 ports of a vectorial network analyzer. The experimental setup is represented in Fig. 4.4 b). This way, the S-parameters of the electrical part of the device were retrieved. Electrical propagation losses α e were deduced from S-parameters. Results are showed in Fig. 4.5.

From Fig. 4.5 it can be seen that reflections are lower than -10 dB up to 30 GHz, dropping at -30 dB between 5 GHz and 7 GHz. To avoid perturbations coming from reflections, it is better to work where S 11 is the lowest. However, it is also necessary to take into account the propagation loss. Since propagation loss increases with the frequency, it is better to work at the lowest frequency possible. A frequency of 5 GHz gives a reasonable trade-off between reflection and loss. It is of great interest to notice that this value is higher than the limit value of carriers response in the experiment of Berciano et al. as shown in Fig. 2.10. For all these reasons, EO experiments were performed at a frequency of 5 GHz.

Mach-Zehnder interferometers

The setup used for the AC characterization is similar to the one depicted in Fig. 4.1, but the DC voltage is applied on both arms so that the working wavelength stay the same at each V DC , and an AC voltage is added on one arm. A schematic view of the experimental setup is given in Fig. 4.6 a). An additional bias tee is included at the electrical output to reject the DC component which could damage the oscilloscope. A 90/10 directional coupler divides the output light: 10% of the optical power is coupled into the CT-400 to observe the transmission of the MZI, and 90% of the optical power passes through an EDFA. The amplified signal is launched on a high frequency photodiode converting it in an electrical signal. The latter is measured with an electrical spectrum analyzer. A bias tee is inserted before the spectrum analyzer to remove the DC component, not supported by the instrument. The 50 Ω load at the DC end of the bias tee before the spectrum analyzer ensures an optimum working point for the photodiode.

It is important to measure the transmission of the MZI with the CT-400 before starting AC modulation measurements in order to set the working wavelength. Indeed, the AC modulation is strongly dependent on the wavelength: as described by Eq. 2.1, the MZI has a cosine response with ∆φ (directly linked to the wavelength). As a consequence, close to a maximum or a minimum of the cosine response, the AC modulation is almost zero, while it is maximum at the quadrature point. Moreover, under the small signal hypothesis, the MZI response is linear at the quadrature point and the output optical power can be approximated as follows:

P out (t) = P in 2 (1 + ∆φ AC (t)) (4.3)
Here ∆φ AC (t) is the phase change resulting from a high frequency AC voltage. In the following, ∆φ AC denotes the amplitude of the AC phase change. The working wavelength λ 0 is then chosen to be the wavelength at which the transmission of the MZI is half of its maximum value (quadrature point of the cosine function). Fig. 4.6 b) and c) shows how λ 0 is chosen. The spectrum analyzer does not give direct access to ∆φ AC , it gives the power of the AC component of the light received by the photodiode. Thus, by noting G PD the photodiode gain (in A/W), Z the spectrum analyzer impedance (Z = 50 Ω) and P EDFA the average power delivered by the EDFA at the chip output, the power measured by the spectrum analyzer P s is:

P s = Z (G PD P EDFA ∆φ AC ) 2 2 (4.4)
In the experiment, the DC voltage was varied in order to see if a change of static carrier regime has an impact on the AC response. If so, it means that PDE may play a role in the AC response, while if it does not change, it is more likely to be Pockels effect that manifests. The AC voltage amplitude V AC was also varied to check the linearity of the EO response with the electric field.

To begin with, the DC voltage was set to a fixed value and the AC amplitude is varied on a 2 mm long MZI. In this regime, it is expected that PDE would be negligible. First, an unexpected behavior caught our attention: the global spectrum experiences a strong static shift when the AC amplitude is changed whereas the DC voltage stays the same. The resulting static index change ∆n e f f ,s is too high to be caused by Kerr effect: from the DC index change ∆n e f f ,k plotted in Fig. 4.3 d) we see that the index change is of the order of 10 -8 at 3 V of DC voltage, while a static index change of 3.25 • 10 -4 is measured for a 3 V AC voltage. We found out that this may be caused by a thermo-optic effect. Indeed, the propagation losses of the electrical wave are quite high (approximately 12 dB/cm), thus leading to heating of the structure due to Joule effect. The experimental ∆n e f f ,s shows a quadratic evolution with the input voltage, which would be the expected behavior for a thermo-optic effect coming from Joule effect. To check the validity of this hypothesis, I established a basic thermal model. The thermo-optic coefficient of silicon is considered to be κ = 1.86 • 10 -4 K -1 [START_REF] Komma | Thermooptic coefficient of silicon at 1550 nm and cryogenic temperatures[END_REF], and the temperature variation ∆T due to a power source P th is modeled by a proportional relation: ∆T = γP th . The coefficient γ is unknown. By fitting the experimental effective index change, there is a good agreement with the thermal model for γ 50 K/W. This value of γ implies an average ∆T in the silicon core section of 5 K with a 100 mW input power, which is consistent. This thermooptic model then seems to be a reasonable approach to explain the static phase shift induced by the AC voltage. Fig. 4.7 a) shows the comparison of the experimental results and the thermo-optic model obtained by a quadratic fit. Since the heating of the waveguide isn't fast enough to follow a GHz excitation, this phenomenon only changes the working wavelength λ 0 for each V AC , so the dynamic response of the MZI can still be analyzed without taking into account thermal effects. The EO response for different V AC is measured with the spectrum analyzer and the resulting AC phase shift ∆φ AC is retrieved through Eq. 4.4 for a given DC voltage. For V AC < 2.5 V, a linear evolution of ∆φ AC is observed, while the curve flattens at higher voltages. For such high values of amplitude, the MZI response might not be approximated by a linear model, which could explain this non-linearity. In order to check if the EO response is indeed independent of V DC , the same experiment is done for different DC voltages. Fig. 4.7 b) shows the results for V DC = -10 V and -30 V.

It appears that the AC phase shift fluctuates strongly with the DC voltage, which means that free carriers still play a role at 5 GHz, making it difficult to extract the modulation from Pockels effect. To better see this comportment, the AC voltage was set at 1 V and the DC voltage is varied from -30 V up to +30 V. A cycle on V DC is applied similarly to the DC study presented in the previous section. The issue of this experiment is described by the graph in Fig. 4.7 c). The AC phase shift shows a hysteresis cycle, demonstrating again that the dynamic response depends strongly on the static properties of the initial working point.

In order to avoid this dependence and to rule out PDE in the EO response, it was interesting to do the same experiment at other frequencies. Using a lightwave component analyzer (LCA) coupled with a vectorial network analyzer (VNA), the EO response of the 2 mm long MZI was measured for frequencies ranging from 0.1 GHz to 30 GHz at different DC voltages. Unfortunately, fluctuations of the EO response when changing V DC were observed on the whole bandwidth of the modulator (Fig.

4.8).

The fact that we could not reach the point at which PDE disappears in the same way than the previous studies made by Berciano et al. might be explained by the difference in the substrate we used in our experiments. As a matter of fact, the previous study was made with high resistivity silicon with a very low residual doping of N A = 10 12 cm -3 , but in my work I used waveguides made of silicon with a higher residual doping of N A = 10 15 cm -3 . When the doping concentration increases, the free carriers lifetime decreases [START_REF] Fossum | A physical model for the dependence of carrier lifetime on doping density in nondegenerate silicon[END_REF][START_REF] Landsberg | The connection between carrier lifetime and doping density in nondegenerate semiconductors[END_REF], leading to the increase of the limit frequency at which they can respond. As a consequence, we couldn't experimentally discriminate PDE and nonlinear optical effects.

Phase shifter waveguides

In order to have more insights about the free carriers response in the dynamic regime, the same experiments made with the MZI were performed at 5 GHz on a 2 mm phase shifter waveguide. The experimental setup is the same as the one presented in Fig. 4.6 a), but the MZI is replaced by a phase shifter. The AC modulation at the output of the waveguide is measured with the electrical spectrum analyzer. An AC amplitude of 1 V is applied on the electrode, while the DC voltage is varied from -30 V to +30 V. The power given by the spectrum analyzer is directly related to an equivalent AC absorption variation ∆α AC . By assuming a first order approximation of e -∆α AC L a (making the hypothesis that ∆α AC L a 1), the relation can be written as follows:

P s = Z (G PD P EDFA ∆α AC L a ) 2 2 (4.5)
Fig. 4.7 d) shows the obtained ∆α AC as a function of V DC . Two observations can be made: first, the fact that a dynamic variation of absorption was observed at 5 GHz proves that free carriers are undoubtedly playing a role even at high frequencies since Pockels effect cannot be responsible of any absorption variation; then we can also recognize the same shapes of the ∆α AC (V DC ) and ∆φ AC (V DC ) curves, which makes us suspect that the EO response of the MZI is majorly due to PDE. The same experiment was made at higher frequencies, up to 10 GHz, and similar results were obtained. Nonetheless, there are no unambiguous experimental proof that Pockels effect is not present.

Numerical issues

Since the experiments did not permit us to properly quantify Pockels effect in strained silicon MZIs, a numerical semiconductor model was built to differentiate the different phenomena involved in the dynamic EO response. This model aimed at simulating the behavior of the 2 mm long MZI and phase shifter driven by a 5 GHz AC field for each DC voltage. The method consists in calculating the total AC phase variation ∆φ AC through the evaluation of effective index change:

∆φ AC = L a 0 2π λ ∆n e f f ,AC (z)dz (4.6)
The calculation of ∆n e f f (z) is similar to Eq. 2.9, except the propagation of the electrical wave is taken into account. Indeed, due to electrical loss, group velocity mismatch with the optical wave and possible reflections, the index variation along the active waveguide is not uniform. The longitudinal evolution of V AC must be included. V AC (z) is the sum of the forward voltage V + AC and the backward voltage V - AC coming from reflections at the output contact pad:

V AC (z) = V + AC (z, ω) + V - AC (z, ω) (4.7)
By calling the input voltage amplitude V 0 , the amplitude of the reflection at the output contact pad V 0 , the group index mismatch between the optical wave and the electrical wave δ g , each term ca be written as follows:

V + AC (z, ω) = V 0 e -α e z e -i ω c δ g z V - AC (z, ω) = V 0 e -α e (L a -z) e -i ω c δ g (L a -z) (4.8)
By working in the modulator bandwidth, the group velocity mismatch term δ g can be neglected. Moreover, if impedance mismatch of the device is small, reflections can be neglected and considering only V + AC is enough. This is the case for frequencies lower than 10 GHz, where the EO frequency response is smooth and reflections are lower than -10 dB. At 5 GHz, the frequency at which experiments were performed, reflections are particularly low, around -27 dB. With these conditions, and by considering a first order Taylor expansion of ∆n e f f with the voltage, we obtain:

∆φ AC = 2π λ ∆n e f f ,AC 1 -e -α e L a α e (4.9)
From ∆φ AC it is possible to calculate P s with Eq. 4.4 to compare numerical results with experiments.

Yet, it has been impossible to conclude on this study due to numerical issues. In fact, numerical simulations in the small signal analysis were first performed using Comsol Multiphysics, and the results would not get close to the experimental results. The simulation with exactly the same parameters were then performed using Lumerical Device, and it led to completely different results compared to Comsol. These results were still very different from the experimental observations. Moreover, on the same software, small signal analysis and full temporal simulation with the same voltage amplitude as the small signal case gave different outcomes too. After discussions with software experts from Lumerical, it seems that the problem comes from the fact that the silicon core is totally isolated from the metallic contacts. No solution was found for this problem. It appears that in the dynamic regime, the semiconductor solvers used by Comsol Multiphysics and Lumerical Device fail to give accurate results in our case. Nonetheless, it is important to point out that in the static regime, both software give the same results, which are in good agreement with the experiment, as shown in the previous sections. In order to overcome this issue, there is an under going numerical study of this problem using another software, Silvaco, specifically dedicated to semiconductor simulations. We believe that this study can give more accurate results on the AC EO response of the device. J. Peltier (Ph. D. student at C2N and CEA LETI) and L. Virot (researcher at CEA LETI) pursue this approach.

Eye diagram measurement

When the first results of AC experiments showed linear modulation at high frequency, our first intuitive conclusion was that it was due to strain induced Pockels effect. Because of the breakthrough that it would represent, eye diagram measurements were performed to demonstrate the possibility to achieve high data rate transmission using Pockels modulators in silicon. A 10 Gbps PRBS source was used. Higher data rate could not be used in our modulators due to their bandwidth (approximately 10 GHz). The experimental setup is similar to the one depicted in Fig. 4.6, but the MZI is operated in push-pull configuration (a signal s is applied on one arm while its complementary s is applied on the other). To ensure the phase opposition of signals in both arms, controllable phase shifters are added at the output of the PRBS. Bias tees are put at the PRBS output to remove parasitic bias voltage coming from long sequences of same states (long series of 0 or 1) that caused instabilities in the measured eye diagrams. The driving voltage is amplified by RF drivers, reaching 12 V PP at the input contact pad. A DC bias voltage of -10 V is applied on both arms since we saw that at this working point the AC response of the MZI was optimal. The wavelength is set to 1566.6 nm, corresponding to a -3 dB point of the MZI resonances. Electrical signals at the chip outputs as well as the modulated optical output are visualized on a high speed oscilloscope. Even if AC experiments eventually showed that the origin of the EO modulation is not clear in our case, this result demonstrates that if phase shifts as low as 10 -3 rad can be demonstrated unambiguously with strain induced Pockels, it would be possible to measure an open eye diagram at high data rates.

Chapter 5

Conclusion Discussion

The study presented here did not allow to give clear answers about the role of straininduced Pockels effect in silicon EO modulators. Nonetheless, it gave interesting information on the impact of free carriers and charges at the Si/SiN x interface. To improve the experimental method in order to shed light on Pockels effect, more advanced modulators using PIN junctions working in reverse bias can be designed. With this kind of structure, it is expected to be possible to remove free carriers from the area of the waveguide where light is confined, hence drastically reducing the contribution of PDE. It would also be interesting to explore complex geometries that improve the overlap of strain gradients with the optical mode. This would greatly increase the effective strain-induced EO effect. Unfortunately, due to the moving of the lab (from IEF to C2N), the clean room was closed for two years during my Ph. D. thesis, so I could not fabricate other samples.

As for the numerical study, it was possible to implement a model in DC regime, but strong limitations were encountered when working in AC regime. The outcome of DC simulations are in good agreement with experimental observations, but there is still room for improvement. Indeed, an arbitrary mathematical model of the surface charge density Q f was implemented, but a more accurate model describing physical processes is desirable. The numerical limitations I faced are in the frame of semiconductor physics. Using a software dedicated to the modeling of semiconductor devices would help to solve this issue. For example, such software allow to take into account dynamics of traps at interfaces, surface recombination and effects of strain on carriers mobility. These numerical capabilities are of particular interest to study the EO behavior in AC regime. Within the framework of the joint Ph. D. of J. Peltier at C2N and CEA LETI, ongoing numerical studies using the Silvaco software may give more closure on this topic.

Conclusion on strained silicon EO modulators

I studied EO modulation in strained silicon structures both in DC and AC regimes. DC experiments and numerical simulations show that, in this regime, PDE is largely predominant in the EO behavior of the tested devices. It also highlighted that the overall response of the modulators is strongly impacted by the charging of the Si/SiN x interface. These conclusions were expected and they are in agreement with other published studies. The AC characterizations aimed at working in a regime in which free carriers effects were expected to be negligible. However, experiments showed that PDE was still playing a significant role on the entire modulator's bandwidth, up to 20 GHz. In order to further understand the roles of PDE and nonlinear optical effects, I tried to numerically study the dynamic response of the strained silicon waveguides. Yet, these attempt did not offer accurate results. As a matter of fact, the experimental observations could not be totally interpreted. Additional numerical studies must be performed to properly model each effect involved in the dynamic EO behavior. More generally, it is likely that achieving strain-induced Pockels effect in silicon modulators is particularly challenging and efficient pure phase modulator using this technology is not conceivable yet. In conclusion, thanks to this study we now have a better understanding of the role of free carriers in strained silicon EO modulators, but complementary analysis must be done in order to unravel the complex interplay between carrier effects and nonlinear effects.

Perspective works

Several strategies can be set in order to improve the ratio of Pockels effet and PDE in strain silicon modulators. First, signatures of Pockels effect were found in the work of M. Berciano et al. [START_REF] Berciano | Fast linear electro-optic effect in a centrosymmetric semiconductor[END_REF] using high resistivity silicon. It would be interesting to use the same type of substrate for the design I studied in this thesis. This way, the free carriers concentration would be three orders of magnitude lower than in the current configuration, so PDE would be drastically decreased, while the electrode configuration is more favorable for Pockels modulation than in the previous works of M. Berciano et al. Another way to reduce carriers effects would be to use PIN junctions in the waveguide. The idea is to keep the optical mode propagating in the intrinsic region by removing free carriers when applying a reverse bias on the device. These methods aim at reducing PDE, but it is also desirable to increase the efficiency of Pockels effect in the mean time. For that purpose, playing on the geometry of the waveguide and the stressing layer can help increasing the overlap of the optical mode with the strain gradients. Preliminary simulations show that by depositing a thin stressing layer on the top of the waveguide only instead of a thick layer all over the chip results in a higher effective χ (2) . Moreover, the waveguide cross section can be optimized to concentrate strain gradients closer to the center of the core, where the optical field is the strongest. For example, a notch can be etched on top of the waveguide to create strong strain gradients near in the corners of the notch and penetrating more in the center of the waveguide. Finally, the bandwidth of the EO modulator can be extended either by designing lumped element electrodes or by using a ring resonator instead of a MZI. These solutions permit to reduce the velocity mismatch between the optical beam and the driving electrical wave, which is a keyparameter for EO bandwidth. By combining these strategies, it would be possible to enhance Pockels modulation while reducing the PDE contribution, and it would also allow to modulate the optical signal at higher frequency (which would also help reducing PDE's contribution and it would increase the data rate that can be reached).

In addition, extensive multiphysic numerical simulations taking into account a complete model of semiconductor behavior will help optimizing the geometry of the waveguide. 

The assets of silicon nitride

To efficiently exploit nonlinear processes in integrated photonic circuits it is necessary to use a material with a high nonlinear index (related to the third order susceptibility) and the propagation losses must be reduced as much as possible. Also, high intensity light is required to compensate for losses. For that purpose, the material must have low absorption at the targeted wavelength and the fabrication process must result in high quality waveguide to avoid scattering of light. Finally, in the frame of our work, the choice of material must be compatible with silicon technology. Silicon itself is known to have a high nonlinear index at telecom wavelengths, but it exhibits strong TPA in the same wavelength range, limiting the amount of power that can propagate in a waveguide [START_REF] Zhang | Nonlinear Group IV photonics based on silicon and germanium: from near-infrared to midinfrared[END_REF]. Therefore, silicon nitride (SiN x ) has been used to overcome the detrimental aspects of silicon photonics: SiN x is compatible with silicon technology, it has a lower index contrast making it more tolerant to fabrication error, and is very little sensitive to temperature variations. Furthermore, with a bandgap of approximately 5.3 eV (corresponding to a wavelength of 234 nm) for Si 3 N 4 , it has a broad transparency window, covering the whole visible range and telecom windows, and even going to mid-IR wavelengths up to 7 µm [START_REF] Zhang | Nonlinear Group IV photonics based on silicon and germanium: from near-infrared to midinfrared[END_REF]. It has also been extensively studied as a candidate for nonlinear photonics as it has no TPA in the telecom and visible wavelength ranges [START_REF] Borghi | High-frequency electro-optic measurement of strained silicon racetrack resonators[END_REF][START_REF] Moss | New CMOS-compatible platforms based on silicon nitride and Hydex for nonlinear optics[END_REF][START_REF] Wilmart | A Versatile Silicon-Silicon Nitride Photonics Platform for Enhanced Functionalities and Applications[END_REF]. Its nonlinear index is one order of magnitude lower than that of silicon, but it is still high enough to achieve efficient nonlinear processes. Indeed, the extremely low propagation losses achieved in the SiN x platform, lower than 1 dB/cm, makes it possible to work with long structures, increasing the nonlinear interactions in the waveguide, hence compensating for its reduced nonlinear index. Moreover, the ease of tuning the Si/N ratio during deposition enables wide possibilities to tailor the properties of the material. Eventually, the large transparency window, low temperature sensitivity, ease of fabrication and good nonlinear properties makes SiN x a particularly interesting choice for integrated nonlinear photonics compatible with silicon technology.

State of the art

Strong efforts have been made to develop nonlinear photonics platforms based on silicon nitride. The first challenge to be able to implement nonlinear functionality in a chip is to reduce as much as possible the propagation losses in the devices. The two main factors responsible for propagation loss in a waveguide are the material absorption and the quality of the fabrication. The most used method to deposit SiN x is low pressure chemical vapor deposition (LPCVD). This method has the advantage of being compatible with multi-wafer fabrication, which makes this process particularly efficient for massive production. However, it also suffers from some drawbacks. First, this technique requires the use of high temperature, which hinders the cointegration of photonic structures with electronics or active devices. This method may only be compatible with front-end-of-line (FEOL) CMOS process flows and it has to be implemented before strategic steps such as germanium growth for photodetectors. Moreover, the film deposited via LPCVD are submitted to strong stress, causing cracks in the layer when depositing thick films. Obviously, cracks must be avoided to build high performance waveguides. Finally, precursor gases containing hydrogen are required to make the deposition, which creates N-H bonds in the final SiN x film. Such compound exhibits strong absorption from 1500 nm to 1550 nm. Yet, solutions have been found to avoid cracks in the film and to reduce the amount of hydrogen in the film. CEA LETI developed a multi-step deposition scheme with reorientation of the wafer at each step to reduce the stress [START_REF] El Dirani | Crack-Free Silicon-Nitride-on-Insulator Nonlinear Circuits for Continuum Generation in the C -Band[END_REF][START_REF] El Dirani | Annealing-free Si 3 N 4 frequency combs for monolithic integration with Si photonics[END_REF]. It results in crackfree SiNx layers with thickness up to 800 nm. Furthermore, different annealing steps after patterning the structures allow to reduce surface roughness and hydrogen concentration. This led to ultra low loss of a few dB/m [START_REF] El Dirani | Ultralow-loss tightly confining Si 3 N 4 waveguides and high-Q microresonators[END_REF]. This performance is comparable with the Damascene process, a recently established process flow, that gives record low losses lower than 1 dB/m [START_REF] Liu | High-yield, wafer-scale fabrication of ultralow-loss, dispersionengineered silicon nitride photonic circuits[END_REF]. LPCVD combined with stress management scheme and annealing steps results in very high quality SiN x waveguides, but this can only be achieved at the cost of high temperature budget. Other methods have been investigated to deposit SiN x at low temperature. The most common one is plasma enhanced chemical vapor deposition (PECVD). This deposition technique has the great advantage of being manageable at temperatures compatible with backen-of-line (BEOL) CMOS process flows [START_REF] Mao | Low propagation loss SiN optical waveguide prepared by optimal low-hydrogen module[END_REF][START_REF] Wang | Nonlinear silicon nitride waveguides based on a PECVD deposition platform[END_REF]. Still, it also involves hydrogen based precursor gases. Therefore, the absorption due to N-H bonds is still present. Some solutions have been studied to avoid the use of hydrogen in the process and show promising results [START_REF] Domínguez Bucio | Material and optical properties of low-temperature NH 3 -free PECVD SiN x layers for photonic applications[END_REF][START_REF] Chiles | Deuterated silicon nitride photonic devices for broadband optical frequency comb generation[END_REF]. Without high temperature annealing steps, which would make the scheme incompatible with BEOL processes, propagation loss are within the order of 1 dB/cm. Finally, a more marginal but interesting approach avoiding both high temperature and N-H absorption exists. This is done by physical vapor deposition (PVD) [START_REF] Zhang | A new material platform of Si photonics for implementing architecture of dense wavelength division multiplexing on Si bulk wafer[END_REF]. In this technique, a solid state target is vaporizes by sputtering at room temperature. This deposition process gives performance comparable to PECVD in term of propagation loss. PECVD and PVD are good alternatives to reduce the temperature budget but it also results in higher propagation loss. Nevertheless, losses of a few dB/cm are reasonable to carry out nonlinear effects.

Thanks to the development of fabrication techniques of SiN x based devices enabling low propagation loss, numerous demonstrations of novel nonlinear photonic systems were made. First, even though silicon nitride is deposited in an amorphous phase leading to a zero-χ (2) , SHG have been demonstrated in SiN x waveguides thanks to symmetry breaking at interfaces [START_REF] Levy | Harmonic generation in silicon nitride ring resonators[END_REF][START_REF] Ning | Strong second-harmonic generation in silicon nitride films[END_REF][START_REF] Ning | Efficient second-harmonic generation in silicon nitride resonant waveguide gratings[END_REF]. Very interesting studies also proved the possibility to achieve electric field induced SHG in silicon nitride waveguides. Through photo-induced optical grating formation, a static electric field is established in the waveguide. The product of this electric field with the third order nonlinear susceptibility (that is χ (3) ) of SiN x produces a χ (2) -like behavior, unlocking the possibility to generate second harmonic [START_REF] Porcel | Photo-induced second-order nonlinearity in stoichiometric silicon nitride waveguides[END_REF][START_REF] Nitiss | Broadband quasi-phase-matching in dispersion-engineered alloptically poled silicon nitride waveguides[END_REF][START_REF] Nitiss | Formation Rules and Dynamics of Photoinduced χ (2) Gratings in Silicon Nitride Waveguides[END_REF][100]. Moreover, this technique is particularly interesting as the optical grating formed by light itself propagating and creating a periodic electric field along the waveguide verifies automatically the quasi-phase matching condition, allowing for efficient SHG. These outstanding results show the ability of the SiN x platform to perform second order nonlinear processes and they bring new exciting perspectives for nonlinear SiN x photonic circuits. Nevertheless, SiN x is more widely used for third order nonlinear optics based application. For instance, THG was reported using SiN x nanostructures and optical gratings, resulting in efficient light generation at a wavelength of 355 nm [101], showing the possibility to use devices compatible with silicon technology in the UV region. But what is really under the spotlights is the generation of broadband frequency combs. The apparition of optical frequency combs was a revolution in the field of time and frequency metrology as it provides an extremely accurate frequency ruler useful for atomic clocks [102,103]. The applications of optical frequency combs rapidly evolved and such technology is now used in many domains, including WDM, spectroscopy, sensing, or astronomy. The two main methods to generate an optical frequency comb are through four-wave-mixing (FWM) in a microresonator (that is Kerr frequency comb), and through the manipulation of a pulse train (that is supercontinuum frequency comb) [104]. Appendix A gives more details about third order nonlinear processes. Kerr frequency combs generation consists in pumping a resonator with a continuous wave laser source. The confinement of light inside the resonator enables to enhance the nonlinear effects, leading to cascaded FWM. The outcome of such interaction is the generation of a frequency comb with teeth that are equally spaced according to the resonator's free spectral range [105]. Fig. 6.1 gives a simplified representation of the formation of a frequency comb in a ring resonator. Impressive results regarding Kerr frequency comb generation have been demonstrated on the SiN x platform [106-109]. Most advanced results even show fully integrated comb sources with low power consumption. For instance, researchers managed to build an integrated frequency comb on a silicon nitride chip along with a III-V source operating in the C-band telecom wavelength range. Their photonic circuit is powered by a battery, demonstrating very low power consumption and high capability of integration [110]. On the other hand, supercontinuum generation (SCG) based frequency comb is the result of pumping a third order nonlinear medium with a pulsed laser source. During propagation, light experiences extreme spectral broadening leading to broadband generation of new frequencies [111]. The periodic nature of the pulse train forms an equally spaced frequency comb with a frequency step between each tooth corresponding to the repetition rate of the initial source. Fig. 6.2 gives a schematic depiction of the formation of a frequency comb from a pulse train.

The frequency spacing of the comb is then perfectly known, but the determination of the precise position of the teeth is challenging: the frequency comb is shifted by an amount related to the velocity mismatch between the envelope and the carrier wave, called "frequency carrier offset". While SCG in general permits to obtain a 

Organization of the manuscript

In the work presented here, I explored the possibilities of SCG in SiN x waveguides obtained from different fabrication processes, namely PECVD, PVD and LPCVD.

The nonlinear properties of SiN x deposited according each process are compared and discussed. This part of the manuscript is organized in four chapters:

• First, the theory of SCG is described and the numerical models used in this work are presented in chapter 7. This chapter gives detailed insights about the propagation of solitons and how it can form a supercontinuum.

• Then, experimental results and their analysis are given for the low temperature SiN x platforms (PECVD and PVD) in chapter 8. These studies were done with samples fabricated via BEOL CMOS compatible process flows in an industrial platform by STMicroelectronics.

• Chapter 9 assembles the results obtained on the ultra low loss platform (LPCVD) developed by CEA LETI.

Chapter 7

Theory of supercontinuum generation SCG being the outcome of the broadening of a light pulse spectrum, it is necessary to take into account the specificity of pulse propagation in a nonlinear medium to understand this phenomenon. In this section, the physics behind SCG is explained, describing soliton dynamics, and numerical methods to simulate pulse propagation are presented.

Group velocity dispersion and self-phase modulation: origin of solitons

SCG is formed during propagation in a waveguide where dispersion properties and nonlinear interactions shape the optical pulse. Different regimes exist that can be responsible for SCG. Here, I focus on the case of SCG based on the propagation of a particular type of pulse: solitons. Solitons are the result of an interplay between a linear property, group velocity dispersion (GVD), and a third order nonlinear effect, self-phase modulation (SPM). In the following, the pulse is described as a carrier wave with a transverse profile F(x, y) and an amplitude modulated by an envelope function A(z, t):

E(x, y, z, t) = 1 2 F(x, y)A(z, t)e i(β 0 z-ω 0 t) + c.c. (7.1)
The electric field is normalized such that |A| 2 gives the power of the light pulse. The envelope is characterized by its peak power P 0 and its temporal width T FW HM (full width at half maximum).

GVD

When a continuous wave propagates (A(z, t) = A(z)), it is only ruled by β 0 and ω 0 and its velocity is given by the phase velocity v ϕ = ω 0 /β 0 . But in the case of a pulse, the spectrum of the light is not monochromatic and the frequency dependence of β must be taken into account to describe the propagation of the whole pulse. β(ω) is generally described using a Taylor expansion around the center frequency ω 0 :

β(ω) = ∞ ∑ k=0 β k k! (ω -ω 0 ) k (7.2)
In this equation, β 0 is the wave number at the center frequency ω 0 , and β k = ∂ k β/∂ω k are the higher order dispersion coefficients. β 1 is related to the group velocity (the velocity at which the envelope travels, v g = 1/β 1 ), and β 2 corresponds the GVD. GVD can be positive (normal dispersion regime) or negative (anomalous dispersion regime). It manifests by a stretching of the carrier wave inside the pulse temporal envelope (frequency chirp). In the normal dispersion regime, higher frequency components travel slower than the lower frequency components, leading to an accumulation of high frequency components in the right tail of the pulse. In the anomalous dispersion regime, the opposite behavior takes place: higher frequency components travel faster, accumulating in the left tail of the pulse. Fig. 7.1 shows a schematic description of the effect of GVD on a light pulse. 

SPM

When intense light propagates in a medium, the refractive index of the material becomes dependent to the light intensity I through the third order optical nonlinearity modeled by the nonlinear index n 2 :

n = n 0 + n 2 I (7.3)
In the case of a pulse, this leads to a time dependent phase of the wave. For the majority of materials, n 2 is positive, so at high intensity the wave travels slower than at low intensity. This can be interpreted as a stretching of the carrier within the envelope, similarly to the effect of GVD, as shown in Fig. 7.2. In the normal dispersion regime, spectral broadening mainly driven by SPM occurs, leading to a smooth SCG, but with a relatively small bandwidth [129, 130]. In the other case, it can be seen that anomalous GVD and SPM have opposite outcomes. Therefore, they can compensate each other. When GVD and SPM perfectly compensate each other, it leads to a wave which shape does not change along the propagation. This particular type of wave is called a first order soliton. It is also possible that GVD and SPM compensate each other periodically instead of constantly canceling each other out. This gives rise to higher order solitons.

The explanation of solitons proposed here is only qualitative and aims at giving an intuitive description of this particular type of wave. A more rigorous description of pulse propagation in a nonlinear medium is given by the nonlinear Schrödinger equation [131]:

∂A ∂z (z, T) = -i β 2 2 ∂ 2 A ∂T 2 (z, T) + iγ|A(z, T)| 2 A(z, T) (7.4)
Eq. 7.4 is obtained from the nonlinear propagation equation in which the electric field is replaced by the expression given in Eq. 7.1, considering a slowly varying envelope, and the nonlinear polarization term is limited to third order nonlinearity only. The variable T represents a co-moving time frame, following the peak of the light pulse. In this equation, the GVD is considered constant, meaning that β k>2 = 0 and the material is supposed loss-less. The nonlinear coefficient γ is related to the nonlinear index and the effective area A e f f as follows:

γ = ω 0 n 2 cA e f f A e f f = ∞ |F(x, y)| 2 dxdy 2 wg |F(x, y)| 4 dxdy (7.5)
Solving Eq. 7.4 with β 2 < 0 gives the rigorous description of solitons. It can be useful to define characteristic length scales for dispersion effects and nonlinear effects: the dispersion length L d = T 2 0 /|β 2 | (distance at which a gaussian pulse broadens of a factor √ 2 in time), and the nonlinear length L nl = 1/(γP 0 ) (distance at which the central spectral component acquires a phase shift of 1 rad). Here, T 0 is a time scale related to the duration of the pulse (T FW HM 1.67T 0 for a gaussian pulse, T FW HM 1.76T 0 for a hyperbolic secant pulse). These length scales they permit to compare the contributions of dispersion and nonlinearity for pulse propagation. If L d L nl , nonlinear effects are negligible compared to dispersion effects, while the opposite happens if L nl L d . In the case where L d and L nl are within the same order of magnitude, interplay between GVD and SPM can occur rapidly. For example, when L d = L nl , GVD and SPM perfectly compensate each other, corresponding to the creation of a first order soliton. From Eq. 7.4, it can be demonstrated that higher order solitons are obtained under the following condition:

N 2 = L d /L nl = T 2 0 γP 0 |β 2 | (7.6)
where N is an integer. This condition means that GVD periodically catches up SPM to cancel it and the envelope retrieves its initial shape. Fig. 7.3 shows the evolution of first, second and third order solitons during propagation in a lossless waveguide with β 2 = -1 • 10 -25 s 2 /m, T 0 = 100 fs (hyperbolic secant pulse), γ = 2 W -1 m -1 and a length equal to twice the soliton period (z sol = (π/2)L d ).

The generalized nonlinear Schrödinger equation

In the previous section, the medium was considered loss-less, with only second order dispersion, and a constant, instantaneous nonlinearity. In a more realistic fashion, linear propagation losses α must be taken into account, as well as higher order dispersion coefficients as they can be non-negligible in integrated waveguides. A more detailed description of the nonlinearity must also be used: the frequency dependence of γ is approximated by a first order Taylor expansion in the frequency domain, resulting in a derivative term in the temporal domain, weighted by the coefficient τ s . This term is responsible for the so-called self-steepening effect (the back tail of the pulse becomes steeper during propagation). In extreme cases, it leads to optical shock wave formation. The total nonlinear response of the medium is separated in two terms: an instantaneous response and the delayed Raman response, modeled by its impulse response h r (T), having a ratio f r in the total nonlinear response. The complete description of nonlinear pulse propagation is given by the generalized nonlinear Schrödinger equation (GNLSE) [111,131]:

∂A ∂z + α 2 A -i ∑ k≥2 β k i k k! ∂ k A ∂T k = iγ 1 + iτ s ∂ ∂T (1 -f r )|A| 2 A + f r A ∞ 0 h r (T )|A(z, T -T )| 2 dT (7.7)

Soliton fission

All the added terms in the GNLSE compared to Eq. 7.4 act as a perturbation for solitons trying to propagate. For example, in Eq. 7.4 the GVD is supposed to be constant in the frequency domain, but if higher order dispersion is present, the condition L d /L nl = N 2 cannot be satisfied on the whole spectrum of the soliton. So if the spectrum of the pulse is too wide, perturbation coming from higher order dispersion is no longer negligible and the initial soliton cannot maintain itself. Researchers have shown that first order solitons are the most stable. So when a N th order soliton is perturbed, it splits into N first order solitons, each with a different peak power, temporal width and group velocity. This phenomenon is called soliton fission and is responsible for brutal spectrum broadening. Raman effect and self-steepening effect also act as perturbations and can lead to soliton fission. The higher order dispersion perturbation becomes particularly important when it implies that the spectrum of the initial light pulse overlaps with regions of normal dispersion regime. In this case, a phase-matching condition between a soliton and waves in the normal dispersion regime can be reached. These waves in the normal dispersion regime are called dispersive waves (DW) and can be generated with high efficiency because of phase-matching. In waveguide with two zero dispersion wavelengths due to non negligible dispersion coefficients of order strictly greater than 3 (β k≤4 = 0), which is generally the case, two solutions exist for the phase-matching condition. It results in the possible generation of two DWs, one on each side of the soliton spectrum. The position of DW can be predicted by solving the following equation [111]:

β int (ω) -γ P s 2 = 0 (7.8) 
With P s being the peak power of the soliton and β int being the integrated dispersion, given by:

β int (ω) = β(ω) -β(ω s ) - ω -ω s v g,s (7.9) 
Fig. 7.4 gives an example of a 5 th order soliton perturbed by 3 rd and 4 th order dispersion. The 5 solitons splitting during the fission process can be clearly seen on the temporal envelope, while DWs appear as intense lines in the spectrum, corresponding to the phase matching condition described in Eq. 7.8. After soliton fission occurs and DWs are generated, a broad spectrum appears, constituting the supercontinuum.

In general, DWs are mostly generated by the first ejected soliton after the fission process. This can be explained by the fact that the N ejected solitons have decreasing amplitude and increasing temporal width during fission. This behavior has been theoretically modeled by Y. Kodama and A. Hasegawa [132], giving the expressions of peak power P j and temporal width T j of the j th ejected soliton, with j = 1, ..., N:

P j = P 0 (2N -2j + 1) 2 N 2 T j = T 0 1 (2N -2j + 1) (7.10)
It can be seen that the first (j = 1) ejected soliton has the highest peak power and lowest temporal width. As a consequence, it has the broadest spectrum among the N solitons, so it is more likely to overlap with the normal dispersion region, resulting in strong DWs. For this reason, we only consider the first ejected soliton in the analysis of DWs. Fig. 7.5 gives a detailed deconstruction of the fission process. Each peak in the time domain is attributed to an ejected soliton, and its Fourier transform is calculated to obtain its spectrum. It can be clearly observed that the spectrum of the soliton with the highest amplitude is indeed much broader than the others. On Fig. 7.5 b), it can be noticed that each soliton has a different center frequency. It implies that each ejected soliton travels with a different group velocity. This can theoretically influence the calculation of β int , but in real cases, with high order solitons, it is not possible to accurately determine the center frequency of the solitons. In any case, the recoil from the initial center frequency stays relatively small, and very good agreements are obtained between experiments and numerical prediction of DW positions when assuming that the first ejected soliton has the same center frequency as a the initial pulse, so this is the approach we used in our work.

Effect of noise

SCG arises from violent processes and complex interplay between dispersion and nonlinearity. As a consequence, noise in the initial pulse can have a strong impact on the final spectrum. Generally, noise have a minor influence in the early formation of SCG when SPM is the predominant effect. However, soon after soliton fission, noise can cause high fluctuations in the spectrum from a pulse to an other, thus breaking the spectral coherence [133,134]. This can be explained by modulation instability, when noise experiences an exponential growth during the propagation through the interplay of anomalous GVD and SPM. The consequence of this effect is strong variations of both amplitude and phase of each pulse shot, leading to coherence degradation of the overall spectrum. To better understand experimental results, it is then important to take noise into account in the numerical analysis.

Numerical model

SCG is a complex phenomenon involving many different effects. Numerical methods must be employed to be able to investigate the dynamic of the formation of SCG through simulations. First, an algorithm solving the GNLSE has to be implemented to simulate the propagation of a pulse. This way, the spectrum at the output of a waveguide can be calculated. However, as it is stated in the previous paragraph, the presence of noise can lead to significant pulse-to-pulse deviations. For that reason, noise must be taken into account in the numerical calculations. It permits to better reproduce experimental conditions and it also enables the calculation of spectral coherence. This section presents the numerical strategy I employed in my work on the simulation and the analysis of SCG.

Solving the GNLSE

In the works presented here, great efforts were made to build numerical tools to study SCG. I implemented a Matlab code solving the GNLSE, based on methods found in the literature. The algorithm that was used is a slightly modified 4 th order Runge-Kutta scheme (RK4). The RK4 scheme is adapted to the specific problem of the GNLSE by transforming the problem into an interaction picture. All the details of this method can be found in Ref. [135]. This technique is similar to the wellknown split-step Fourier method (SSFM), but it gives a 4 th order global accuracy, while SSFM only gives a 2 nd order accuracy. The method consists in the iteration of linear dispersion sub-step and nonlinear sub-step within a small spatial step. The linear dispersion sub-step is solved in the frequency domain and the nonlinear substep is solved in the time domain. The fact that the linear dispersion operator is applied in the frequency domain makes it easier to implement accurately as it can be substituted by β(ω)β 1 (ωω 0 )β 0 , hence avoiding the calculation of high order derivatives to obtain the coefficients β k , which is rapidly challenging [111]. Using β(ω)β 1 (ωω 0 )β 0 as the linear operator is then the simplest and the most accurate method. It only requires to know β(ω) for all frequencies in the simulation window and β 1 , which are easily obtained using an eigen mode solver. The effective area A e f f is also evaluated using a mode solver. The time scale τ s accounting for first order frequency dependence of γ is related to the center frequency, the effective area, the effective index and their first derivative. It is calculated as follows:

τ s = 1 ω 0 - 1 n e f f (ω 0 ) ∂n e f f ∂ω (ω 0 ) - 1 A e f f (ω 0 ) ∂A e f f ∂ω (ω 0 ) (7.11) 
The delayed nonlinearity due to Raman effect is neglected in our case since soliton self-frequency shift due to Raman effect has not been observed in silicon nitride [136], so f r = 0. As a conclusion, most of the parameters involved in the GNLSE can be calculated using a classic eigen mode solver. The remaining parameters that are not determined are the nonlinear index n 2 and the absorption coefficient α. The nonlinear index only depends on the material. It is well known for stoichiometric SiN x (Si 3 N 4 ), with n 2 = 2.4 • 10 -19 m 2 /W [137], and it can be adjusted to fit experimental curves since the SiN x used to fabricate the chip is not necessarily stoichiometric. The absorption coefficient α is retrieved from experimental loss characterization.

Noise model

In our experiments, spectra are measured with a detector with an integration time much higher than the repetition period of the laser source. It means that the measurement is actually an average spectrum over a high number of pulses. Due to the presence of noise implying pulse-to-pulse fluctuations, this result can differ from the spectrum of a single pulse propagating in the waveguide. As a consequence, noise must be added in the numerical model to be able to reproduce experimental observations. The method is the following: simulations are repeated with the same initial conditions except that each pulse is initially seeded with a random noise term. The average of the simulations is then calculated. In this work, two sources of noise are included [138]:

• Quantum noise is added in the frequency domain as one photon per mode (OPPM) fluctuation δ oppm ;

• Amplitude noise is added in the time domain, corresponding to relative intensity noise (RIN) of the laser source δ rin .

OPPM noise is modeled as a fluctuation of one photon of angular frequency ω with a random phase in each frequency bin δ f of the simulation window:

δ oppm = hω δ f e i2πX (7.12) 
In this equation, X is a random variable following a uniform distribution between 0 and 1. RIN is accounted for in the time domain as a fluctuation of peak power with a variance r given by the laser specifications:

δ rin = rY (7.13) 
The random variable Y follows a normal distribution. In these conditions, the initial temporal envelope A noise (t) is defined as follows:

A noise (t) = 1 + δ rin • F -1 F [A 0 (t)] + δ oppm (7.14) 
F and F -1 are respectively the Fourier transform and inverse Fourier transform, and A 0 (t) is the theoretical temporal envelope without noise.

Executing several simulations in the same conditions but the initial random noise seed also permits to evaluate the first order degree of mutual coherence of the spectrum g 12 . This parameter represents the inter-pulse coherence and is numerically calculated on an ensemble of pairs of spectra [A i (ω); A j (ω)] [111]:

|g 12 | = | A * i (ω)A j (ω) i =j | |A i (ω)| 2 |A j (ω)| 2 (7.15)
The angular brackets • denotes the ensemble average over the pairs of simulated spectra. A degree of mutual coherence equal to 1 means the spectrum is perfectly coherent whereas if it is equal to 0 the spectrum is not coherent at all.

Conclusion

SCG results from a complex interplay between dispersion and SPM. It is strongly related to soliton dynamics. In particular, important spectrum broadening and generation of DWs occur during soliton fission. Theoretical models permit to understand the origin of this phenomenon, but advanced numerical methods must be employed to investigate it more deeply. In this work, I used a 4 th order Runge-Kutta algorithm to solve the GNLSE, and a noise model taking account quantum shot noise and fluctuation of the laser source was implemented. Thereby, it is possible to calculate the spectrum at the output of a waveguide with an accurate reproduction of experimental conditions. The model also allows to investigate the spectral coherence while our experimental facilities do not offer the possibility to measure it yet. Hence, this numerical study is a good complement to experiments.

Results on PECVD SiN x

STMicroelectronics has developed a low temperature process flow based on PECVD to fabricate nitrogen-rich (N-rich) SiN x films for applications in the O-band. The use of N-rich SiN x responds to a need of decreasing the material index for better fiber-tochip coupling at 1310 nm wavelength. We worked with chips from a 300 mm wafer fabricated in the industrial facilities at STMicroelectronics in Grenoble. It consists in a silicon substrate with a 1.4 µm thick SiO 2 layer on which a 600 nm thick SiN x is deposited. These dimensions are fixed by STMicroelectronics' technology. The refractive index of the deposited film was measured by ellipsometry and is given in Fig. 8.1. The deposition was done at a temperature lower than 400 • C, making it compatible with BEOL CMOS fabrication process flows. As required by STMicroelectronics' specifications, the refractive index of the PECVD SiN x they developed is lower compared to stoichiometric Si 3 N 4 .

Waveguide design

The design consists in spiral waveguides based on two different widths: a 700 nm wide section ensuring single-mode operation in the bent regions to prevent from important bending loss and a 1200 nm wide multi-mode section to reduce the overlap between the fundamental mode and the sidewalls in order to minimize the linear propagation loss in the straight regions. Light is coupled in and out of the waveguides via edge-coupling or grating couplers. Chips were extracted from the wafer by laser dicing, resulting in a remarkably good quality of the facets. Light is coupled in a 2 µm wide, 360 µm long waveguide. A taper then converts it to a 700 nm wide section. After that, light travels in the spiral. The same scheme, but reversed, is used to couple the light out. Straight waveguides were also fabricated. They follow the same pattern except that the spiral is replaced by a straight waveguide with a width of 1200 nm on a length of 0.6 mm. The total length of the active region (meaning without counting the 2µm wide coupling sections) is 3 mm. Fig. 8.2 shows a schematic representation of the spiral and straight waveguides for the 1200 nm wide configuration. The 3 • sidewall tilt is due to the etching process. To determine which width is best for SCG, the group velocity dispersion was numerically calculated for each configuration for the TE mode (Fig. 8.3). The 1200 nm wide waveguides show a flat anomalous dispersion covering the entire O-band. Moreover, the 700 nm waveguide also exhibits anomalous dispersion. Since the devices are partially composed of a 700 nm wide section, it participates to the formation of supercontinuum, and it is necessary to take it into account in the analysis.

Losses are higher in the TM mode due to leakage into the substrate (the BOX layer is not thick enough), so the TM polarization was not studied. Moreover, the TM mode have a higher effective modal area (0.66 µm 2 in TM, 0.57 µm 2 in TE), reducing the nonlinear coefficient γ compared to the TE mode (0.87 W -1 m -1 in TM, 1.01 W -1 m -1 in TE). 

Linear loss characterization

The linear losses of the waveguides were measured by Sylvain Guerber (Ph. D. student at STMicroelectronics and C2N at that time). The cutback method was used, consisting in measuring the transmission of waveguides as a function of length to retrieve the loss coefficient α through a linear fit. It resulted in losses of 0.6 dB/cm and 0.4 dB/cm for the 700 nm wide and 1200 nm wide waveguides respectively, at a wavelength of 1300 nm for TE polarization. I measured the transmission of a straight waveguide for wavelengths from 1250 nm up to 1650 nm. It shows that transmission is quite flat up to 1450 nm, but then it decreases drastically due to leakage through the silicon substrate (Fig. 

Nonlinear characterization

The nonlinear characterization was first performed on a 11.5 mm long spiral waveguide and on a 3 mm long straight waveguide using a high power pulsed laser. The source is composed of a 283 fs, 1 MHz pulsed laser centered at 1032 nm followed by a tunable optical parametric amplifier (OPA). The laser pulses coming out of the parametric amplifier were close to the Fourier transform limit, with a duration of 130 fs (full width at half maximum) and its wavelength is tunable from 600 nm to 16 µm (the characterization method of the input beam is explained in appendix B). The optical pulse is assumed to be a squared hyperbolic secant with a peak power coupled in the waveguide ranging from 250 W (32.5 pJ/pulse) to 9.5 kW (1.24 nJ/pulse). The pump wavelength was set to 1200 nm, near the maximum dispersion of the 1200 nm wide waveguide. The experimental setup is depicted in Fig. 8.5. Power is adjusted with a rotating half waveplate followed by a polarization beam splitter. The TE mode is then injected into the sample through a wide taper with a x60 microscope objective. Output light is collected with a second x60 microscope objective before being re-injected into an optical fiber connected to the detectors. The total insertion loss were about 14 dB. By assuming that input and output coupling are identical, which may be a reasonable hypothesis since the x60 objectives have a high numerical aperture, the input coupling loss are evaluated to be 7 dB. Of course, this estimation introduces uncertainties on the value of injected power, but a precise experimental evaluation of coupling coefficients requires a much more complex setup [139]. An optical spectrum analyzer (OSA) collects wavelengths from 850 nm up to 1700 nm while a grating based spectrometer collects visible and near infrared light from 400 nm to 850 nm. The experimental results are plotted in Fig. 8.6 a). For both waveguide configurations (spirals and straight), the experimental results were very similar. Yet, the 3 mm long waveguide has more power in the tails of the spectrum due to lower total propagation loss. It is important to point out that no TPA signature was observed: the average power at the output of the chip was proportional to the average input power. In the following study, we focus on the 3 mm long waveguide since the power is higher on the global spectrum in this configuration. Fig. 8.6 c) shows that for a peak power coupled into the waveguide lower than 1.5 kW, we observed a broadening from self-phase modulation (SPM) identifiable by the symmetric side-bands around the pump wavelength. For peak power higher than 1.5 kW, dispersive waves appear on both sides of the spectrum and a broadband supercontinuum is achieved with a -30 dB bandwidth starting at 400 nm and ending at 1600 nm, corresponding to a two octaves span. While the first aim of this SiN x platform was to operate in the O-band communication window, such broadening show other possible applications. Indeed, the large bandwidth extending in the visible range is beneficial for imaging techniques or bio-sensing applications for example. There is a difference of background level for wavelength under 850 nm and over 850 nm because two different detectors were used to extract the spectrum in these regions. A peak at a wavelength of 540 nm is attributed to a dispersive wave since it is generated in the normal dispersion region. In addition to the peak extracted from the spectrum, we noticed a green scattered light coming from the waveguide, which is in agreement with the peak measured at 540 nm, and also a blue scattered light as represented on the optical image of Fig. 8.6(b) and (c). This blue light is not seen on the measured spectrum due to the limited range of the visible spectrometer, of which lower boundary is 400 nm. This behavior is validated by numerical simulations as discussed in the next section. De facto, we experimentally obtained a supercontinuum spanning over two octaves with a coupled pump power of 3.8 kW and a FWHM of 130 fs, corresponding to a coupled energy per pulse of 0.56 nJ, which is comparable to the results obtained in stoichiometric Si 3 N 4 by Porcel et al. [117]. Still, this comparison does not permit to give any conclusion on the inherent material properties of the N-rich SiN x since the spectral broadening arises from a combination of material properties and waveguide dispersion: in order to determine the nonlinear index of the PECVD SiN x , numerical simulations are needed.

Numerical analysis

To estimate the effective nonlinear coefficient of N-rich SiN x , numerical simulations were performed to fit the experimental data, only relying on one fitting parameter, which is the nonlinear coefficient. Both waveguide widths of the threefold waveguide along the propagation direction are taken into account. I used the 250 W and 950 W peak power experimental spectra as targets to fit the nonlinear parameter n 2 since for these powers we only observe SPM, without soliton fission, enabling a more accurate estimation. The initial pulse envelope is assumed to have a hyperbolic secant shape without any chirp:

A(0, t) = A 0 sech t T 0 T f whm 1.76 • T 0 (8.1)
Sets of 40 simulations were performed for each input peak power, so the average of these simulations is calculated and compared to the experimental data. When comparing the simulated spectra to the experimental ones, I obtained a very good fitting of the curves at 250 W and 950 W peak power for a nonlinear coefficient n 2 1.1 × 10 -19 m 2 W -1 , as seen on Fig. 8.6 d). This value corresponds to an effective nonlinear coefficient of γ 1.3 W -1 m -1 in the 700 nm wide section and γ 0.97 W -1 m -1 in the 1200 nm wide section. The nonlinear index calculated here is lower than that of stoichiometric SiN x , which was expected since the amount of silicon is reduced in N-rich SiN x .

The integrated dispersion is calculated by simulating the dispersion of both 700 nm and 1200 nm waveguide sections. Fig. 8.7 a) shows the evolution of 3.8 kW pulse along a straight waveguide and Fig. 8.7 b) represents the calculated left side of Eq. 7.9 (β int -γP/2) for both sections present in our waveguides (700 nm and 1200 nm widths). This was done assuming ω s and v g,s to be respectively the central pulsation and the group velocity of the injected pulse. The soliton order of the pulse is equal to 13 in the 700 nm wide section and is equal to 12 in the 1200 nm wide section (calculated using Eq. 7.6). In total, the curves cross three times the zero axis, indicating that three dispersive waves are phase-matched with the initial soliton: two associated to the 700 nm wide waveguide at 390 nm and 1527 nm, and one associated to the 1200 nm wide waveguide at 535 nm. The DW predicted at 535 nm is in good agreement with the experimental data and the one at 1527 nm can be attributed to the bump observed in the experimental spectrum around 1530 nm. The DW predicted at 390 nm is not clearly visible in the measured spectrum since it is close to the limit of the spectrometer range, yet it is clearly visible in the simulated spectrum and it is in good agreement with the dark blue scattered light from the sample as shown on Fig. 8.6 b). I also investigated numerically the supercontinuum coherence as it is a key property in many SCG applications. The method is the one explained in chapter 8 with 40 independent simulated spectra, taking into account OPPM noise and RIN of the source (0.97 % in our case, according to the laser's specifications). First, I performed the simulation for a 3 mm long waveguide. The result is plotted on Fig. 8.8 (left column). The orange line is the mutual degree of coherence |g 12 |, the blue lines are the superposition of the 40 simulated spectra, and the black line is the average spectrum. It appears that the output spectrum after 3 mm of propagation is submitted to strong intensity fluctuations and the degree of mutual coherence is weak over most of the spectrum (Fig. 8.8 b, left column). For a shorter distance, in the vicinity of the soliton fission length (occurring at aproximately 1.5 cm), the degree of coherence is higher and smoother over the spectrum, but it still covers a very limited bandwidth (Fig. 8.8 c, left column). To better understand the origin of such weak coherence, the same simulation was performed but without the RIN of the source (Fig. 8.8, right column). Coherence at the end of the waveguide is still quite weak (Fig. 8.8 b, right column) but it is interesting to notice that in the immediate vicinity of the soliton fission length, the spectrum is highly coherent all over its wavelength range (Fig. 8.8 c, right column).Indeed, for a 1.7 mm long waveguide, the smaller intensity fluctuations indicate that the output spectrum is less sensitive to the noise, and the degree of mutual coherence is nearly unity on a wavelength range from 500 nm to 1800 nm. This could be useful for f -to-2 f interferometry applications for example, as the spectrum is highly coherent on a wavelength range covering more than one octave. We can conclude that RIN of the laser source plays a major role in the degradation of coherence, and the use of a source with a lower RIN can greatly improve the coherence of the spectrum. Hence, a solution to overcome the coherence degradation is to use short waveguides, with a length slightly higher than the soliton fission length, pumped by a source with a low RIN. 

Results on PVD SiN x

The spectral broadening on the PECVD platform is limited due to N-H bond absorption near 1.52 µm and light leakage through the substrate. PVD technique to deposit the SiN x film allows to overcome N-H absorption as it does not involve hydrogen in the process, hence reducing losses around 1.52 µm. Linear and nonlinear characterizations of PVD SiN x were performed on the PVD platform developed by STMicroelectronics. The wafers are made of a silicon substrate with a 2 µm thick SiO 2 layer on top of it. The thicker SiO 2 layer permits to greatly reduce light leakage through the substrate at high wavelengths. A SiN x film was deposited with a thickness of 600 nm. Two wafers with different SiN x recipes were used:

• a wafer with nitrogen-rich SiN x with a refractive index about 1.92 at 1310 nm (referred as "M-1.92");

• a wafer with quasi-stoichiometric SiN x with a refractive index about 1.99 at 1310 nm (referred as "M-1.99");

Waveguide design

The designs and dimensions are the same on both samples and were set by researchers at STMicroelectronics. Straight waveguides as well as spiral waveguides were patterned. The widths of the strip waveguides are 700 nm and 1000 nm. A SiO 2 cladding was then deposited on the devices. Two sets of spiral waveguides (one for each width) with lengths ranging from 4.4 mm to 12.6 mm were also fabricated. Grating couplers were designed to inject and collect light from the waveguides. At the inputs and outputs, the waveguide width is 13.5 µm to match with the grating couplers and tapers adapt the width until reaching the desired dimension.

The geometry of the waveguides is depicted in Fig. 8.9. The small sidewall angle of 3 • comes from the etching process, similarly to the devices on the PECVD wafers described previously. FIGURE 8.9: Geometry of the waveguides.

From the geometry of the section shown in Fig. 8.9, numerical simulations were performed to determine the group velocity dispersion of the waveguides (see Fig. 8.10). Anomalous dispersion is achievable for both waveguide widths on the two platforms (M-1.92, M-1.99), which is suitable for SCG.

Linear loss characterization

First, linear characterizations of the waveguides were performed to determine the propagation loss. The cutback method was used with 4 spiral waveguides with different lengths (4.4 cm, 7.4 cm, 9.9 cm, 12.5 cm). To do so, a tunable CW laser was used (wavelength ranging from 1510 nm to 1620 nm). The polarization of the beam is optimized using polarization rotators such as the transmission through the waveguide was maximal. This ensures that the input beam is in TE polarization since the grating couplers are polarization sensitive and were optimized for TE operation. Light is then injected in a waveguide through the first grating coupler. After propagation, light is collected from the output grating coupler and it is launched into the CT-400 to measure the transmission. Fig. 8.11 a) gives an illustrative description of the experimental setup. The use of grating couplers is more robust for cutback method since the coupling coefficient is almost identical for all the waveguides. However, grating couplers have a limited bandwidth so measurements could only be performed around 1.55 µm. I tried to do the same measurement with cleaved samples to remove the coupler bandwidth limitation, but with classic cleaving techniques, the discrepancy of the coupling coefficient of the facets from a waveguide to another was too high. The results are summarized in Fig. 8.11 for the M-1.99 waveguides.

Only the 700 nm wide waveguides could be tested because a problem in the design of the 1000 nm wide spirals made them impossible to use, but losses for 1000 nm wide waveguides are expected to be lower than for 700 nm wide waveguides.

In conclusion, losses are quite low, around 2 dB/cm at a wavelength of 1550 nm. Similar values were obtained on the M-1.92 waveguides. It is interesting to notice that no significant deeps in the transmission curves were observed near 1520 nm, as expected since the SiN x layer deposited by PVD should not contain N-H bonds. 

Nonlinear characterization

Nonlinear characterizations were performed to go further. The experimental setup is the same as the one described in the previous section. Because the nonlinear setup works with edge coupling, the samples had to be cleaved to remove the grating couplers and to allow access to the facets of the waveguides. First, the 700 nm wide waveguides of the M-1.99 chip were pumped in the anomalous dispersion regime at 1.1 µm wavelength. Unfortunately, no significant spectral broadening was observed. By checking the output power, I noticed that it did not follow a linear behavior when increasing the input power. The observed behavior, exhibiting a lower output power increase than expected, shows the typical trend of TPA. It is surprising to witness TPA at such wavelength in silicon nitride since TPA would be expected at much lower wavelengths, around 460 nm. The same experiment was repeated at wavelengths of 1.3 µm and 1.5 µm. The nonlinear loss decreases when increasing the wavelength, which is in agreement with the theory of TPA. Results are plotted in Fig. 8.12 a). Also, the same measurements were performed on the M-1.92 chip and the same trends were observed, but with lower nonlinear loss.

It is interesting to point out that in the M-1.99 chip, the amount of silicon in the SiN x film is higher than in the M-1.92 chip, and silicon is known to have strong TPA in the near-infrared wavelength range up to 2.4 µm. This may explain why TPA is lower in the M-1.92 sample. From the experimental curves the TPA coefficients β TPA were retrieved using the procedure described in Ref. [139]. This method is based on the measurement of input and output average powers (P in and P out respectively) of the waveguide. The actual values of power at both sides of the waveguide are related to the coupling coefficients κ in and κ out : the power injected into the waveguide is κ in P in with P in being the average power measured before the chip, and the measured output power P out is equal to κ out P out,wg with P out,wg being the average power at the end of the waveguide. By applying the theory of TPA (see appendix A) in the case of guided optics, P out can be written as follows:

P out = κ l P in 1 + β TPA A e f f κ in ηP in L e f f (8.2)
where κ l models the total insertion loss (κ l = κ in κ out e -αL ), η is the inverse of the duty cycle of the pulsed laser source, and L e f f is the effective length, related the propagation losses through L e f f = 1-e -αL α . Eq. 8.2 leads to a linear expression of the input/output power ratio with P in , which is easier to fit to retrieve an estimation of the TPA coefficient:

P in P out = 1 κ l + β TPA κ in ηL e f f A e f f κ l = a + bP in (8.3)
Using a basic linear regression algorithm allows to find a and b. Because of defects in the cleaving procedure, different objectives had to be used at the input and output of the waveguide: a x60 objective injects light while a x20 objective collects the output light. For this reason, it is not possible to assume that input and output coupling are identical to estimate the input coupling loss. To determine κ in , I numerically calculated the overlap of the focused beam at the waveguide's input with the TE mode profile of the waveguide. α was experimentally determined previously, and A e f f is calculated numerically using a mode solver. Therefore, the only unknown parameters of Eq. 8.3 are κ l and β TPA . The total insertion loss κ l are directly given by 1/a, so β TPA is easily found by calculating the coefficient b. The fitted curves and the corresponding TPA coefficients are given in Fig. 8.12. β TPA is found to be of the order of 10 -14 m/W. For comparison, β TPA of silicon is approximately three orders of magnitude higher.

Conclusion

Nonlinear characterizations of the PECVD platform gave excellent results, with supercontinuum spanning over two octaves by pumping waveguides at 1200 nm wavelength. The degree of freedom on the waveguide width is sufficient to engineer the group velocity dispersion of the waveguide, making it possible to tailor the SCG according to the targeted application. Numerical simulations permitted to extensively study the SCG and it showed that coherent generation is achievable under certain conditions. However, this platform is limited by high loss for wavelengths approaching 1.5 µm due to absorption of the material. The PVD platform shows good linear properties, with low propagation loss and no particular absorption in the near-infrared range due to the absence of hydrogen in the film. However, nonlinear characterizations proved the occurrence of TPA for wavelengths up to 1.5 µm, hindering the exploitation of efficient nonlinear effects in this range. TPA is usually negligible in SiN x waveguides but the deposition method based on a solid silicon target may be at the origin of silicon clusters in the film that could lead to TPA. As a consequence, PVD does not seem to be an adequate solution for broadband nonlinear silicon nitride photonic applications. Yet, PVD is still a marginal method for SiN x deposition and optimization of this process may improve the nonlinear performances. In order to reduce the power needed to achieve efficient nonlinear processes, it is necessary to reduce linear and nonlinear propagation losses. Experiments on the PECVD platform showed impressive results but the losses are still a few hundreds of dB/m. To further decrease the propagation losses, LPCVD deposition technique seems to be more favorable. Additionally, high temperature annealing of the SiN x film permits to reach losses of the order of 1 dB/m. I characterized ultra low-loss SiN x waveguides fabricated through LPCVD at CEA LETI, both in linear regime and in nonlinear regime to compare the performance of this platform with the ones presented in the previous sections. Numerical simulations were performed to analyze the experimental results. To do so, I benefited from the help and advises of Dr. T. Sylvestre and Prof. J. M. Dudley from the FEMTO-ST lab in Université Bourgogne Franche-Comté.

Waveguide design

The samples we had from CEA LETI comprise 2 cm long straight waveguides. The refractive index of the silicon nitride film was measured at CEA LETI by ellipsometry. It is slightly lower than that of Si 3 N 4 that can be found in literature (see Fig. The initial cross section of the waveguides were designed to have a rectangular shape with a thickness of 800 nm and a width 0.75 µm on top of a 3 µm thick BOX layer and encapsulated in a 3 µm thick SiO 2 layer. However, after having witnessed discrepancies between some of our experiments and the theoretical behavior, we observed the cross section with a scanning electron microscope (SEM) and it resulted that the cross section of the waveguides was not the expected one: a 40 • bevel on the corners was spotted. After discussing with the engineers from CEA LETI, we believe that this shape is due to the high density plasma oxide encapsulation step (this issue is now solved for future designs). Inverted tapers were designed for optimal input and output light coupling. Due to the reduced effective index at the input and output of the device, a good optical mode matching with the focused optical beam is achieved, resulting in very good light coupling efficiency. Fig. 9.2 depicts the geometry of the waveguide. The bottom picture is a SEM view of the waveguide cross-section. The GVD of the actual trapezoid shaped waveguide differs from the predicted one considering the ideal rectangular cross section: the higher zero dispersion wavelength is blue-shifted, as it can be witnessed in Fig. 9.3. Though, it still exhibits anomalous dispersion for wavelengths between 895 nm and 1185 nm, meaning that SCG can be achieved if pumping wavelength is within this range. 

Linear loss characterization

The losses in similar waveguides were measured by researchers at CEA LETI. From the analysis of the quality factor of ring resonators, they concluded that the losses were as low as 3.5 dB/m at a wavelength of 1560 nm for a 1400 nm wide waveguide [START_REF] El Dirani | Ultralow-loss tightly confining Si 3 N 4 waveguides and high-Q microresonators[END_REF]. Such low loss can compete with record performance obtained with the Damascene process [START_REF] Liu | High-yield, wafer-scale fabrication of ultralow-loss, dispersionengineered silicon nitride photonic circuits[END_REF]. Since the waveguide width I used in the experiments is lower than 1400 nm, losses are expected to be higher. I performed loss measurements with the cutback method. To do so, I cut a sample in two parts with different lengths (0.5 cm and 1.5 cm as depicted in Fig. 9.4 a). For both waveguides, light from a lensed fiber was injected via the inverted coupler, and the output was collected from the cut facet on the other side by another lensed fiber. This way, input and output coupling losses are identical for both tests (on the 0.5 cm long waveguide and the 1.5 cm long waveguide), allowing to apply the cutback method. Fig. 9.4 b) represents a simplified view of the experimental setup. It was difficult to extract a precise value from this experiment because strong fluctuations occurred during the measurements due to interference within the experimental setup. In order to obtain a rough estimation of the loss coefficient of the 750 wide waveguide, the raw data were filtered numerically, resulting in smooth transmission curves. This analysis showed that losses in TE polarization are lower than 0.2 dB/cm while they reach 0.7 dB/cm in TM polarization in the near-IR range (see Fig. 9.4 c). The occurrence of negative values for the loss coefficient in the result reflects the limitation of accuracy in this measurement campaign. Nonetheless, this study gives an upper bound value for the linear propagation loss. It can be concluded that losses are still very small, and are lower for TE polarization than for TM polarization. Since the group velocity dispersion of the waveguide is almost identical in both polarization, the rest of the experiments were performed in TE polarization to minimize propagation losses.

Nonlinear characterization

I carried out nonlinear experiments on the 750 nm wide waveguide with the setup represented in Fig. 9.5. To inject and collect light in and out the chip, x20 objectives. In this case, if I assume equal input and output coupling loss (giving losses of 5 dB/facet), numerical analysis lead to an aberrant value of the nonlinear index of the material when trying to reproduce the experimental spectra. I believe that with x20 objectives (which have a much lower numerical aperture compared to x60 objectives) input and output coupling coefficients may be significantly different. To estimate the input coupling coefficient I calculated the overlap of the focused gaussian beam with the TE mode of the 200 nm wide facet of the inverted taper, giving an input coupling loss of 8 dB.

In this study, both input power and pump wavelength were varied. I aimed at exploring the nonlinear behavior of the sample at different dispersion regimes: near a zero dispersion wavelength (ZDW), or near the maximum GVD.

Results near a ZDW

The waveguide was tested at a wavelength of 1150 nm, close to the second ZDW (at 1180 nm) in TE polarization. At this wavelength, β 2 is slightly negative, meaning that the waveguides operates in the anomalous dispersion regime. Pumping close to a ZDW allows to maintain a high peak power during propagation by limiting the flattening of the pulse caused by GVD. However, it also has the drawback of taking longer to reach soliton fission. Indeed, the length at which soliton fission occurs is approximately given by L f iss √ L d L nl . While L nl is determined by the nonlinear coefficient and the peak power only, L d increases when β 2 decreases. As a consequence, the fission length L f iss can reach high values when the waveguide is pumped in the vicinity of a ZDW. This means that higher peak power may be necessary to obtain the same fission length as a waveguide with a higher GVD.

Experimental results

The optical pulses at the output of the OPA have a full width at half maximum of T f whm = 190 fs, with an initial negative chirp. The peak power of the input light coupled into the waveguide was varied from 35 W ( 6.65 pJ/pulse) to 945 W ( 180 pJ/pulse), and no sign of TPA was observed. Fig. 9.6 a) and b) show the experimental results (black curves) in logarithmic scale and in linear scale. As expected, at first only SPM features are observed, with side lobes appearing on both sides of the pump wavelength. Then, at higher power, a broad spectrum appears, covering 1.2 octave from 630 nm to 1540 nm (considering a -30 dB bandwidth criterion). Light in the visible range is emitted and was observable with bear eyes (red light scattering along the waveguide). In the near-infrared range, a very intense peak appears, rapidly becoming largely predominant over the rest of the spectrum. By increasing the power, this peak experiences a red-shift and its relative amplitude increases. At 945 W of peak power, the maximum of the infra-red peak is 15 dB higher than the power at the pump wavelength. The very high relative intensity of this peak is particularly visible in the linear scale graph given in Fig. 9.6 b). Such asymmetric behavior leading to a strongly predominant peak over the spectrum was not expected. For this reason, a complete numerical analysis was performed to explain such phenomenon.

Numerical analysis

The integrated dispersion of the waveguide was calculated numerically to investigate the cause of the peaks that were observed. The red light emitted at 625 nm is in very good agreement with the position of the first DW predicted by the theory of SCG (Fig. 9.6 c). However, the additional intense peak on the red side of the spectrum does not correspond to any DW. Indeed, the second DW is predicted to be generated at higher wavelengths, far from the peak that was measured. The fact that the second DW (at 1575 nm) was not observed in the experiment can be due to the shedding of power into the the secondary red-shifted peak: it can be seen that this peak contains the major part of power, even after soliton fission. For this reason, the estimation of the peak power of the first ejected soliton with Eq. 7.10 may not be accurate, and the latter is probably over-estimated. This means that the nonlinear phase-mismatch curve would be shifted upward. This would have little effect on the visible DW because the slope of the curve in this region is important, but for the other DW, the curve is significantly flat so a shifting the curve upward results in an important change of the zero-crossing wavelength. In this case, the infrared DW would be found at a lower wavelength, as shown in Fig. 9.6 c). This could correspond to the bump in the experimental spectrum located around 1400 nm.

To obtain more insights about the results we observed, I performed numerical simulations to solve the GNLSE with the method presented in chapter 8. The input pulse was assumed to have a hyperbolic secant envelope, with an initial chirp parameter of C = -0.65 (the method to characterize the pump beam is described in appendix B):

A(0, t) = A 0 sech t T 0 exp -iC t 2 2T 2 0 (9.1)
The result was obtained by averaging the outcomes of 30 simulations with the initial pulse envelope seeded by quantum shot noise and relative intensity noise was performed to be the closest possible to the experimental conditions. A nonlinear index n 2 = 2.4 × 10 -19 m/W was used (which is a commonly used value for stoichiometric Si 3 N 4 ). The results are given by the green curves in Fig. 9.6 a) and b). The numerical simulations are in very good agreement with the experimental results, without needing to adjust any input parameters. The DW in the visible range at 625 nm and the generation of the secondary intense peak are perfectly predicted by solving the GNLSE. It appears that this peak corresponds to the first side lobe on the red side of the spectrum generated through the SPM process. Its high intensity resulting in a strong asymmetric spectrum may be due to high order dispersion effect. Indeed, in this case, the second order dispersion coefficient β 2 is close to 0 whereas higher order coefficients are not negligible. As a result, the effect of β k≥3 become significant compared to the effect of β 2 . In particular, odd dispersion orders are responsible for asymmetric spectral behaviors [140, 141], which can be the cause of the strong imbalance in the SPM occurring during propagation. The fact that the major part of the initial power is concentrated in the red-shifted SPM peak quickly reaching the normal dispersion region might also explain the relatively limited broadening that was obtained (1.2 octave) compared to the results observed on the PECVD platform (2 octaves).

Results near the maximum GVD

The same waveguide was pumped at a wavelength of 1060 nm, which is near the maximum GVD. This way, it is expected that the supercontinuum spectrum generated along propagation spreads in a more symmetric manner. Results are given in Fig. 9.7 a). The generated spectrum is indeed more symmetric than when the waveguide was pumped close to a ZDW. The -30 dB bandwidth spreads from 620 nm to 1530 nm, corresponding to 1.2 octave. The total broadening is similar to the previous case. However, some particular features were observed in the experiments: in some cases, strong peaks are generated on both sides of the pump, containing most of the power. In particular, a peak around 900 nm is emitted for intermediate peak powers (153 W and 297 W for example) but disappears for higher powers. This behavior can be clearly seen on the linear scale curves in Fig. 9.7 b). While experiment results show an important global broadening due to SCG, a numerical analysis is once again necessary to better understand the shape of the spectrum. Simulations were performed with the same method as previously, with a pump wavelength of 1060 nm and an initial chirp parameter of -0.8. Sets of 30 independent simulations with noise added to the initial envelope were performed to calculate the average spectrum. The results is given by the green curves in Fig. 9.7 a) and b). Simulations reproduce well the broadening of the spectrum in a global manner, but some of the peaks I observed are not predicted by numerical calculations. Indeed, the 900 nm peak is absent in the simulations, and the intense peak at 1400 nm is predicted to appear later than what was obtained experimentally. The integrated dispersion was also computed to check if these peaks could be related to the formation of DWs. The result is plotted in Fig. 9.7 c). The DW in the visible region at 640 nm is in excellent agreement with experiments, but the second DW predicted at 1605 nm was not observed. Moreover, the additional peaks at 900 nm and 1400 nm do not correspond to any DW. They do not correspond either to any group velocity matching condition or to modulation instability gain side-bands. It seems that the processes responsible for the formation of these peaks cannot be modeled by the GNLSE only. As for now, I have not found any explanation of this phenomenon yet. There may be inaccuracy in the dispersion profile, that could be responsible for discrepancies between numerical and experimental results. Due to this uncertainty, I did not present numerical analysis of the coherence as it is very dependent on the dispersion of the waveguide. Nonetheless, Broad spectra were obtained covering more than an octave, which can be suitable for many applications, such as frequency comb stabilization.

Conclusion

The study of LPCVD SiN x waveguides demonstrated very low linear propagation loss, below 1 dB/cm, and no TPA was observed. These constitutes good conditions for nonlinear applications using such waveguides. Experiments in the fs regime showed broadband SCG covering 1.2 octave, from the visible window (around 630 nm) to near-infrared regions (up to 1540 nm). These results are promising and we are pursuing further studies to pump these waveguides with a semiconductor laser chip to achieve SCG without the need of a table-top laser source. Also, it would be interesting to investigate the possibilities to tune the GVD by playing on the geometry and on the cladding in order to increase the spectral broadening due to SCG. While the experimental observations for a pump close to a ZDW are very well reproduced by numerical simulations, some phenomena occurring when the waveguide is pumped at the maximum GVD are not predicted by the theoretical model used in this study. Further investigation must be done to find the cause of the generation of additional peaks in certain conditions of power.

Chapter 10

Conclusion Discussion

The studies presented here aimed at exploring the nonlinear capabilities of silicon nitride wavegudies fabricated through different process flows. The method used in this work consisted in comparing the linear propagation loss and the nonlinear behavior under intense pulsed laser light. In this case, the use of pulsed light for nonlinear characterization permitted to study TPA and SCG. Of course, it does not give an exhaustive description of the performances of the different platforms as many other nonlinear effects can be investigated. Moreover, the geometry of the waveguides for each platform under study is different, making it difficult to directly compare SCG results for example. However, numerical studies allows for an estimation of the nonlinear index, which is not dependent on the waveguide structure. This way, the nonlinear properties of the various SiN x platforms can be compared. Still, it is important to point out the fact that numerical simulations are highly sensitive to the initial conditions, especially the peak power and the chirp of the input pulse. While the initial chirp can be estimated by measuring the pulse duration and the spectrum of the pump beam, input coupling loss are extremely difficult to obtain. The use of a bi-directional experimental setup as described in Ref.

[139] can be an interesting and rigorous solution to properly determine the coupling losses at the waveguide's facets.

Conclusion

Three SiN x platforms were studied. Two of them are based on low temperature processes (PECVD and PVD from STMicroelectronics) making them compatible with BEOL process flows. Both techniques resulted in low propagation loss, on the order of a few dB/cm. The PECVD showed excellent results in terms of SCG, with the generation of spectrum covering 2 octaves, including the visible range and the O-band telecommunication window. These results are comparable with state-ofthe-art demonstrations. Numerical simulations showed that the coherence of the spectrum can be rapidly degraded if the waveguide length is higher than the soliton fission length and if the laser source exhibit a significant RIN. Yet, for short waveguides with a low noise source, a high degree of coherence can be obtained over the 2 octaves of the supercontinuum spectrum. Such device would be suitable for more advanced applications such as frequency carrier offset detection and frequency comb stabilization for example. To go further, it would also be interesting to test the possibility to use this sample as a chemical or biological sensor. In order to investigate possibilities to extend the spectrum broadening farther in the infrared region, samples fabricated via PVD were also tested. This technique has the advantage of avoiding N-H bonds in the SiN x film, responsible for absorption in the C-band communication window. Unfortunately, the samples exhibited non negligible TPA and no spectral broadening could be obtained. The third platform that was tested is based on LPCVD SiN x films from CEA LETI. The SiN x deposition step was optimized to avoid cracks in the film, and several annealing steps were performed, resulting in ultra-low propagation loss (from a few dB/m to a few 10 dB/m). Nonlinear experiments resulted in SCG covering 1.2 octave when the waveguide was pumped in the anomalous dispersion regime and no manifestation of TPA was witnessed. By varying the pump wavelength, it was possible to study the effect of GVD and higher order dispersion coefficient on the spectral broadening. By pumping close to a ZDW, the supercontinuum was generated with an important asymmetry due to unbalanced SPM caused by high order dispersion (β k≥3 ). By pumping close to the maximum GVD, the generated spectrum was more symmetric, as expected, but additional peaks appeared that are not predicted by the theoretical model used in this study. Nonetheless, spectra extending over more than an octave were demonstrated, and this broadening could be increased by dispersion management.

Perspective works

From the promising results obtained using SiN x for SCG, further developments are under study. First, to benefit from the extremely low loss of LPCVD SiN x , we work toward achieving SCG using a laser chip developed in C2N. The goal is to prove the possibility to generate a compact supercontinuum frequency comb source in optical communication windows without needing enormous laser systems. By reducing the propagation loss, it is possible to trigger the SCG with relatively low peak power and low pulse energy. The mode-locked laser used in this case works in the C-band window around a wavelength of 1550 nm and it delivers pulses with a duration of approximately 800 fs. New waveguide designs must be developed to shift the anomalous dispersion region around 1550 nm. Moreover, it would be interesting to implement a pulse compression stage before the SCG stage to reduce the pulse duration to be more adapted to coherent SCG in short waveguides. Another project pursued in the MINAPHOT team at C2N aims at enhancing the nonlinear properties of SiN x waveguides through hybridization. In particular, we study the possibility to increase the effective nonlinear parameter by depositing a chalcogenide glass layer on top of the waveguide. Chalcogenides glass are known to have very strong nonlinear index, so by depositing such material close to a waveguide, a part of the optical mode would overlap with this highly nonlinear material, hence increasing the effective nonlinear response. This solution in investigated by Y. Yang, Ph. D. student at C2N. Moreover, this solution can also reduce TPA in the PVD platform by confining a part of the optical mode outside the SiN x core, where TPA occurs.

Chapter 11

General conclusion

The goal of the thesis work presented in this manuscript was to explore the possibilities to exploit nonlinear optical effects for novel and efficient photonic components compatible with silicon technology. While silicon already showed tremendous performances in linear regime, the implementation of nonlinear optics based functionality poses significant challenges. First, silicon does not exhibit any second order optical nonlinearity in its natural state. The solution for this issue that I studied was to strain a silicon waveguide with a silicon nitride layer in order to break its symmetry. Experimental results of EO intensity modulation in MZIs showed that PDE is the predominant effect responsible for DC modulation but it also suggested that it is still present in the AC regime at frequencies higher than 10 GHz. This conclusion is supported by experiments on phase modulators, that exhibited high frequency intensity modulation in simple straight waveguides driven by an AC electric field. Yet, experiments do not rule out strain induced Pockels effect as a contributor to the EO response. Numerical simulations were performed, aiming at identifying the contributions of the different effects that can result in EO modulation. However, the strong multiphysic nature of the problem makes this analysis particularly complicated. Further work is ongoing on numerical simulation. My work on this topic permitted to identify key parameters in the design of strained silicon EO modulators and new ways to study strain-induced Pockels effect can be imagined for future development.

Another challenge inherent to silicon resides in two photon absorption in the near infrared wavelength range. Strong TPA in the optical communication windows limits the use of silicon for nonlinear applications. I chose to use silicon nitride as an alternative since this material is compatible with silicon technology and it is known to be free of TPA in the near infrared range. I tested SiN x waveguides with a pulsed laser in order to generate supercontinuum spectra. Three different SiN x platforms were investigated. Each one is based on a particular deposition technique: PECVD, PVD and LPCVD. Samples from the PVD platforms unexpectedly showed TPA. We think that this may be due to impurities in the SiN x film. However, samples from the PECVD and LPCVD platforms gave excellent results. Waveguides fabricated through PECVD generated two octave supercontinuum spectra, which is comparable to state-of-the-art demonstrations. Numerical analysis based on an algorithm solving the generalized nonlinear Schroedinger's equation showed that it was possible to generate such spectrum with a high degree of coherence. This property makes this technology viable for applications such as fully integrated self-referenced frequency combs. On the other hand, the LPCVD platform resulted in lower propagation loss but also narrower SCG. The generated spectra still covered more than an octave, which is enough for many applications. Moreover, the smaller bandwidth of the spectrum is not due to bad nonlinear properties of the material, but to dispersion engineering. Indeed, SCG rises from an interplay between GVD and SPM, so the total bandwidth of the supercontinuum spectrum depends on the waveguide's design. Hence, current results can be improved by proper dispersion engineering. In addition to the spectral broadening offered by SCG, I also observed particular phenomena in these waveguides by varying the pump wavelength. First, experiments and numerical simulations showed that by pumping close to a ZDW the spectrum is generated with a strong asymmetry, with an SPM side lobe soaking the major part of the initial power. When the waveguide was pumped close to the maximum GVD, the spectrum was more symmetric, but additional intense peaks were observed in the experiments. These peaks are not predicted by numerical simulations solving the GNLSE. Further theoretical studies must be done to better understand this observation. More generally, this work highlights the high versatility of SiN x as a material for nonlinear photonics: the properties of the material can be tailored by playing on the deposition technique, and the dispersion can be adapted to the targeted application by adjusting the waveguide geometry. In conclusion, this thesis work resulted in promising perspectives for nonlinear applications in photonics using silicon technology, by exploiting both second and third order effects.

Perspective works

Short-term perspective works are detailed in chapter 5 for strained silicon photonics and in chapter 10 for SiN x nonlinear waveguides. In the long-term, the goal is to be able to build a fully integrated photonic system exploiting second and third order nonlinear optical effects. For example, it would be of great interest to fabricate a WDM chip with a SCG source, a multiplexer separating each wavelength of the frequency comb in different channels, and Pockels EO modulators to encode data onto the optical carriers. Using ultra-low loss SiN x waveguides with anomalous dispersion would permit to reduce the peak power necessary to reach SCG so that compact laser diode sources could be implemented in the system. Multiplexers based on arrayed waveguide gratings for example are already well developed in silicon nitride. Each channel could then be coupled to strained silicon waveguides to perform EO modulation exploiting Pockels effect. Such hybrid system could constitute a high-speed, low-loss WDM transceiver for optical communications.

A.1 Introduction

At the microscopic level, when an atom is subject to an electric field, the electronic cloud deviates and its center of mass moves away from the nucleus due to Coulomb force. This creates a dipole moment. If the displacement of the electronic cloud's center of mass stays small, the force between positive charges and negative charges can be considered proportional to the displacement, comparable to a spring linking the positive and negative centers of mass, leading to a harmonic oscillator behavior. This results in a macroscopic polarization P L that is proportional to the electric field E, modeled by the first order susceptibility χ (1) :

P L = 0 χ (1) E (A.1)
This describes the case of linear optics, where the material polarization reacts at the same frequency as the propagating electric field. However, one year after the first demonstration of a laser by Maiman et al., an article published by Franken et al. in 1961 says: "We have observed the second harmonic (at 3472 Å) produced upon projection of an intense beam of 6943 Å light through crystalline quartz". The authors experimentally observed the generation of light at half the wavelength (or twice the frequency) of a laser beam passing through a crystal of quartz [143]. It was the first time that harmonic generation of light was observed. This experiment marked the birth of nonlinear optics, a field describing the modification of material properties in presence of intense light. To find out how such harmonic generation has been possible, it is necessary to understand more deeply how light interacts with a material. When intense light propagates in a material, the linear approximation of the force between negative and positive charges can no longer stand. The electrostatic force due to the displacement of the electronic cloud's FIGURE A.2: Description of second order processes in energy diagrams. Excitation of a dipole makes a transition to a virtual level, generating new frequencies when going back to ground state.

Frequency: 2ω 1 ω 1 + ω 2 ω 1ω 2 0 ω 1 Effect: SHG SFG DFG OR Pockels effect TABLE A.1: χ (2) processes

Influence of symmetry

An important property of second order optical non-linearity, is that for centrosymmetric materials, χ (2) = 0. Indeed, the dependency of P NL with the square of the electric field means that by reversing E, P NL keeps the same sign, while symmetry properties impose that it must be reversed too. This is equivalent to solve the equation P NL = -P NL . The unique solution to this problem is to have χ (2) = 0.

A.2.3 Third order nonlinear processes

Third order optical non-linearity is related to the χ (3) tensor. The nonlinear polarization is then written P NL = 0 χ (3) . . EEE. It can be seen that three fields interact with each other to give a fourth one. In a similar way as in the description of second order processes, we consider three electric fields with three frequencies:

Appendix B

Pump characterization method for experiments in pulsed regime

It is of prime importance to know the characteristics of the optical pulse injected in the samples. In our experimental bench, the laser source is an Ytterbium fiber femtosecond pulsed laser manufactured by Coherent. The spectrum of this source is centered at 1032 nm, and the pulses have a duration of 283 fs with a repetition rate of 1 MHz. The output of the laser is launched into an optical parametric amplifier that performs wavelength conversion through several parametric amplifiers stages. It results in a tunable wavelength ranging from 600 nm to 16 µm. However, light propagating in the OPA experiences a lot of nonlinear processes and the final duration and chirp of the pulse may be changed. Therefore, it is important to establish a method to characterize the output of the OPA, as it corresponds to the beam that is injected in the samples. For that purpose, we assume that the temporal pulse envelope A(t) has a hyperbolic secant shape with a time scale T 0 , a peak power P 0 and a chirp parameter C:

A(t) = P 0 sech t T 0 exp -C t 2 2T 2 0 (B.1)
For such type of pulse, the full width at half maximum T f whm is related to T 0 through T f whm 1.76T 0 . The peak power P 0 is easily determined by measuring the average power P , if T f whm and the repetition rate F rep are already known:

P 0 P T f whm F rep (B.2)
The precise determination of T 0 and C can be done by use of the XFROG technique, but I did not have access to such equipment. Instead, the pulse duration was measured by auto-correlation (performed by an engineer from the Coherent company). This step already allows to know T 0 (and T f whm ). Then, I measured the spectrum at the output of the OPA. Finally, the chirp parameter C is retrieved by numerically fitting the measured spectrum with the model of Eq. B.1. An example of auto-correlation trace of a pulse centered at a wavelength of 1300 nm is given in 

Note about the moving of the lab

During my thesis, the lab moved from Orsay to Palaiseau, so the nonlinear experiment bench had to be re-installed in the new building. Before the moving, the femtosecond laser exhibited close to Fourier transform limit pulses, while after the moving, the characterization of the pulses showed presence of chirp. This explains why in some of the numerical analysis I used unchirped pulses while in other cases I used chirped pulses.
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 1 FIGURE 1: a) Vue aérienne d'un centre de traitement de donnée de Google. b) Photo d'une rangée de baies de serveur dans un centre de traitement de données. Source: google.com. c) Représentation schématique d'un système de transmission optique à 5 canaux.
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 2 FIGURE 2: a) Schéma de principe d'un modulateur de Mach-Zehnder: la phase de la lumière se propageant est modifiée par effet Pockels dans un bras de l'interféromètre. Par interférences, cette modulation de phase se traduit par une modulation d'intensité en sortie du dispositif car les conditions de résonance sont modifiées. b) Vue simplifiée de la section d'un guide d'onde en silicium avec et sans contrainte pour réaliser un modulateur électro-optique exploitant l'effet Pockels.
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 3 FIGURE 3: a) Représentation simplifiée de la formation d'un peigne de fréquence par génération de supercontinuum dans un gudie d'onde. b) Exemple de résultat de simulation de supercontinuum. Le spectre de la source initiale s'élargit au cours de la propagation jusqu'à couvrir deux octaves. c) Photo dun guide d'onde en spirale montrant la génération d'ondes dispersives dans la gamme visible (vue du dessus).
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 11 FIGURE 1.1: Example of a hyperscale datacenter: the Google facility of Saint Ghislain (Belgium). a) Aerial view of the building. b) Picture of a row of server bays. Source: google.com
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 1 FIGURE 1.2: a) Evolution through the years of monthly active Facebook users (source: Facebook). b) Evolution of number of hyperscale data centers [1]. c) Evolution of web traffic in data centers [1]. d) Distribution of data traffic [1].
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 13 FIGURE 1.3: Schematic representation of a WDM link with 5 channels.
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 14 FIGURE 1.4: Market forecast of silicon photonics [6]
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 21 FIGURE 2.1: Principle of operation of a MZI. a) Schematic view of an unbalanced MZI and its transmission spectrum. b) Schematic view of an electrically driven MZI. One arm of the modulator is surrounded by electrodes to apply an electric field changing the phase of the light propagating there. The right part shows the transmission spectra when a phase change is applied to one arm of the MZI (red curve).
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 22 FIGURE 2.2: Schematic representation of a PDE based modulator in a PIN structure. By applying a voltage between the metal contacts, carriers from the doped regions can be injected in the intrinsic silicon core where light propagates.
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 22 FIGURE 2.3: a) Representation of fabrication steps of a BTO layer on the SOI platform. b) Principle of a slot SOH modulator.
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 24 FIGURE 2.4: Schematic representation of the effect of stress on a silicon waveguide section. Without stress, the system is fully symmetric due to the diamond structure of Si. With a stressing layer, this symmetry is broken enabling χ(2) effects.
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 26 FIGURE 2.6: Results from literature showing the importance of carriers effect in strained Si structures. a) Demonstration of both index and absorption variation, attributed to PDE [70]. b) Dynamic response of EO modulation with a bandwidth corresponding to carriers lifetime [71]. c) SHG experiment showing that the SHG disappears when interface charges are removed [72].

Fig. 2 .

 2 7 a) gives a representation of the section of the device.
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 27 FIGURE 2.7: Results obtained by M. Berciano et al. a) Schematic view of the active region section. b) EO response of an MZI showing different characteristics at low frequency (attributed to carriers effects) and high frequency (attributed to Pockels effect). c) Orientation dependence of the EO response, attributed to Pockels effect.
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 3 FIGURE 3.1: a) Simplified layout of the chip. b) Schematic representation of an MZI. c) Schematic representation of the waveguide section in the active region. d) SEM view of some of the fabricated MZIs and phase shifters (PS).
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 32 FIGURE 3.2: Simplified fabrication process flow. a) Initial configuration. b) Deposition of photo-resist by spin-coating. c) Electronic lithography. d) Dry etching and photo-resist removal. e) PECVD. f) Lift-off technique for electrode patterning. g) Starting point for VIA fabrication. h) Photo-resist deposition. i) Electronic lithography. j) Dry etching and photo-resist removal. k) Metal deposition.

  3.3 b), implying a large interaction with the top metallic electrode that induces high propagation losses.
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 33 FIGURE 3.3: Electric field profiles of optical modes in the waveguide section. The silicon core is 400 nm wide and 260 nm thick. a) TE mode. b) TM mode
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 2 xxy : η xxy and η yyy . Their distribution considering an initial planar compressive stress of 1.3 GPa in the SiN x layer is depicted in Fig. 3.4.
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 34 FIGURE 3.4: Strain gradient distribution in the waveguide section under a 1.3 GPa compressive stress. The silicon core is 400 nm wide and 260 nm thick.
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 35 FIGURE 3.5: Schematic view of SiN x bonds [77]. a) Regular bonds for Si and N. b) N-center defect. c) K-center defect.
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 3 FIGURE 3.6: Voltage dependence of Q f from literature. a) Measurement of Q f from Ref. [78]. b) Hysteresis of phase shift in a MZI due to variations of Q f from Ref. [69].
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 37 FIGURE 3.7: Examples of result of electrical simulations inside the silicon core of a waveguide with width of 400 nm and a thickness of 260 nm. a) Electron concentration at V DC = 30 V. b) Vertical component of electric field at V DC = 30 V.
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 38 FIGURE 3.8: Numerical simulation results for each component of ∆n e f f in the DC regime. a) and b) Respectively ∆n e f f ,c and ∆α for different values of Qf . c) ∆n e f f ,p for Q f = 0 cm -2 . d) ∆n e f f ,k for Q f = 0 cm -2 .
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 4 FIGURE 4.1: a) Schematic representation of the experimental setup. b) Examples of measured spectra (at V DC = 0 V and at V DC = 25 V). c) Effective index change as a function of V DC obtained from the resonance shift of the output spectrum in a 2 mm long MZI.
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 4 1 a), and is schematically represented on Fig. 4.2 a).
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 4 FIGURE 4.2: a) Schematic representation of the experimental setup. b) Absorption coefficient change as a function of V DC obtained from the optical power at the output of a 2 mm long phase shifter.
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 4 FIGURE 4.3: a) Simulated number of electrons and holes in the Si section for the Q f profile described by Eq. 4.2. f) Comparison of experimental ∆n e f f and simulated ∆n e f f ,c with the Q f profile described by Eq. 4.2.
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 4 FIGURE 4.4: a) Definition of S-parameters. a k and b k . Unit is √ W. b) Schematic representation of the experimental setup to measure S-parameters.
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 4 FIGURE 4.5: a) S-parameters of a 2 mm long device. b) Propagation loss of a 2 mm long device extracted from S-parameters.

FIGURE 4 .

 4 FIGURE 4.6: a) Schematic representation of the experimental setup. b) Schematic description of the working point. At the quadrature point (green dot), the response is high and linear. At another point (red dot), the response is lower and nonlinear. c) Example of the choice of λ 0 in the experiment.
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 4 FIGURE 4.7: a) Static index variation caused by the AC voltage, fitted with a thermo-optic model. b) AC phase shift in the MZI arm as a function of V AC for two different V DC . Dotted lines are linear fits for the V AC < 2 V. c) AC phase shift in the MZI arm as a function of V DC at V AC = 1 V, showing an hysteresis cycle. d) Equivalent AC absorption variation in a phase shifter waveguide as a function of V DC at V AC = 1 V.
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 4 [START_REF] Liu | 25 x 50 Gbps wavelength division multiplexing silicon photonics receiver chip based on a silicon nanowire-arrayed waveguide grating[END_REF] shows the resulting open eye diagram at 10 Gbps with a 3 mVpp amplitude.

FIGURE 4 .

 4 FIGURE 4.9: a) Example of waveform of s and s at the electrodes outputs. b) Eye diagram obtained on a 2 mm long MZI under a bias voltage of -10 V.
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 1 FIGURE 6.1: Schematic representation of the formation of a frequency comb through cascaded FWM in a ring resonator. New frequencies are generated while intense light propagates in the ring, resulting in an equally spaced frequency comb. 1: A CW pump is coupled in the bus waveguide; 2: Degenerate FWM generates the first additional frequencies; 3: Degenerate and non degenerate FWM creates more frequencies; 4: A broad, equally spaced frequency comb is achieved.

FIGURE 6. 2 :

 2 FIGURE 6.2: Schematic representation of the formation of a frequency comb through SCG. A pulse train is launched in a waveguide, where the initial narrow band comb experiences broadening through nonlinear interactions.
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 71 FIGURE 7.1: Schematic description of normal and anomalous dispersion regimes (pure GVD).
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 72 FIGURE 7.2: Schematic description of pure SPM.

FIGURE 7 . 3 :

 73 FIGURE 7.3: Examples of soliton profiles. The left (right) column shows the envelope in the time (frequency) domain. a) and b): N=1. c) and d): N=2. e) and f): N=3.

FIGURE 7 . 4 :

 74 FIGURE 7.4: A 5 th order soliton experiencing soliton fission. a) Envelope in the time domain along propagation. b) Envelope spectrum along propagation. c) Detailed graph of envelope in the time domain at a distance corresponding to the dotted line in the first graph. d) Phase mismatch curve giving DW positions.
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 75 FIGURE 7.5: Detailed analysis of the fission of a 5 th order soliton. a) Envelope in the time domain at the same distance as in Fig. 7.4 c. Each color highlights an ejected soliton. b) Spectrum of each ejected soliton.
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 81 FIGURE 8.1: Refraction index of the PECVD platform compared to the usual index of stoichiometric silicon nitride.
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 82 FIGURE 8.2: Schematic representation of the waveguides.
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 83 FIGURE 8.3: Group velocity dispersion of the different waveguide sections.

  8.4 a). It is also interesting to notice the local minimum in the transmission around 1520 nm, corresponding to the absorption of N-H bonds. Knowing α at 1310 nm and the transmission profile, the wavelength dependent loss coefficient is fully characterized (Fig. 8.4 b).
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 8 FIGURE 8.4: a) Linear transmission of a 700 nm wide straight waveguide. b) Loss extracted from the transmission profile.
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 85 FIGURE 8.5: Schematic view of the experimental setup. The inset at the bottom shows an example of the coupling in a chip using this setup.

FIGURE 8 .

 8 FIGURE 8.6: a) Experimental spectra for the 11.5 mm long, 1200 nm wide waveguide (blue dotted line) and the threefold 3 mm long waveguide (black line) for an input peak power of 3.8 kW. b) Optical images of the 3 mm long straight waveguide and the 8.6 mm long spiral from above showing green and blue scattered light. c) Experimental (black lines) and simulated (green lines) spectra for different input peak powers. From bottom to top: 250 W, 950 W, 3.8 kW. Curves are arbitrarily shifted for better understanding.

FIGURE 8 .

 8 FIGURE 8.7: a) Simulated evolution of the spectrum along propagation for a 3.8 kW initial pulse in a straight waveguide. b) Integrated dispersion for the two sections of the waveguide.

FIGURE 8 .

 8 FIGURE 8.8: a) First order degree of coherence plotted as a function of wavelength and propagation distance. b) and c): individual simulated spectra (blue lines), average of all the spectra (black line) and degree of mutual coherence (orange line) for a 3 mm long and a 1.7 mm long waveguide respectively. Left column show the results with OPPM noise and RIN. Right column shows the result with OPPM noise only.

FIGURE 8 .

 8 FIGURE 8.10: GVD of the waveguides considered in the study. Thickness of the waveguide is 600 nm. Row a: M-1.92; row b: M-1.99

FIGURE 8 .

 8 FIGURE 8.11: a) Description of the experimental setup. b) Transmission curves of spiral waveguides. c) Loss calculated from the transmission curves. Oscillations around the average value are due to Fabry-Perot interference between input and output couplers.

FIGURE 8 .

 8 FIGURE 8.12: a) Output power of a waveguide from M-1.99 at different wavelength. The power is normalized with the total insertion loss for better graphical comparison. Dots are experimental results, dashed lines are the fitted curve with the TPA model. Black dotted line is the case without TPA. b) TPA coefficient extracted from the experimental results.
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  9.1).
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 91 FIGURE 9.1: Refractive index of the LPCVD film compared to stoichiometric Si 3 N 4 found in literature

FIGURE 9 . 2 :

 92 FIGURE 9.2: Waveguide geometry.

FIGURE 9 . 3 :

 93 FIGURE 9.3: Simulated group velocity dispersion of the 750 nm wide, 800 nm thick waveguide in TE and TM polarization. Each graph shows a comparison between the expected rectangular shape and the actual trapezoid shape.

FIGURE 9 .

 9 FIGURE 9.4: a) Schematic view of the cleaved waveguides used for loss measurements. b) Simplified representation of the experimental setup. PM stands for "polarization maintaining". c) Transmission curves in TE polarization (left graph) and loss coefficient α in TE and TM polarization (right graph) for the 750 nm wide, 800 nm thick waveguide (after data processing of the raw transmission curves).

FIGURE 9 . 5 :

 95 FIGURE 9.5: Schematic view of the experimental setup. The inset at the bottom shows an example of the coupling in a chip using this setup.

FIGURE 9 .

 9 FIGURE 9.6: a) Experimental (black line) and simulation (green line) results of a 750 nm wide, 800 nm thick waveguide pumped in TE mode by a 190 fs pulsed laser at 1150 nm. Curves are shifted for more clarity. b) Same results plotted in linear scale. c) Nonlinear phase-mismatch for a 945 W (solid line) and for a 170 W (dotted line) input peak power at 1150 nm. The two curves highlights the sensitivity of the infrared DW position with the input peak power, contrary to the visible DW. The inset shows a picture of the waveguide emitting red light (dotted rectangle shows the limits of the chip).

FIGURE 9 .

 9 FIGURE 9.7: a) Experimental (black line) and simulation (green line) results of a 750 nm wide, 800 nm thick waveguide pumped in TE mode by a 190 fs pulsed laser at 1060 nm. Curves are shifted for more clarity. b) Same results plotted in linear scale. c) Nonlinear phase-mismatch calculated for a peak power of 682 W inside the waveguide.

  Fig. B.1 a) and the corresponding spectrum along with the numerical fit is given in Fig. B.1 b).

FIGURE B. 1 :

 1 FIGURE B.1: Example of pulse characterization at 1300 nm. a) Auto-correlation trace giving the value of T f whm . b) Spectrum of the same pulse (blue line) with the fit using Eq. B.1 (red dashed line), giving the chirp parameter C.
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 2 

	15	MZI modulator (low frequency)	[61] (2006)
	20	SHG	[66] (2012)
	190	MZI modulator (DC)	[63] (2013)
	188	Fabry-Perot interferometer (DC)	[64] (2014)
	336	MZI modulator (DC)	[65] (2014)

1: Values of strain induced χ

TABLE 3 .

 3 .1 gives the different mechanical parameters of the materials we used in the simulations.

	Material E m (GPa) ν m
	Si ([0 11])	131	0.27
	SiN x	250	0.23
	SiO 2	70	0.17

1: Young's modulus and Poisson coefficients.

  MZI and PS are tested in DC regime and AC regime. DC experiments give insights about PDE and the effect of surface charges at the Si/SiN x interface. The devices are tested under different static voltages V DC . AC experiments are performed in order to highlight (or not) the presence of Pockels effect in the strained silicon modulators. AC experiments consist in sending RF electrical waves in the electrodes and to measure the dynamic EO response of the modulators. It is expected to exhibit strong carrier effect at low frequency, but working at high frequency is a way to decrease the contribution of PDE in the global EO response, similarly to the work of M. Berciano et al.
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4.1 Method

For more simplicity, quasi-TE and quasi-TM modes are referred as TE and TM modes in the rest of the manuscript.
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Appendix A

Elements of nonlinear optics

This appendix aims at giving an overview of the basic nonlinear optical process.

It explains the origin of the mixing of waves propagating in a nonlinear medium.

The description proposed here is not exhaustive but it is sufficient to understand the studies presented in this manuscript. If the reader wishes to go more into details, a complete description of nonlinear optics can be found in the book written by R. Boyd [142]. To go further into nonlinear optics in waveguides, the book of G. P. Agrawal is an excellent supplement [131].

center of mass relatively to the nucleus becomes nonlinear. In this case, the polarization of the material can be modeled with a polynomial expansion 1 of the electric field [131, 142]:

The n th order tensors χ (n) are the nonlinear susceptibilities of the material. The tensor formalism employed here allows to take into account every combination of field in every direction. The nonlinear polarization P NL is responsible for distortion of the total electric field, related to the generation of harmonics of the initial field. Intuitively, by considering sine waves, it can be concluded that the second order polarization is responsible for second harmonic generation (SHG) since it is related to the squared electric field. This explains the observations made by [START_REF] Franken | Generation of Optical Harmonics[END_REF]. Similarly, the third order nonlinear polarization gives rise to third harmonic generation (THG).

A.2 Nonlinear processes

For now, we only talked qualitatively about SHG and THG, but nonlinear processes are plentiful. In the following, the description of nonlinear optical effects will be limited to second and third order since they are the most commonly used.

A.2.1 Propagation equation

From Maxwell's equation, the propagation equation of light in a material medium can easily be established. By taking into account the nonlinear polarization, the propagation equation is modified compared to the usual linear case:

The result is similar to the linear propagation equation, but the nonlinear polarization is added, acting as a source term on the right side of Eq. A.3.

A.2.2 Second order nonlinear processes

First, we consider only the second order term in Eq. A.2, related to χ (2) . In this case, P NL = 0 χ (2) . . EE. Second order optical non-linearity relies on the interaction of two electric fields to generate a third one, as it is implied by the square of E in the nonlinear polarization. To go more into details, suppose that the total electric field is composed of two fields E 1 and E 2 with angular frequencies ω 1 and ω 2 :

In Eq. A.4, c.c. stands for "complex conjugate". For greater clarity, we consider the electric fields linearly polarized on the same axis and we write the nonlinear polarization on the same axis, hence modeling the second order susceptibility by a single scalar coefficient:

We see in Eq. A.5 that the square of the total electric field gives rise to additional frequencies, corresponding to second harmonic generation (SHG), sum frequency generation (SFG), difference frequency generation (DFG) and optical rectification (OR).

In the particular case where ω 2 = 0, a term at frequency ω 1 exists in the nonlinear polarization, but its intensity is proportional to E 2 . This corresponds to Pockels effect and consists in the dependence of the refractive index with a static electric field. In this case, it is easy to rewrite the nonlinear propagation equation for components at frequency ω 1 :

It can be seen that this expression involves the usual term of linear permittivity r = 1 + χ (1) to which a variation is added. From the permittivity variation ∆ r , we can deduct the refractive index variation ∆n:

To avoid cumbersome mathematics, the nonlinear propagation equation will not be detailed in the case of SHG, SFG and DFG here as it requires to use coupled mode theory. However, the physical meaning of these terms can be qualitatively understood with energy diagram describing transitions to a virtual level through dipole excitation as shown on Fig. A.2. Table A.1 summarizes the different second order processes.

If ω 1 = ω 2 and ω 3 = 0, the nonlinear propagation equation can be rewritten in a similar form as Eq. A.6:

This case is also responsible for the dependency of refractive index with a static electric field. It is called DC Kerr effect.

The total expression of nonlinear polarization is quite heavy, and we will only give a summary of the different processes occurring in Fig. A.3 and in Table A.2. THG means third harmonic generation. SPM stands for self-phase modulation, when the phase of an optical wave is modulated by its own intensity: the refractive index depends on the light intensity I, n = n 0 + n 2 I. XPM is cross-phase modulation, comparable to SPM but involving two different waves. FWM stands for four wave mixing, describing the general interaction of four waves leading to frequency conversion. FIGURE A.3: Description of third order processes in energy diagrams. Excitation of a dipole makes a transition to a virtual level, generating new frequencies when going back to ground state.

Frequency: 3ω 1

The description proposed here only takes into account optical fields, but interactions can also exist between photons and phonons, resulting in the so-called Raman effect and Brillouin scattering. These effects will not be studied in detail in this manuscript.

A.2.4 Nonlinear absorption

In the previous part, the nonlinear susceptibility was considered real. However, χ (3) is complex and its imaginary part is responsible for nonlinear absorption. It happens when the frequency of incoming photons is such that the energy of two photons together is greater than the bandgap of the material, as depicted in Supposing that loss can be due to the absorption of two photons at the same time, it is easy to demonstrate that the intensity I(z) along the propagation axis z is governed by:

In Eq. A.11, α is the linear loss coefficient and β TPA is the TPA coefficient. TPA is of great concern in nonlinear application, as it can rapidly deteriorate the performances. Indeed, TPA reduces quickly the power along propagation and it involves a saturation of the available optical power even if the input power is increased. Fig.

A.4 b) shows the tendency of the output power at the end of a waveguide versus the input power. It can be seen that the actual power deviates a lot from the ideal case where there is no TPA (linear relationship between the output power and the input power). Moreover, TPA can also induce free carrier absorption because of electrons that are transferred to the conduction band can then experience inter sub-band absorption within the conduction band, hence increasing the overall loss.
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