Hybrid integration for on-chip optical emission and amplification in the near infrared
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Silicon photonics has raised a dramatic interest in the last years due to the possibility of merging electronics and photonics on the same chips using large scale wafers and well-established microelectronic technologies. Significant breakthroughs have been demonstrated on optical waveguides and passive optical devices to distribute light, filter optical signals, add-drop individual wavelength around 1.55µm, as well as in the field of active structures for light modulation and detection.

The main potential applications of this approach are optical interconnects within CMOS chips, optical receivers for telecommunications, biosensing, microwave photonics, and on-chip quantum communications. Despite the important progress of the field, key points remain to be solved for the development of all these applications. One of the main challenges in the field of silicon photonics is to develop integrated optical sources and optical onchip amplifiers. Silicon is indeed an indirect bandgap material, which gives it dramatically low stimulated emission efficiency that hinders the realization of sources and amplifiers. In this context, this thesis provides a contribution to the investigating of Erbium-based on-chip amplifiers and lasers. One main axis of the work carried out is to seek miniaturization of the active waveguides (<1mm, or even <<1 mm) and systematically consider a silicon integration perspective by favoring 1480 nm pump wavelength scheme.

Résumé : La photonique silicium a suscité un intérêt considérable ces dernières années en raison de la possibilité de faire converger l'électronique et la photonique en s'appuyant sur les technologies microélectroniques bien établies. Des percées significatives ont été démontrées concernant les guides d'ondes optiques et les dispositifs optiques passifs pour distribuer la lumière, filtrer les signaux optiques, additionner les longueurs d'onde individuelles autour de 1,55µm, ainsi que dans le domaine des structures actives pour la modulation et la détection de la lumière. Les principales applications potentielles de cette approche sont les interconnexions optiques dans les puces CMOS, les récepteurs optiques pour les télécommunications, la bio-détection, la photonique micro-ondes et les communications quantiques sur puce. Malgré les progrès importants du domaine, des points clés restent à résoudre pour le développement de toutes ces applications. L'un des principaux défis dans le domaine de la photonique silicium est de développer des sources optiques intégrées et des amplificateurs optiques sur puce. En effet, le silicium est un matériau à bande interdite indirecte, ce qui lui confère une efficacité d'émission stimulée très faible qui entrave la réalisation de sources et d'amplificateurs. Dans ce contexte, cette thèse apporte une contribution à l'étude des amplificateurs et lasers sur puce à base d'Erbium. Un axe principal du travail réalisé est la recherche de la miniaturisation des guides d'ondes actifs (<1mm, voire <<1 mm) et la prise en compte systématique d'une perspective d'intégration sur silicium en favorisant le schéma de longueur d'onde de pompe à 1480 nm.

Des guides d'ondes actifs en SiN recouverts de couches d'Al2O3 dopées à l'Erbium à plus de 10 21 cm -3 et déposées par la technique ALD à l'université d'Aalto sont à la base des démonstrations expérimentales de ce travail. Des gains modaux de 10-20 dB/cm sont démontrés dans ces guides d'ondes. Sur la base de ces résultats, des travaux théoriques et de simulation sont menés dans le but d'étudier des conceptions agressives en termes de longueurs de structures actives. À travers différentes études, la caractéristique explorée est l'utilisation de résonateurs nécessaires dans tous les cas pour obtenir un effet laser. Différents types de cavités et de résonateurs à résonance simple ou double sont étudiés et conçus pour la réalisation de sources intégrées en utilisant les propriétés mesurées des guides d'ondes actifs étudiés expérimentalement. Dans l'ensemble, les travaux réalisés contribuent à la réalisation de sources de lumière compactes (<< 1 mm) en photonique du silicium en exploitant les progrès récents dans la croissance des couches actives dopées aux terres rares et la conception de résonateurs à résonance multiple. La combinaison de résonateurs à cristaux photoniques 1D, basés sur des guides d'ondes en SiN ou en silicium (typiquement des cavités nanobeam), et de tels matériaux actifs offre des perspectives pour le développement de sources de lumière entièrement intégrées dans la filière silicium.

Active SiN waveguides coated with Erbium-doped Al2O3 layers at more than 10 21 cm -3 and deposited by the ALD technique at Aalto university are the basis for the experimental demonstrations in this work. Modal gains of 10-20 dB/cm are demonstrated in these waveguides. Capitalizing on these results, theoretical and simulation work is further carried out in the purpose of investigating aggressive designs in terms of active structure lengths. Through different studies, the feature explored is the use of resonators needed in any case to achieve lasing. Different types of single and double resonant cavities and resonators are studied and designed for the realization of integrated sources using the measured properties of experimentally studied active waveguides. As a whole, the carried out works contribute to the realization of compact (<< 1 mm) light sources in silicon photonics exploiting recent advances in the growth of rare-earth doped active layers and the design of multiply resonant resonators. The combination of 1D photonic crystal resonators, based on SiN or silicon waveguides (typically nanobeam cavities), and such active materials offers prospects for the development of fully Siintegrated light sources.
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Résumé en français

Cette thèse constitue une contribution vers la réalisation de sources de lumière à base d'Erbium en photonique silicium. Un axe important du travail réalisé a été de rechercher une miniaturisation des guides d'ondes actifs plus poussée que celle proposée dans la littérature (visant des longueurs < 1 mm, voire << 1 mm) et de se placer dans une perspective d'intégration silicium en privilégiant systématiquement une longueur d'onde de pompe de 1480 nm (Fig. R1) même lors de l'étude des actifs à coeur de nitrure de silicium SiN.

Le Chapitre 1 est consacré à un tour d'horizon de l'état de l'art et permet d'identifier les points forts des travaux précédents mais également les points à résoudre en vue de développements supplémentaires. Cette étape préliminaire confirme clairement la nécessité d'une miniaturisation plus poussée des structures d'amplification sur puce basées sur des guides d'ondes actifs dopés aux terres rares et pompés optiquement, la majorité des travaux relatant de structures centimétriques et pompées majoritairement à 980 nm (Fig. R1). La caractérisation des échantillons a été réalisée au C2N, selon plusieurs étapes. Les pertes de propagation des guides actifs (dopés) mais non pompés optiquement a d'abord été effectuée en injectant un faible niveau de signal (1 µW au maximum). L'injection de la pompe de longueur d'onde 1480 nm a été ensuite effectuée simultanément au signal, et selon des niveaux graduels, permettant, compte tenu des pertes d'injection/extraction des réseaux de couplage et de la circuiterie optique, l'injection de niveau dans la gamme 0-20 mW. Cette puissance s'est d'ailleurs avérée suffisante pour conduire à la saturation des niveaux de renforcement du signal dans les structures sub-millimétriques étudiées expérimentalement. La Fig. R4 montre le schéma de principe illustré du banc de caractérisation mis en place au C2N.

Deux séries de travaux expérimentaux ont effectuées, se distinguant l'une/l'autre par l'épaisseur des couches actives dopées à l'Er : 150 nm pour la première et 380 nm pour la seconde. Dans la première série de travaux, des augmentations du niveau de signal injecté à  = 1533 nm 1,76 dB et 3,13 dB ont été relevées dans les guides d'ondes actifs SiN revêtus d'Er:Al2O3 présentant des concentrations en Erbium de 3,88 10 21 cm -3 et des longueurs de guide d'ondes effectives de 320 μm et 720 μm. Ces résultats ont été obtenus sous pompage à 18 mW. Des gains modaux de 22,85 dB/cm et 11,32 dB/cm, respectivement, ont été mesurés par cette approche (voir Fig. R5), correspondant à des valeurs de gain matériau de l'ordre de 82,3 dB/cm et 44,0 dB/cm. La deuxième série de travaux expérimentaux s'est appuyée sur des couches actives Er:Al2O3 plus épaisses (380 nm) et a permis d'obtenir une augmentation du niveau de signal de 5.5 dB dans un guide d'ondes actif en spirale de 5,113 mm de long présentant une concentration en Er de 1,89 × 10 21 cm -3 toujours pompé à la longueur d'onde de 1480 nm et sous 20 mW. Le gain matériau estimé le plus élevé a alors été de 48,2 dB/cm. Ces deux séries d'expériences ont été limitées aux configurations accessibles par la disponibilité des runs technologiques (tant au C2N qu'à STMicroelectronics) et les périodes d'activité des partenaires finlandais sur le thème, mais ont apporté la confirmation d'un point concret : les structures de guides d'ondes actives ultra-dopées (> 10 21 cm -3 ) et sub-millimétriques ont un potentiel intéressant pour l'amplification de la lumière sur de très courtes distances (< 1 mm) dans le régime de pompage optique à la longueur d'onde de 1480 nm sous quelques mW de puissance de pompage, étant caractérisées par des gains matériels de plusieurs dizaines de dB par cm. En s'appuyant sur ces résultats, le Chapitre 3 a été consacré à des travaux théoriques et de simulation dans le but d'étudier des conceptions agressives en termes de longueurs de structures actives. Au travers des cas étudiés, le fil conducteur suivi a été l'exploitation de résonateurs optiques en vue notamment de préparer l'obtention d'un effet laser dans des travaux à venir. Nous avons montré que ces résonateurs peuvent effectivement être conçus, par un choix approprié des paramètres géométriques, pour réaliser le comportement attendu de double résonance aux longueurs d'onde prescrites. Une cavité doublement résonante de 15µm de long, basée sur une approche silicium sur isolant, avec des facteurs de qualité de 60.000 et 260.000 aux longueurs d'onde de la pompe et du signal, a été optimisée numériquement par une simulation 3D FDTD.

Globalement, les travaux réalisés contribuent à la réalisation de sources de lumière compactes (<< 1 mm) en photonique du silicium exploitant les progrès récents dans la croissance des couches actives dopées aux terres rares et la conception de résonateurs à résonances multiples. La combinaison de résonateurs à cristaux photoniques 1D, basés sur des guides d'ondes en SiN ou en silicium (généralement des cavités nanobeam), et de tels matériaux actifs offre des perspectives pour le développement de sources de lumière entièrement intégrées dans la filière silicium. Des travaux futurs sont nécessaires pour explorer toutes ces voies et tirer parti des applications possibles de ces sources intégrées.

Introduction (of the English-written manuscript)

Data and communications are increasing explosively day to day. Since the 1950s, integrated circuits have been developed, being the cornerstone of the rapid development of electronics, information, and communication society. At the same time, the transport or processing of information by other approaches, in particular light, has developed considerably, without however reaching the same level of integration. One can naturally mention the field of telecommunications and optical networks, although many other fields of applications such as metrology, the field of sensors for health, more recently LIDARS, etc., have given rise to a great deal of motivation and efforts to develop research and development based on optics.

Integrated photonics, a branch of photonics, stands out at the crossroads of these two approaches, and silicon photonics has a special place in this thematic landscape. Taking consideration of mitigating cost constraints, fabrication methods incorporating integrated photonic components into chips by using the same tools that have been applied in the existing fabrication facilities for integrated electronic circuits are indeed preferred. Developments to integrate on silicon-based platforms the optical and optoelectronic devices needed for optical links and communications have been made in the last 15 years while targeting as much as possible CMOS compatibility [2].

The joint electronic-optical integration in the silicon chain has become a fairly functional toolbox offering a wide range of solutions, but it has not, to date, solved the question of monolithic integration of high-performance optical sources or amplifiers. This is due to a well-known property of silicon: Si is an indirect bandgap material, making hard for it to generate light emission efficiently [START_REF] Liang | Recent progress in lasers on silicon[END_REF]. A possible approach to circumvent this basic physics limitation is to develop solutions consisting in a hybrid integration on active materials on silicon. Integrating Ⅲ-Ⅴ semiconductors, Ge-on-Si, nanomaterials, and rare-earth (e.g. Erbium) doped host materials, are the four dominant routes explored to date. As described in Chapter 1, every approach brings both advantages and drawbacks. Yet, while integration of III/V components on silicon appears as the most efficient way for short term applications, development of rare-earth (e.g. Erbium) amplifiers and lasers may bring simplification, CMOS compatibility, and potential for wide-band and optically transparent amplification.

One of the challenges for this is to greatly miniaturize the size of the sources and amplifiers in order to allow them to be highly integrated into the optical/optoelectronic circuits. With respect to this point, the current start-of-the-art, mostly centered on Erbium-based on-chip amplifiers and lasers, provides demonstration of devices with typical lengths of several centimeters [START_REF] Bradley | Erbium-doped integrated waveguide amplifiers and lasers[END_REF][START_REF] Pollnau | Optically pumped rare-earth-doped Al2O3 distributedfeedback lasers on silicon [Invited[END_REF][START_REF] Ward | Rare-earth ion doped Al2O3 for active integrated photonics[END_REF]. Er-concentration in the host materials is indeed usually limited to ~10 20 cm -3 [START_REF] Bradley | Erbium-doped integrated waveguide amplifiers and lasers[END_REF][START_REF] Pollnau | Optically pumped rare-earth-doped Al2O3 distributedfeedback lasers on silicon [Invited[END_REF][START_REF] Ward | Rare-earth ion doped Al2O3 for active integrated photonics[END_REF] to alleviate ion-ion clustering, quenching, and up-conversation effects, which are detrimental to lasing and amplification.

In this context, the present thesis manuscript provides a contribution to further shrink the footprint sizes of Erbium-doped active waveguides for on-chip light amplification and lasing, with the aim to scale them down at least to sub-mm lengths. For this, we relied on the availability of highly doped Erbium active layers (up to ~4 × 10 21 cm -3 ), which has allowed us to explore different configurations from those previously studied. Atomic layer deposition (ALD) was applied by a key partner at Aalto University (Finland) to fabricate Er-doped host glass layers specifically optimized to minimize ion-ion clustering and quenching effects.

The manuscript is organized as follows:

In Chapter 1, general background, introduction, and motivations of the carried-out research works are presented.

Chapter 2 gathers experimental works on the gain performances of active Erbium-doped silicon nitride waveguides. Two families of active waveguides are successively explored by capitalizing on SiN wafers of passive devices fabricated at STMicroelectronics according to our designs and the active layers of our Finnish partner. We develop an approach for the experimental estimation of the optical amplification properties of the active waveguides and apply it to two sets of samples corresponding to two different thicknesses of doped layers, and, in each case, for a wide range of Erbium concentrations.

In Chapter 3, design works of cavity resonators being capable to support single and double resonances are investigated in the aim to design compact on-chip optical sources by capitalizing on the experimental results presented in Chapter 2, thus feeding modeling and simulation estimations by realistic loss and gain orders of magnitude.

A summary and conclusion of the thesis works are then presented, as well as a discussion on possible perspectives.

Background, introduction, and motivations

We first introduce in this chapter the background information related to silicon photonic integration as our research studies mainly belong to this field. Progress and features of silicon photonics are presented as well as its limitations in active functions due to the indirect band gap nature of silicon. In order to circumvent the drawbacks of silicon photonics in light emission and amplification functionalities, various hybrid integration methods have been considered. Progress in hybrid integration is thus introduced in this purpose. Among them, research works presented in this manuscript focus on the integration of erbium doped materials. Therefore, the start of art in erbium doped material hybrid integration is discussed first. This state of the art thus guides us in the identification of issues to be resolved for the further development of on-chip erbium doped light amplifiers and sources. Inspired by the requirements, we elaborate our motivations and objectives guiding the research study of this thesis.

Silicon photonics: a versatile platform for integrated optics 1.Features and progress in silicon photonics

Silicon has got a great role in the era of integrated microelectronics and has enabled an explosive development in the information technology and high-speed communications [1]. The field of electronics emerged in the late 1950s and has brought significant outcomes such as personal computers, mobile devices (laptops, smartphones, tablets), connections and communications within end to end, data centers, sensor systems, medical applications and so on. The mainstream technology, known as "CMOS" (Complementary Metal Oxide Semiconductor) [2], has been characterized by a dramatic downsizing of elementary devices with an exceptional increase of circuit complexity [3]. Silicon photonics [4] continues using silicon as the fundamental material platform but transfers to the study and applications of photonics and opto-electrical hybrid systems. Silicon photonics aims at merging photonics and silicon compatible processes. The availability of high-quality Si-on-insulator (SOI) wafers, which can be regarded as ideal planar waveguides, enables to provide a strong optical confinement due to the high refractive index contrast between Si (n  3.48) and SiO2 (n  1.45) at telecom wavelengths. propagation loss can be reached in these SOI waveguides [START_REF] Grillot | Propagation loss in single-mode ultrasmall square silicon-on-insulator optical waveguides[END_REF][START_REF] Horikawa | Low-loss silicon wire waveguides for optical integrated circuits[END_REF][START_REF] Selvaraja | Advanced 300-mm waferscale patterning for silicon photonics devices with record low loss and phase errors[END_REF][START_REF] Vlasov | Losses in single-mode silicon-on-insulator strip waveguides and bends[END_REF][START_REF] Dumon | Low-loss SOI photonic wires and ring resonators fabricated with deep UV lithography[END_REF]. As reported in [START_REF] Horikawa | Low-loss silicon wire waveguides for optical integrated circuits[END_REF], the propagation losses reached 0.4 dB/cm for the C-band and 1.28 dB/cm for the O-band.

Consequently, silicon photonics makes it possible to scale photonic devices up in complex circuits, and versatile applications of them can be implemented. Additionally, the projected growth of photonic products can be attributed to their ability to be incorporated in dynamic application areas, as depicted in Figure 1.4, including consumer electronics, IT, telecommunications, quantum computing, bio/medical and life sciences, defense, sensor systems, data centers, optical phase arrays for light detection and ranging (LiDAR) as well as many other commercial applications. The increasing demand for active optical cables, optical multiplexers, and optical attenuators provides numerous growth opportunities as they offer considerable options to attain low-cost products. 

Limits of silicon photonics

Although silicon photonics exhibits huge potential for applications as described above, Si is an indirect bandgap material and is not naturally capable of efficiently emitting light [START_REF] Liang | Recent progress in lasers on silicon[END_REF]. bandgap semiconductor, free electrons in Si tend to reside in the X valley of the conduction band, which is not aligned with free holes in the valence band. Therefore, recombination processes lead to emission of a photon necessitating phonons to carry away the excess momentum, which significantly weakens optical transition rates. A major non-radiative process is Auger recombination, in which electrons (or holes) are excited to higher energy levels by absorbing the released energy from an electron-hole recombination. The Auger recombination rate increases with injected free-carrier density and is inversely proportional to the bandgap.

Free-carrier absorption (FCA) represents another major non-radiative process wherein the free electrons in the conduction band can jump to higher energy levels by absorbing photons. For both Auger recombination and FCA, electrons pumped to higher energy levels release their energy through phonons, rather than by emitting photons. As a whole, Si thus dominates the field of passive devices in photonic components, as well as the one of optical modulators, but is hampered by some disadvantages derived from its indirect bandgap for the realization of light sources and amplifiers. For this reason, other approaches have been devised and proposed, notably based on the hybrid integration of various active materials on silicon.

Hybrid integration for integrated light sources

In this section, progress in hybrid integration for the realization of integrated light sources is first briefly discussed. Then, different approaches explored for the hybrid integration of erbium doped materials are reported. Relying on this state-of-the-art, and accounting for the demands of new developments, remaining open questions in the field are presented as well as the objectives followed in the present thesis.

Hybrid integration is a concept that combines different materials, platforms, and technologies to accomplish some tasks efficiently based on not only Si but Si plus others.

Hybrid integration aims to utilize advantages from each material simultaneously and this idea has also advanced along with the progress of semiconductor industry. To investigate and achieve efficient on-chip integrated light sources, various hybrid integration methods have been proposed, explored, and developed by people with long-term efforts, including the wellknown Ⅲ-Ⅴ semiconductors, Ge-on-Si, nanomaterials (such as semiconducting carbon nanotubes, nanocrystals, quantum dots or wires, etc.), and rare-earth (e.g. Erbium) doped host materials. Next, we will briefly discuss the features and challenges of each method and give out some comparison points between them. 

Ⅲ-Ⅴ semiconductors

Several configurations of hybrid III-V on silicon lasers have been demonstrated, including Fabry-Perot lasers, micro-disk lasers, racetrack resonator lasers, distributed Bragg reflector (DBR) lasers and distributed feedback (DFB) lasers [START_REF] Liang | Hybrid integrated platforms for silicon photonics[END_REF]. In the development of the integration of III-V materials on silicon, three methods have been proposed and identified: the first approach is the flip-chip technology, which allows to directly bond individual lasers to a silicon-on-insulator (SOI) substrate by means of metal bumps [START_REF] Krishnamoorthy | Vertical-cavity surface-emitting lasers flip-chip bonded to gigabit-per-second CMOS circuits[END_REF]. The second route is the monolithic integration of III-V materials by hetero-epitaxial growth on a silicon substrate [START_REF] Yang | On-chip integration of InGaAs/GaAs quantum dot lasers with waveguides and modulators on silicon[END_REF].

The last method is the heterogeneous integration of III-V materials by die or wafer bonding [START_REF] Roelkens | III-V/Si photonics by die-to-wafer bonding[END_REF].

The flip-chip integration method is a mature technology and the most rugged one among those three, which has been applied in the first photonic products. However, it brings high demand in the precise alignment (< 1 μm) of light coupling from active components into onchip waveguides, which makes the fabrication process time consuming. Additionally, its integration density capability is limited by the pitch and size of the bumps through flip-chip.

All those features mentioned above result in high costs at the end.

As for the technique of monolithic integration of III-V materials by hetero-epitaxial growth on a silicon substrate, integration through wafer scale process can be reached. However, it suffers in any case from the lattice mismatches and thermal expansion coefficient mismatches between Ⅲ-Ⅴ materials and Si. For instance, compared with Si, InP and GaAs have lattice mismatches of 8.1% and 4.1%, respectively, and thermal expansion coefficient mismatches of 76.9% and 120.4%, respectively [START_REF] Liang | Recent progress in lasers on silicon[END_REF]. These mismatches lead to a threading or misfit dislocation density in the range of 10 8 -10 10 cm -2 when either compound is grown on a Si substrate [START_REF] Kawanami | Heteroepitaxial technologies of III-V on Si[END_REF]. This dislocation density in the processed layers degrades the electro-optical properties and performances of optoelectronic components, which can be afforded or not depending on the target application.

In the last method, namely the heterogeneous integration of III-V materials by die or wafer bonding, the III-V stack (dies or wafers) can be transferred from its original growth substrate to a SOI wafer by means of bonding techniques, in which there is no strict alignment tolerances occurring between the Ⅲ-Ⅴ stack and the SOI wafer. After the manipulation of the bonding process, the III-V laser diodes can be then fabricated on the SOI wafer by using wafer-scale processing. This technique allows a high density of integration, collective processing, and the use of high-quality III-V layers. As for the coupling issue between the III-V layers and silicon waveguides, a direct coupling strategy aiming to guide emission light into silicon waveguides located underneath can be implemented by well designing the laser structure [START_REF] Roelkens | Hybrid Silicon Lasers[END_REF].

A demonstrated example of heterogeneously integrated InP/SOI lasers with a double adiabatic taper coupler [START_REF] Lamponi | Low-threshold heterogeneously integrated InP/SOI laser with a double adiabtic taper coupler[END_REF] is presented in Figure 1.6. This hybrid integrated laser was realized through divinylsiloxane-bis-benzocyclobutene (DVS-BCB) wafer bonding method. A threedimensional view of its coupling structure is shown in Although III-V semiconductors are considered as the most practical way of obtaining integrated on-chip light sources in silicon photonics currently, because of their direct band gap feature and high material gain, there still exist several significant challenges needed to be overcome. For instance, temperature budget and contamination in combination with CMOS electronics fabrication on the same Si substrate are still issues. The fabrication processes for III-V semiconductors are not CMOS-compatible and the cost reduction is the primary problem.

Ge-on-Si

Ge-on-Si (or SiGe-on-Si) epitaxial growth is another exciting approach for realizing onchip active function components. Despite Ge and Si are both indirect band gap materials, Ge can exhibit a pseudo-direct gap behavior due to the small energy difference (136 meV) between the direct valley (Γ) and indirect valleys (L) [START_REF] Liu | Ge-on-Si optoelectronics[END_REF] (see Figure 1.7). This distinct band structure feature indicates that Ge has the potential to operate properly at optical telecommunication wavelengths (around 1550 nm) and is potentially capable of reaching efficient light emission through band structure engineering [START_REF] Liu | Tensile-strained, n-type Ge as a gain medium for monolithic laser integration on Si[END_REF]. In general, n-type doping [START_REF] Spitzer | Properties of heavily doped n-Type Germanium[END_REF], introducing tensile strain [START_REF] Van De Walle | Band lineups and deformation potentials in the model-solid theory[END_REF][START_REF] Ishikawa | Strain-induced band gap shrinkage in Ge grown on Si substrate[END_REF], and using germanium-tin (GeSn) alloy [START_REF] He | Interband transitions in SnxGe1-x Alloys[END_REF] are the three most widely adopted methods for reshaping the band structure of Ge and eventually converting original Ge to a direct band gap material. The influence of n-type doping might decrease in future works while tensile strain and GeSn alloy methods may play a more and more important role in further improving the performances of on-chip integrated Ge light sources. Nevertheless, an appropriate n-type doping concentration can benefit for mitigating the wavelength redshift effects caused by the other two methods. Consequently, a delicate balance among these three methods is a critical issue in the perspective of optimizing the performances of on-chip Ge light sources [START_REF] Zhou | On-chip light sources for silicon photonics[END_REF]. The first experimental Ge-on-Si laser that could operate at room-temperature was reported by J. Liu, et al. [START_REF] Liu | Ge-on-Si laser operating at room temperature[END_REF] and was fabricated by selectively growing 1.6 μm × 0.5 μm Ge waveguides epitaxially on Si while thermally inducing tensile strain in the active layer. In [START_REF] Spitzer | Properties of heavily doped n-Type Germanium[END_REF], researchers created a group Ⅳ material with a direct band gap, in which germanium and another group Ⅳ semiconductor, the alpha phase of tin (α-Sn) were alloyed. Based on this direct band gap GeSn alloy, a laser operating at a wavelength 2.3 μm was obtained, and a lasing behavior was observed up to a temperature of 90 K.

Compared with bulk direct band gap compound semiconductors, strained Ge exhibits an attractive and important feature: the luminescence efficiency can be enhanced at high injection and high temperatures [START_REF] Cheng | Room temperature 1.6 μm electroluminescence from Ge light emitting diode on Si substrate[END_REF]. Large gain spectrum can be obtained by Ge-on-Si light source.

Additionally, in contrast with a III-V-based Si light source, the biggest potential advantage of a Ge-on-Si on-chip light source lies in its material and processing compatibility with Si technology, which opens room to potential CMOS-compatibility. However, there remain some challenges in realizing good performance Ge-on-Si on-chip light sources, including the requirement for improving the quality of Ge material and the present high lasing threshold currents. 

Nanomaterials

Another interesting approach to progress towards on-chip light emitters and amplifiers based on the Si platform is to introduce nanomaterials, such as Si nanocrystals, semiconducting carbon nanotubes (CNTs), etc. Herein, we give a very brief introduction about them.

Si nanocrystals can be used as small nanoclusters dispersed in a dielectric matrix, mostly SiO2, so that the carrier confinement can be maximized, and the radiative probability can be improved by quantum confinement [START_REF] Pavesi | Routes toward silicon-based lasers[END_REF]. In 2000, the first experimental work on optical gain generated by Si nanocrystals was demonstrated [START_REF] Negro | Optical gain in silicon nanocrystals[END_REF]. However, since then, it has been proven difficult to realize an all-Si laser based on Si nanocrystals because of the low optical gain and broadband light emission provided by Si nanocrystals [START_REF] Liang | Recent progress in lasers on silicon[END_REF][START_REF] Dohnalová | Closely packed luminescent silicon nanocrystals in a distributed-feedback laser cavity[END_REF][START_REF] Fauchet | Light emission from Si quantum dots[END_REF]. Several efficient approaches have been investigated and developed in order to improve the optical gain in Si nanocrystals, such as hydrogen passivation [START_REF] Wang | Enhancing optical gains in Si nanocrystals via hydrogenation and cerium ion doping[END_REF][START_REF] Cheylan | Effect of hydrogen on the photoluminescence of Si nanocrystals embedded in a SiO2 matrix[END_REF] and ion doping [START_REF] Wang | Enhancing optical gains in Si nanocrystals via hydrogenation and cerium ion doping[END_REF][START_REF] Fang | The effects of CeF3 doping on the photoluminescence of Si nanocrystals embedded in a SiO2 matrix[END_REF]. These approaches either aimed at diminishing the nonradiative centers or to enhance the population inversion via sensitizing processes. Efforts and invests are still yet required for the development of on-chip light sources based on Si nanocrystals to meet the demand in integrated Si photonics light sources.

In another direction, CNTs, can behave either like metals or semiconductors as determined by their chirality properties. Semiconductor carbon nanotubes (sCNTs) feature direct band gap and can thus be potentially implemented into on-chip integrated opto-electronic components, including light emission and detection devices, as well in transistors [START_REF] Avouris | Carbon-nanotube photonics and optoelectronics[END_REF]. The photoluminescence (PL) properties of CNTs are essential for being applied to the realization of on-chip light sources. As shown in Figure 1.8, they can potentially fully cover the full O and C telecommunication bands according to various chirality properties [START_REF]Optical properties of carbon nanotubes[END_REF]. The first reported work of integrating carbon nanotubes with silicon waveguides meanwhile successfully coupling their emission and absorption properties was demonstrated in reference [START_REF] Gaufrès | Light emission in silicon from carbon nanotubes[END_REF]. In this work, an integration scheme of carbon nanotube thin layer composite with silicon waveguide was demonstrated, as presented in Figure 1.9, with an integration scheme based on evanescent waveguides.

The coupling of carbon nanotube photoluminescence into silicon waveguides was demonstrated over a wide temperature range. A complete study of this coupling between carbon nanotubes and silicon waveguides was carried out, which led to the demonstration of the temperature-independent emission from carbon nanotubes in silicon at a wavelength of 1.3 μm. This work represented the first milestone in the development of photonics based on carbon nanotubes on silicon. Nevertheless, efficient hybrid carbon nanotube integrated on-chip light sources still miss and need to be further investigated and developed.

Erbium doped materials

As it will be extensively introduced in Section 1.3, Erbium is a rare-earth element with special optical luminescent properties provided by the Er 3+ ions. Erbium can be incorporated as a doping element into various host materials (mostly SiO2, Al2O3, etc.) that can be prepared in thin active layers for the realization of light emission sources at telecommunication wavelengths (1530-1565 nm) under proper pumping (mostly optical pumping).

The carried-out approach in integrated photonics relies in fact in mimicking Erbiumdoped fiber amplifiers (EDFA) which are widely used for providing signal gain against the propagation losses in optical communication fiber networks [START_REF] Mears | Low-threshold tunable CW and Q-switched fiber laser operating at 1.55µm[END_REF][START_REF] Mears | Low-noise Erbium-doped fiber amplifier at 1.54µm[END_REF]. As will be detailed later, however, there are major differences between the characteristics of EDFAs and those to be implemented in much more compact integrated structures. One can even say that the change of scale, from a few tens of meters of light/matter interactions to a few centimeters, or even a few millimeters or hundreds of microns, raises a series of issues that are precisely at the heart of this thesis work.

Summary

Up to now, various methods have been investigated to overcome the difficulties in the realization of on-chip efficient light sources and amplifiers: Ⅲ-Ⅴ materials hybrid integrated Si, Ge-on-Si, and Erbium-doped material integrated light sources. Each of them exhibits its own advantages and remaining challenges. However, the integration of III/V materials remains a point of difficulty, while nanomaterials have not yet demonstrated beyond initial proofs of concept, sufficient performance for applications. Erbium-doped matrices, on the other hand, can be easily integrated into a microelectronics process flow and can allow the realization of application-compatible Erbium amplifiers and laser sources. The difficulty inherent in the need for optical pumping is counterbalanced by the possibility of using a single pump source for the realization of several amplifiers or lasers distributed in several points of an optical circuit. This promising route is thus further explored in the remaining of this thesis manuscript.

Erbium doped materials hybrid integration for on-chip amplifiers and lasers

As mentioned previously, Erbium doped materials integrated in Si photonics platform is a key point that is studied in this thesis. Herein, we firstly report on the state of the art, including on-chip integrated Erbium amplifiers and Erbium lasers. Then, the need for further developments is introduced, as well as the main motivations of the carried-out work.

State of the art

On-chip Erbium amplifiers

Previous efforts have been achieved in studying and exploring on-chip hybrid integrated Erbium doped material amplifiers, aiming at obtaining efficient, compact, miniature, CMOScompatible and low-cost on-chip light gain amplifiers and lasers. In this goal, various host materials, device structures and chip platforms have been involved and attempted by researchers. L. Agazzi, et al reported in 2010 active Erbium-doped waveguides made of an Erbium-doped Al2O3 matrix properly connected to silicon waveguides, as shown in Figure 1.10 (a) [START_REF] Agazzi | Monolithic integration of erbium-doped amplifiers with silicon-on-insulator waveguides[END_REF]. Adiabatic inverted silicon waveguide tapers were designed in order to expand the Si waveguide mode and efficiently couple light to the Al2O3:Er 3+ waveguides, as shown in In this work, the Er concentration was among 1-2 × 10 20 cm -3 . A signal enhancement of 7.2 dB (i.e., ratio of the output power through the device with the pump on and off) at 1533 nm wavelength was demonstrated in an Al2O3:Er 3+ -Si-Al2O3:Er 3+ structure pumped at 1480 nm wavelength. Optical gain was yet not clearly reported in that study. In [START_REF] Bradley | Gain bandwidth of 80 nm and 2 dB/cm peak gain in Al2O3: Er 3+ optical amplifiers on silicon[END_REF], Bradley et al. reported a 5.4 cm long size amplifier based on Erbium doped Al2O3 layers which performed a total internal peak net gain of 9.3 dB at wavelength 1533 nm under pumping at 977 nm wavelength with a launched pump power of around 100 mW and a launched signal power of 1 μW. The waveguide structure of the amplifier was designed to be capable of exhibiting single-mode behavior for both pump and signal beams with ~80% overlap with the active material region meanwhile with an excellent overlap between the pump and signal modes as well. The Er concentration of Al2O3:Er 3+ material in this work was 1.17 × 10 20 cm -3 .

For the wavelength range from 1525 to 1565 nm, an internal net gain above 3.5 dB was characterized.

In [START_REF] Vázquez-Córdova | Erbium-doped spiral amplifiers with 20 dB of net gain on silicon[END_REF], researchers demonstrated a spiral waveguide amplifier in Erbium doped aluminum oxide on a silicon wafer with obtaining a net peak internal gain of ~20 dB at wavelength of 1532 nm for two sample configurations with waveguide lengths of 12.9 cm and 24.4 cm and Er concentrations of 1.92 × 10 20 cm -3 and 0.95 × 10 20 cm -3 , respectively. The pump source wavelength was 976 nm and the incident pump power was estimated to be 250 mW with a fiber-chip coupling efficiency on the order of ~10%.

More recently, researchers from University of Twente demonstrated an Al2O3:Er 3+ amplifier monolithically integrated in Si3N4 technology [START_REF] Mu | High-gain waveguide amplifiers in Si3N4 technology via double-layer monolithic integration[END_REF]. Figure 1.11 shows the schematic view of the monolithic Al2O3:Er 3+ -Si3N4 amplifier chip consisting of the Al2O3:Er 3+ , the Si3N4 waveguides and adiabatic couplers A net gain of 18.1 ± 0.9 dB at wavelength 1532 nm was obtained from a spiral length of 10 cm and a broad bandwidth net gain operation over 70 nm wavelength was also demonstrated by relying on a double photonic layer approach (see Figure 1.11). The pump wavelength was chosen to be ~980 nm and a bidirectional pump scheme was manipulated with a total incident pump power of ~50 mW and an incident signal power of -30 dBm. The Er concentration in this work was 1.7 × 10 20 cm -3 . These results show the potential for monolithic integration of high optical gain in Si3N4 photonics, empowering applications such as data transmission, optical computing, quantum technology, and LIDAR chips for autonomous driving applications, for which on-chip optical gain is required.

The achievable gain performance of Erbium-doped related on-chip amplifiers is determined by various parameters, including the pump power, signal power, Er-ion concentration, as well as the light-matter-interaction strength. In 2019, researchers from our group (Silicon photonics group, C2N, France) and our near cooperators (Professor Zhipei Sun's research group, affiliated to Department of Micro and Nanosciences, Aalto University, Espoo, Finland) reported an ultra-high on-chip optical gain in Erbium-based hybrid slot waveguides with a monolithic, CMOS-compatible, and scalable atomic-layer deposition process [START_REF] Rönn | Ultra-high on-chip optical gain in erbium-based hybrid slot waveguides[END_REF]. An Erbium-doped waveguide amplifier integrating a III-V semiconductor vertical-cavityemitting pump laser emitting at 980 nm wavelength in a silicon-based hybrid Er waveguide amplifier was also proposed in Ref. [START_REF] Zhou | Design of an on-chip electrically driven, position-adapted, fully integrated erbium-based waveguide amplifier for silicon photonics[END_REF]. For a summary and better comparison, a survey on a selection of on-chip Erbium related integrated amplifiers is presented in Table 1.1. They are compared in terms of these aspects:

integration platform, host materials, Er-ion concentration, device length, pump power and wavelength, gain performance, respectively. 

On-chip Erbium lasers

Not only on-chip Erbium amplifiers, but also on-chip Erbium lasers have attracted a strong interest and have been also investigated in a second step. Erbium lasers can exhibit many advantages, including low noise, high stability, broad wavelength tunability, narrow linewidth emission, and flexible application potentials as either continuous-wave (CW) or short-pulse coherent light sources [START_REF] Bradley | Erbium-doped integrated waveguide amplifiers and lasers[END_REF]. Without entering too much into the details that will be mainly covered in Chapter 2, Er-ion owns a complicate energy system, which is capable of emitting at several choices of wavelengths through different transitions, such as lasing at 2.7-2.9 μm respectively. Under a pump excitation at 980 nm wavelength and a threshold of 6.4 mW of launched pump power, a lasing emission at 1530 nm was reported, with a slope efficiency of 0.11% and an output power reaching 9.5 μW. Additionally, as shown in the Figure 1.14 (c), the ring resonator lasing emission could be tuned from 1530 to 1557 nm wavelength.

We report here on further representative works in the field [START_REF] Pollnau | Optically pumped rare-earth-doped Al2O3 distributedfeedback lasers on silicon [Invited[END_REF][START_REF] Belt | Arrayed narrow linewidth erbium-doped waveguide-distributed feedback lasers on an ultra-lowloss silicon-nitride platform[END_REF][START_REF] Belt | Erbium-doped waveguide DBR and DFB laser arrays integrated within an ultralow-loss Si3N4 platform[END_REF][START_REF] Bauters | Planar waveguides with less than 0.1 dB/m propagation loss fabricated with wafer bonding[END_REF][START_REF] Belt | High temperature operation of an integrated erbium-doped DBR laser on an ultra-low-loss Si3N4 platform[END_REF][START_REF] Belt | Sidewall gratings in ultra-low-loss Si3N4 planar waveguides[END_REF][START_REF] Purnawirman | Cand L-band erbium-doped waveguide lasers with waferscale silicon nitride cavities[END_REF][START_REF] Li | Broadband 2-μm emission on silicon chips: monolithically integrated Holmium lasers[END_REF][START_REF] Sorace-Agaskar | Integrated mode-locked lasers in a CMOS-compatible silicon photonic platform[END_REF][START_REF] Callahan | Fully-integrated CMOS-compatible Q-switched laser at 1.9µm using thulium-doped Al2O3[END_REF][START_REF] Hosseini | CMOS-compatible 75 mW erbium-doped distributed feedback laser[END_REF][START_REF] Magden | Monolithically-integrated distributed feedback laser compatible with CMOS processing[END_REF] in which DBR and DFB resonator structures were widely investigated for achieving on-chip integrated Erbium-doped lasers. For instance, in [START_REF] Belt | Arrayed narrow linewidth erbium-doped waveguide-distributed feedback lasers on an ultra-lowloss silicon-nitride platform[END_REF], an array of integrated Al2O3:Er Continuing to adopt the same design strategy, several improvements were carried out in [START_REF] Belt | Erbium-doped waveguide DBR and DFB laser arrays integrated within an ultralow-loss Si3N4 platform[END_REF]. In this work, DFB cavities up to 21.5 mm along with 250 μm long × 2.8 μm wide active input waveguides on either end between the lasing cavity and the die facet were designed and fabricated. An Erbium doping concentration around 1.3 × 10 20 cm -3 was quantified. A threshold pump power of 20 mW at 980 nm was obtained along with a slope efficiency close to 1%.

Additionally, an array of lasers emitting across the C-band from 1534-1570 nm was demonstrated through varying the grating period from 478 to 490 nm. The realized on-chip Erbium-doped DFB lasers reached a maximum output power of 75 mW with no thermal damage and exhibited a slope efficiency of 7%. The DFB length was varied between 15 and 23 mm while the Erbium doping concentration was fixed to 0.9 × 10 20 cm -3 . A series of wafer scale integrated silicon-nitride-based Al2O3:Er 3+ DFB/DBR lasers on silicon were investigated [START_REF] Magden | Monolithically-integrated distributed feedback laser compatible with CMOS processing[END_REF]: see Narrow-linewidth Al2O3:Er 3+ DFB lasers with a wavelength-insensitive silicon-compatible waveguide design was reported in [START_REF] Purnawirman | Ultra-narrow-linewidth Al2O3:Er 3+ lasers with a wavelengthinsensitive waveguide design on a wafer-scale silicon nitride platform[END_REF]. The waveguide design in this work could provide > 85% confinement factor and > 98% intensity overlap at wavelengths from 950 to 2000 nm wavelength, showing octave-spanning wavelength-insensitivity in the near-infrared range and enabling efficient pumping at broadly-spaced pump and signal/laser wavelengths. Pumped at 980 nm, with up to 2.9% slope efficiency, a threshold of 13 mW and a free-running linewidth of 5.3 kHz were obtained in DFB cavity of 2 cm length by exploiting active layers with an Erbium doping concentration around 1.0 × 10 20 cm -3 . A multi-wavelength laser source was also achieved by cascading four individual DFB cavities with input from a single 980 nm pump [START_REF] Purnawirman | Wavelength division multiplexed light source monolithically integrated on a silicon photonics platform[END_REF]. The device structure is depicted in Figure 1.18 (a) and its cross-section view is shown in In [START_REF] Singh | Resonant pumped erbium-doped waveguide lasers using distributed Bragg reflector cavities[END_REF], an optical resonant pumping scheme in an erbium-doped DFB waveguide laser was 

Demands for future developments

As seen above, by relying on Erbium-doped materials in combination with different waveguide structures, techniques, and platforms, various integrated Erbium-doped on-chip amplifiers and lasers have been demonstrated in the last years. Recent demonstrations have provided several proofs of concept approaching realistic application situations [START_REF] Li | A silicon photonic data link with a monolithic erbium-doped laser[END_REF]:

• Despite all the works reported in the above overview of the state of the art, it is nevertheless notable that some points deserve particular attention: In particular, it is noteworthy that almost all works report amplifiers or laser structures with lengths in centimeters.

• Correspondingly, there is little work on the degree of freedom of the Erbium-doped matrix, and in particular what can happen if the Erbium concentration varies. All the literature sets out to work with a concentration of Erbium in a doped matrix of the order of few10 20 cm -3 and without trying to make it vary. However, it appears that this parameter is naturally not neutral at all, that it can have a very important effect on the results (modal gains, total gains). Ion-ion quenching and other detrimental effects raise a big challenge to the increase of Er-ion concentration above the levels traditionally considered. How to effectively solve this issue to achieve higher active Er-ions doping concentration levels is worth being explored because it can be beneficial to reaching the goals of higher efficiency and realizing more compact amplifiers and light sources.

• The considered pump signal wavelength is also very frequently 980 nm, which does not facilitate photonic integration due to the difference between the signal and pump wavelengths and to silicon absorption at 980 nm.

Motivations, objectives, and challenges of this thesis

The motivations of this thesis stem from the above analysis and from the state-of-art. The works carried out aimed at exploring more compact Erbium-doped integrated amplifier configurations than those reported in the literature, incorporating Erbium-doped layers of varying concentrations and up to almost one order of magnitude higher than that reported elsewhere. We also theoretically explored the possible use of resonant and multi-resonant cavities for the realization of compact active sources based on several kinds of active materials (e.g. carbon nanotubes), with a special emphasis on Erbium doped layers.

Chapter 2 reports on experimental works devoted to active Erbium doped silicon nitride waveguides. Active Al2O3:Er 3+ layers with Er-ions concentrations up to more than 10 21 cm -3

were prepared by the atomic layer deposition (ALD) technique at Aalto University (Finland)

and were incorporated on silicon nitride strip waveguides fabricated on a fully industrial 300 mm photonic platform at STMicroelectronics. Additionally, different Er-concentrations in the deposited active layers were considered in order to study their corresponding effects. Optical pumping at 1480 nm wavelength was systematically considered since it not only allows simplification for the design of optical functions (such as gratings, laser cavities, etc.), but also takes into consideration the fact that the 1480 nm pump wavelength locates in the transparent window of Si material for later integration. These studies aimed at exploring the feasibility of realizing CMOS-compatible, sub-cm long size Erbium-doped material integrated on-chip amplifiers.

In Chapter 3, several approaches for the realization of single or doubly resonant optical cavities are explored, always with a view to the possible realization of compact optical sources (< 1 mm or even << 1 mm). The optical cavity structure is indeed a core component of integrated lasers. Multi-resonance cavity is demanded in some situations, especially beneficial to enhancing the light matter interaction processes such as optical gain, second harmonic generation, four-wave mixing and other nonlinear optical processes. Firstly, theoretical investigations were carried out to explore possible approaches for shrinking the device sizes of Erbium light sources integrated in the Si photonic platform. A special focus is made to explore designs of realizing sub-mm long size on-chip distributed feedback (DFB) Erbium integrated lasers. Then, resonator structures being capable of simultaneously supporting double resonance at the pump (1480 nm) and signal (1533 nm) light wavelengths for Erbium-doped material onchip light emission are explored. Finally, a double corrugation DFB cavity structure supporting two resonant wavelengths with large separation (> 600 nm) is proposed. Last, Chapter 4

provides a summary of previous chapters and brings discussion on possible perspectives. Overall, several key points can be expressed here:

Amplification of Er doped active waveguides

• Ultra-high active Er-ion doping levels have been achieved through the ALD technique (> 10 21 cm -3 ), i.e. much higher than the ones reported in other works related to Er-doped material integrated amplifiers [START_REF] Bradley | Erbium-doped integrated waveguide amplifiers and lasers[END_REF][START_REF] Pollnau | Optically pumped rare-earth-doped Al2O3 distributedfeedback lasers on silicon [Invited[END_REF][START_REF] Ward | Rare-earth ion doped Al2O3 for active integrated photonics[END_REF]. To the best of our knowledge, we are the first who attempted to investigate integrated active waveguides with such high Er concentrations.

• There is no report in the literature of active waveguides where the influence of active layer thicknesses and Erbium doping levels have been investigated. On our side, we investigated different layer thicknesses (~150 nm and ~380 nm) and various Er-ions doping levels with Er-concentration ranging from 0.38 × 10 21 cm -3 to 3.88 × 10 21 cm -3 .

• Optical pumping at 1480 nm source was selected to prepare the possible future integration of active layers in the silicon platform directly.

General introduction on Erbium ion (Er 3+ ) spectroscopy

Erbium is a chemical element with the symbol Er and its atomic number is 68 in the element period table, as shown in Figure 2.1. Erbium belongs to the lanthanides' group and is a rare-earth element. Erbium ions (Er 3+ ) can benefit in certain laser applications thanks to their special optical fluorescent properties. As well known, the 1550 nm wavelength is especially important for optical communications because the standard single mode optical fibers have minimal loss at this wavelength [START_REF] Refi | Optical fibers for optical networking[END_REF]. Coincidentally, Erbium-doped materials can be used as optical amplification media, where Er 3+ ions are optically pumped at 980 nm or 1480 nm and then radiate light around 1530 nm through stimulated emission. These features of Erbium have been responsible for the great success of Erbium-doped fiber amplifiers (EDFA) [START_REF] Mears | Low-threshold tunable CW and Q-switched fiber laser operating at 1.55µm[END_REF][START_REF] Mears | Low-noise Erbium-doped fiber amplifier at 1.54µm[END_REF]. Trivalent rare-earth ions (Er 3+ ) exist in oxidation states and usually incorporate with host matrices. The neutral Erbium atoms own a ground state configuration of xenon core (Xe, 1s 2 2s 2 2p 6 3s 2 3p 6 3d 10 4s 2 4p 6 4d 10 5s 2 5p 6 ) with twelve 4f electrons and two outer electrons (6s 2 ), resulting in the configuration of (Xe)4f 12 6s 2 , while the Erbium ion oxidation states (Er 3+ ) lose their 6s electrons and one electron from the 4f shell, resulting in the configuration of (Xe)4f Then relaxation rapidly occurs through a non-radiative process to level 2, a quasi-stable intermediate state with an ultra-large lifetime in the ms scale for most of host matrices. Finally, a decay process down to the ground state level 1 occurs, hopefully through the stimulated emission process responsible for light amplification around 1530 nm wavelength. When pumping at  = 1480 nm, the erbium ions locating at the ground state level are mostly excited to arrive at level 2. Although this configuration includes only two energy bands, it is possible to pump the ground state electrons to the upper section of level 2 band and stimulate them from the lower section of the band. Thus, the configuration can be regarded as a quasi-3-level system.

Decay of excited ions to the ground state level 1 then occurs with stimulated emission around 1530 nm wavelength too. In both cases, population inversion can appear between the first excited state (level 2 in Figure 2.2) and the ground state (level 1 in Figure 2.2) when sufficient pump power is applied, which is the main key factor to enable the stimulated emission process. In this set of possible transitions, several processes tend to have detrimental contributions to the population inversion between In the purpose of light amplification based on Erbium-doped materials, ion-ion quenching effects have usually to be avoided as much as possible due to their detrimental influence on the stimulation emission process resulting in a severe gain performance decrease. Previous works have attributed a similar behavior observed in Er-doped host materials to such ion-ion fastquenching processes [START_REF] Delevaque | Modeling of pairinduced quenching in erbium-doped silicate fibers[END_REF][START_REF] Maurice | Clusteringinduced nonsaturable absorption phenomenon in heavily erbium-doped silica fibers[END_REF][START_REF] Wyatt | Spectroscopy of rare earth doped fibers[END_REF][START_REF] Agazzi | Spectroscopic Excitation and Quenching Processes in Rare-Earth-Ion-Doped Al2O3 and their Impact on Amplifier and Laser Performance[END_REF]. This is the reason why a specific approach was considered by our partner from the Aalto University for the growth of the active layers by the atomic layer deposition technique to reconcile very high concentrations of active Er ions while simultaneously reducing quenching effects between ions as much as possible.

Al2O3:Er 3+ ALD grown layers 2.2.1 Al2O3 host material for Erbium integration

The selection of the host material where the Erbium ions are introduced should be considered for the realization of an Erbium-doped waveguide optical amplifier (EDWA), and some specific characteristics must be considered in this purpose to reach compatibility for integrated on-chip waveguides to be realized.

In this view, aluminum oxide (Al2O3) brings several advantages due to its attractive features. First, it owns a very broad transparency window range which starts from the ultraviolet to the mid-infrared (150-5500 nm) [START_REF] Dobrovinskaya | Sapphire material, manufacturing, applications[END_REF], covering the optical telecommunications C band as well as the pump and signal wavelengths of the Erbium ions. Secondly, planar slab waveguides constructed by amorphous Al2O3 could exhibit very low optical losses in C band, such as down to 0.1 ± 0.02 dB/cm when deposited by reactive sputtering [START_REF] Wörhoff | Reliable low-cost fabrication of low-loss Al2O3:Er 3+ waveguides with 5.4 dB optical gain[END_REF][START_REF] Purnawirman | Wavelength division multiplexed light source monolithically integrated on a silicon photonics platform[END_REF] and 0.04 ± 0.02 dB/cm when deposited by atomic layer deposition [START_REF] Demirtas | Low loss atomic layer deposited Al2O3 waveguides for applications in on-chip optical amplifiers[END_REF]. Then after reactive ion etching process, the defined waveguides could demonstrate propagation losses below 0.2 dB/cm at 1550 nm wavelength [START_REF] Wörhoff | Reliable low-cost fabrication of low-loss Al2O3:Er 3+ waveguides with 5.4 dB optical gain[END_REF][START_REF] Bradley | Fabrication of low-loss channel waveguides in Al2O3 and Y2O3 layers by inductively coupled plasma reactive ion etching[END_REF]. Thirdly, Al2O3 features a high refractive index of ~1.65 near 1550 nm wavelength, which can serve for a refractive index contrast of ~0.2 between waveguide and SiO2 cladding, allowing for fairly compact waveguide dimensions and relatively dense integration on-chip optical functions. Fourthly, Al2O3 can be well deposited through different wafer-level deposition techniques, including reactive magnetron sputtering and atomic layer deposition (ALD), which is compatible with the monolithic integration upon integrated photonics platforms. Al2O3 is also compatible with integrated complementary metal-oxidesemiconductor (CMOS) chips, especially when deposited at low temperatures (≤ 500 ℃) in a back-end process approach. Therefore, Al2O3 is feasible to be wafer-scale processed within the silicon photonic technology. Last, Al2O3 has a high solubility for Erbium ions and other rareearth ions [START_REF] Bradley | Erbium-doped integrated waveguide amplifiers and lasers[END_REF] Compared with other commonly utilized fabrication methods, ALD, depositing thin films atomic layer at a time, can be regarded as an advanced deposition technique which provides various advantages:

Atomic layer deposition (ALD) technique

(1) The deposited film thickness can be controlled under sub-nm accuracy because ALD processes produce thin films layer by layer.

(2) Good uniformity over large wafers can be typically provided by ALD processes as the growth procedure is self-limiting because of the saturated surface reactions.

(3) In ALD processes, excellent conformity is reachable with high aspect ratio.

(4) Nanoscale engineering for the deposited films can be allowed through the ALD layer by layer deposition. That is very helpful in precisely designing the composition, and hence, the properties (e.g., optical, electrical, or structural) of the ALD-grown materials [123,124].

(5) Compared with other vapor phase deposition techniques, ALD processes can be executed at relatively low temperature, which is significant in enabling CMOS compatible processing [125].

Although ALD technique provides various excellent features, it also suffers from some limitations which hinder its applications in some situations:

(1) Just because the ALD processes is a layer-by-layer deposition, purge steps involved in each cycle are required, resulting in a slow deposition rate compared with other thin film deposition techniques.

(2) In ALD processes, materials require pathways for the conducting of the chemical reactions, thus, resulting in limiting the available precursors that can be used [126].

(3) Although many kinds of materials can be conducted through ALD process, there are still some very important materials that cannot be grown effectively by ALD. For instance, most of single-element metals, such as silver and copper are very hard to grow through ALD, because the self-limiting growth cannot be reached easily with the precursors which are currently available for the processes [127].

Al2O3:Er 3+ ALD layers provided by Aalto University

A general schematic of the ALD process is given in Relying on this collaboration, active on-chip Er-doped waveguides were demonstrated in [START_REF] Rönn | Ultra-high on-chip optical gain in erbium-based hybrid slot waveguides[END_REF]. SiN slot waveguides were first defined by customed e-beam lithography and inductively coupled plasma dry-etching processes at C2N, then a layer-by-layer sequence of the Al2O3:Er 3+ active layer deposition was conducted by the ALD technique at Aalto University. The core idea of the original ALD technique deposition employed was to deposit optically active Er-ions with controlled ion-ion interactions rather than obtaining a monolayer of Er2O3 in which part of the Er-ions is optically inactive due to the very high density of Er-ions. 1)). Then, the remaining organic ligands were removed or burnt via oxygen plasma (step ( 2)). When all the organic ligands were completely removed, the oxygen plasma pulse finished, and another purge step followed. As a result, the obtained surface was a submonolayer of Er2O3 in which the distance between the individual Er-ions was relatively long and determined by the size of the thd-ligand. At step (3), trimethylaluminum ≡ TMA was pulsed on the surface and similar reactions occurred as in step (1).

Since the methyl-ligand (≡CH3) of the TMA precursor is much smaller than that of the thdligand in Er(thd)3, more precursor is bound onto the surface. Most of the TMA molecules find their way onto the surface sites that could not be filled during step (1), but some others may bind onto the anionic sites of the Er2O3-molecules. When all the possible surface sites have been totally filled, step (3) ends, and a purge step follows. Then, in the step (4) of the ALD process, water is pulsed on the surface to undergo ligand exchange with the remaining methyl ligands, resulting in forming stable Al-O bonds. Finally, the last nitrogen purge step ends the Er2O3-Al2O3 super-cycle. Obtained from those steps mentioned above, the resulting film is a sub-monolayer of Al2O3 where some of the cationic sites are substituted by the Er-ions.

Consequently, one super-cycle of Er2O3-Al2O3 produces an erbium-doped Al2O3 submonolayer. Since one cycle of the TMA + water process is incapable of forming a monolayer, the Al2O3-cycle is usually repeated multiple times. In this thesis, we took advantage of the excellent properties of these active layers and used them to realize active on-chip SiN waveguides. For this purpose, we also benefited from a collaboration with the STMicroelectronics company, which supplied us with wafers containing SiN waveguides according to our designs.

Investigation of SiN active waveguides combining industrial photonic platform waveguides and 150 nm thick ALD Al2O3:Er 3+ layers

We briefly introduce here the designed on-chip silicon nitride waveguides structures. The related samples were fabricated on a fully industrial 300 mm silicon nitride photonic platform by the STMicroelectronics company. Then, we describe the properties and related parameters of the ALD processed Al2O3:Er 3+ layers, and report on the gain performance characterization results of the designed Al2O3:Er 3+ integrated on-chip active silicon nitride waveguides with various Er-ion concentrations around and above ~10 21 cm -3 .

Design and fabrication of the devices

In a previous work [START_REF] Rönn | Ultra-high on-chip optical gain in erbium-based hybrid slot waveguides[END_REF], silicon nitride slot waveguides filled with ALD processed Al2O3:Er 3+ active layers were investigated. Considering the relative additional complexity of such slot waveguides with accurately controlled dimensions with respect to standard strip ones, we selected the latest cross-section geometry for the design of passive waveguide structures to be covered by Al2O3:Er 3+ layers.

The silicon nitride platform was chosen, both due to the availability of SiN wafer runs at STMicroelectronics and to possible two-photon absorption (TPA) penalty in simple strip silicon waveguides around 1.55 µm wavelength [132].

The whole sequence of steps was as follows:

(1) Step 1: Passive silicon nitride waveguide structures were produced by depositing 1.4

µm thick optical-quality silicon dioxide and 600 nm thick silicon nitride layers on a 300 mm thick silicon wafer by low-pressure and plasma-enhanced chemical vapor depositions, respectively.

(

) 2 
Step 2: Deep-ultraviolet lithography (248 nm) and reactive ion etching were used to generate the designed silicon nitride waveguide channels.

(3) Steps 3: The passive waveguide channels were then coated with a ∼150 nm thick layer of Erbium-doped alumina (Al2O3:Er 3+ ) by sequentially depositing erbium oxide (Er2O3)

and aluminum oxide (Al2O3) onto the surface of the waveguides with thermal ALD. Step 2: Deep-ultraviolet lithography (248 nm) and reactive ion etching to define the passive waveguide circuit.

Step straight waveguides with different single-mode waveguide lengths and a series of waveguide spirals. However, huge bending losses occurred in these spirals that should then be disregarded.

The four families of straight waveguides with different lengths were fabricated with three waveguide widths for each waveguide length case: 400 nm, 600 nm, 800 nm, respectively. 400 nm wide waveguides were preferentially studied because they could guarantee a higher mode overlap with the active erbium-doped material than the others. Coupling efficiency was estimated to -10/-14 dB per facet at 1480/1533 nm with a 3 dB bandwidth around ∼50 nm. In order to achieve vertically quasi-symmetric mode confinement, an additional layer of PMMA-resist was spin-coated onto every device.

For more clarity, a 3D view of each waveguide channel structure is depicted in 

Er-concentrations of the ALD processed Al2O3:Er 3+ layers

As mentioned earlier, the final fabrication process step on the samples was the coating of the passive SiN waveguide channels with a ∼150 nm thick Er:Al2O3 layer through thermal ALD. Five different film compositions were deposited at 300 ℃ by varying the relative Er2O3/Al2O3 super-cycle sequence for each process, leading to five samples containing different average Er-concentrations Er:Al2O3 layers.

The corresponding information about the cycle sequence and the resulting film compositions are listed in Table 2.2. The elemental compositions were measured from planar reference samples with energy-dispersive X-ray spectroscopy by focusing a high-energy beam (15 keV) of electrons onto each sample meanwhile recording their characteristic X-ray spectra.

The five different layers were found to be slightly oxygen rich with Er-concentrations ranging from 1.11 to 3.88 at. % (equivalent to 1.11 -3.88 × 10 21 cm -3 of Er-ions in amorphous Al2O3). 

Waveguide losses characterizations

Amplification properties of active waveguides derive from the difference between gain and losses. Thus, obtaining the waveguide losses is vital for the subsequent analysis of the gain effect. While the optical losses of passive waveguides mainly come from side-wall roughness induced by lithography and etching steps, optical losses of non-pumped active waveguides mainly arise from Erbium active layer absorption.

The transmission properties of the fabricated Er:Al2O3-Si3N4 active waveguide were characterized at C2N by coupling only the signal light (central wavelength λ = 1533 nm;

injected power Pin = 100 nW) with no further pump signal ("pump off"), as illustrated in Figure 2.11. Two tunable lasers covering the 1480-1533 nm wavelength range were involved, as well as two polarization controllers. A "CT400" spectrum tester was used, which could perform optical loss measurements over the relevant wavelength range. Measurements were achieved for the 20 waveguides, i.e. for the different lengths and different Er-ions concentration layers. Figure 2.12 (a) gives the related propagation losses at wavelength λ = 1533 nm in channels with different single-mode waveguide lengths (0.1, 0.5, 1, 2 mm) for the different Erbium concentration levels (sample 1, 3, 4, and 5: see Table 2.

3).

Waveguides in the sample chip with the active layers 'Layer 2' (1.65 at. % Er-concentration)

could not be exploited, mostly due to the fabrication defects. So, their transmission data were omitted. By applying a linear least-squares fitting (the solid lines in Figure 2.12 (a)) on each waveguide amplifier set, the corresponding total propagation losses for each sample (with different layers) could be obtained. The derived propagation losses values are listed in the third column of Table 2.3. Meanwhile, the relationship between the propagation losses and the Erconcentration is also plotted in Figure 2.12 (b). Propagation losses, which typically scale as a few tens of dB/cm, were most probably dominated by Erbium induced absorption. Indeed, as observed, the higher the Erbium concentration, the higher the observed losses. For example, more than 30 dB/cm propagation losses were measured for the highest Er-concentration (3.88%). in which α0 is the passive propagation losses of the waveguide uncoated with the active erbiumdoped layer; σ12 represents the absorption cross-section of erbium at the signal wavelength (1533 nm); Γsm is equal to 0.301 at 1533 nm, corresponding to the confinement factor of the signal light mode in the active layer region (derived from a numerical mode solver calculation

[133]). As a consequence, the best linear least-squares fitting for the relationship plotted in respectively. σ12 quantity evaluated here coincides with the order of magnitude reported in the literature for Er:Al2O3 [START_REF] Bradley | Erbium-doped integrated waveguide amplifiers and lasers[END_REF]. For α0, its value also appeared as reasonable and close to what was expected.

Gain performance characterizations

In after approximately 1-10 mW of pump power launched into the waveguide channels. Actually, it was not possible to observe internal modal gain in the longer waveguides such as the 1 mm and 2 mm single-mode straight long waveguides. We attributed this to the maximum pumping power used in this work (18 mW) that did not prove to be sufficient to produce gain throughout the corresponding waveguide channel lengths.

The results here are therefore quite different from those reported in the literature. A signal enhancement of 1.5 dB and 3 dB, is obtained for structures with very short central parts (100 µm and 500 µm, respectively). Furthermore, pump powers of only 10 to 15 mW are sufficient to make the signal enhancement level saturate. where L is the waveguide amplifier's length, SPump-On and SPump-Off are the measured signal light power in the presence and absence of pumping source, respectively, ASE is the signal light power resulting from amplified spontaneous emission and α is the total propagation loss of the waveguide (unit in dB/cm) in the absence of pumping.

Obviously, the application of Equation (2-2) is simple but faces the difficulty of estimating the effective waveguide length "L". As the full samples including the in/out grating couplers, the transitions, and the access waveguides were covered by the active layer, all these parts contributed in fact to the signal enhancement generation. In order to take the coupling circuits and tapers into account when analyzing the signal enhancement data, we proposed to estimate an effective amplifier length (Le) for the whole waveguide path. Physically, signal enhancement comes from the active Erbium-doped layer, thus the effective amplification lengths of the coupling circuit and taper can be evaluated according to their confinement factors in the active layer region, especially compared to the single-mode straight waveguide confinement factor (Γsm).

By only considering the fundamental TE mode of each waveguide section, we estimated for example the effective length of each of the 100 µm long access wide waveguides (Lc = 100 µm) situated close to the in/out gratings through Equation (2-3):

(2-3)

as Γc = 0.0484 and Γsm = 0.301 from mode solver calculation.

In the taper part, the confinement factor of the fundamental TE mode (Γtaper) obviously varies along the propagation axis due to its varying width. Although the losses coming from Erbium absorption are now accounted for, the global trends are rather similar as the ones observed previously: a larger Er-ions doping concentration tends to provide a higher-level modal gain performance for the two studied short structures. A pump power saturation behavior also clearly appears, even sooner for the shortest active waveguide ( 5-7 mW). We finally noticed that higher modal gains can be observed in the shortest structure. Table 2.4 summarizes the main observed values. As visible from Table 2.4, among the studied cases, when the active layer Er-concentration is as high as 3.88% (3.88 × 10 21 cm -3 ), maximum signal enhancements of 1.76 dB and 3.13 dB were obtained from the active channels with effective amplifier lengths of Le = 320 μm and Le = 720 μm, respectively. where Γsm is the mode confinement factor of the signal beam with the active layer and α0 is the passive propagation loss (in dB/cm) of the 400 nm wide single-mode silicon nitride waveguide.

According to the information mentioned previously, Γsm = 0.301 and α0  1.92 dB/cm could be determined. Thus, gmat was estimated to 82.3 dB/cm for a Er-concentration of 3.88% for the shortest active waveguide.

Although this precise value cannot be guaranteed absolutely because of the procedure for normalizing the effective length of the active waveguide, it shows that the material gain of the active layers is at least in tens of dB/cm. Given the ranges of Erbium concentrations (>10 21 cm -3 ) and pump power levels used (< 20 mW), this result makes an effective contribution to the literature in the area of active Erbium-doped integrated optical waveguides.

Amplification study in SiN waveguides coated by 380 nm thick ALD Al2O3:Er 3+ active layer

Following a similar approach, we have taken a complementary interest in another family of active waveguides in order to derive further information and to cross-reference the results of the new investigations with those obtained previously. Similarly, 600 nm height silicon nitride waveguides and circuits were fabricated at STMicroelectronics and were then coated by active layers through ALD deposition at Aalto University. Thickness of the Al2O3:Er 3+ active layers was increased to 380 nm, with no further cover cladding and a similar doping range (typically around and above 10 21 cm -3 ). The designed target single-mode waveguide parts were also adjusted to 700 nm width. The same methodology as the one described in Section 2. propagation losses in C band. This reduced the scope of the experiments we were able to carry out in this configuration but did not prevent us from collecting additional information of the gain performance, which could be useful for a further analysis of active Er-doped waveguides.

Gain performance characterization

To characterize the signal enhancement (SE) performance generated from each active amplifier channel device, a similar methodology as the one used in Section 2.3 was also applied According to these obtained results, the total effective amplifier length (Le) of each active waveguide channel could be obtained as:

𝐿 𝑒 = 2 * 𝐿 𝑡𝑎𝑝𝑒𝑟,𝑒 + 𝐿 𝑠𝑚 = 380 𝜇𝑚 + 𝐿 𝑠𝑚 (2-7)
Obviously, the correction made to the physical length of the single-mode waveguide section essentially matters for short waveguide (< 1 mm typically).

Modal gains were then estimated by applying Equation (2-2) by considering in each case the relevant values of signal enhancement (SE) and total propagation losses (α). If we try to take a step back from these results, we can see the strong penalty brought by the losses of the passive guides (induced outside of any absorption by Erbium). That said, the analysis enables to identify the contribution of these losses (parameter 0) and it is therefore 

Summary and conclusion

Chapter 2 gathers experimental investigations of gain performance of Er:Al2O3-Si3N4 hybrid active integrated waveguides. Erbium-doped Al2O3 active layers were directly deposited upon defined SiN photonic circuits by an atomic layer deposition (ALD) process. In this way, the Er-concentration could reach around and above 10 21 cm -3

(up to 3.9  10 21 cm -3 ) meanwhile alleviating classical detrimental quenching Erbium ion-ion effects. Two series of experimental works have been presented, one relied on active Er-doped layers with a thickness of 150 nm, and the other was 380 nm.

In the first series of experimental works, 1.76 dB and 3.13 dB signal enhancements were obtained from on-chip Er:Al2O3-coated-Si3N4 active waveguides with effective waveguide lengths of 320 μm and 720 μm, respectively, when the Er-concentration is 3.88  10 21 cm -3 .

For these experiments, a 1480 nm wavelength pump source with a pumping power level up to 18 mW injected in the waveguides was used. Modal gains of 22.85 dB/cm and 11.32 dB/cm, respectively, were thus monitored by this approach, corresponding to 82.29 dB/cm and 43.99 dB/cm material gain values, respectively.

In the second series of experimental works which Er:Al2O3 active layer coating thickness was increased to 380 nm, 5.5 dB signal enhancement was measured from 5.113 mm long spiral active waveguides with Er-concentration of 1.89 × 10 21 cm -3 still under 1480 nm wavelength pumping and an injected power of 20 mW. The highest estimated material gain was 48.22 dB/cm, generated from the strip waveguide amplifier with effective length of 680 μm and an Er-concentration of 0.47 × 10 21 cm -3 under a pumping power of 10 mW. In this second set of experiments, no net modal gain was yet monitored, only due to excessive passive waveguide losses around 11.7 dB/cm.

The reported experimental results agree well with previous works [START_REF] Rönn | Ultra-high on-chip optical gain in erbium-based hybrid slot waveguides[END_REF], extend them to simpler waveguides and also to various Erbium doping conditions. Overall, they bring a contribution towards the realization of on-chip Erbium-doped waveguide amplifiers by addressing the reduction of the active waveguide lengths that comes together with the increase of the active Erbium ion concentration (by nearly one order of magnitude with respect to previous works). The prepared active layer can be deposited on passive silicon integrated waveguides with a single process run, avoiding additional on-chip processing. Such ALD process can be performed at relatively low temperature (300 °C), enabling feasibility of CMOS-compatible processing as a back-end step. Provided that two-photon absorption process could be managed (this point is discussed in Chapter 3), the proposed hybrid active waveguides could also be transposed to silicon active waveguides since a pumping source at 1480 nm wavelength was used where silicon features good transparency. At the present stage of progress, further works could be done to minimize the passive waveguide loss level and increase light coupling efficiency to raise a bit the injected pumping power level. Yet, demonstrated intermediate results enable to anticipate promising perspectives. They are the ground of the theoretical works carried out in following Chapter 3.

Design of resonator structure devices in integrated photonics for light emission and amplification

In Chapter 2, active straight waveguides have been designed, implemented, and characterized to investigate the gain performance of erbium-doped material integrated on-chip amplifiers. However, resonant effects are indispensable when aiming at achieving light emission and lasing based on enhanced light-matter-interactions. This is the reason why resonator structures are investigated in this chapter (Chapter 3)

with the aim of evaluating the performance of light sources incorporating active materials and waveguides such as those described in Chapter 2. To this end, we explored several steps, starting with active cavities based directly on the results of Chapter 2 and resonating at the amplification wavelength of erbium around 1533 nm. Then we looked at resonator schemes resonating at both pump (optical) and signal wavelengths, e.g., at 1480 nm and 1533 nm, respectively. Finally, we showed that some of the cavity approaches explored were also transposable to situations where the resonance wavelengths of bi-resonant cavities can be very distant, opening the field of application of the proposed geometries to other active materials than Erbium.

Getting into more detail, here is the thread that runs through this chapter:

Based on the gain performance of the high Er-doped Al2O3 ALD layers integrated with silicon nitride slot waveguides that was reported in [START_REF] Rönn | Ultra-high on-chip optical gain in erbium-based hybrid slot waveguides[END_REF], a study on sub-mm long erbium-doped composite silicon waveguide distributed feedback (DFB) lasers is presented in Section 3.1, which shows the feasibility of achieving sub-mm long on-chip erbium-doped DFB lasers (much more compact than the ones reported in other previous works) based on the silicon platform. This opens interesting prospects for integrating and combining these sources to create optical links or more complex on-chip functions and brings a contribution to the problem of sources and amplifiers for the silicon photonics platform.

Then, we put our interest on the realization of advanced resonator structures being capable of simultaneously supporting double resonance at the pump (1480 nm) and signal (1533 nm) light wavelengths for erbium-doped material on-chip light emission. The motivation for this approach is in particular to reduce the pump power required to invert the active medium. The investigation is limited to the design work of doubly resonant optical cavities, but still in the spirit of the work carried out in the manuscript: aiming at reducing in particular the surface footprint of the emission structures. Two approaches are proposed and investigated in Section 

Sub-mm long Er-doped composite silicon waveguide DFB lasers

Besides amplification, on-chip lasers are of significant interest for various applications.

Based on the gain performances of the ALD fabricated ultra-high erbium-doped Al2O3:Er 3+ layers reported in [START_REF] Rönn | Ultra-high on-chip optical gain in erbium-based hybrid slot waveguides[END_REF], we drive here both analytical and numerical investigation in view of exploring the possible realization of compact on-chip erbium-doped lasers. In order to take advantage of the exceptional properties of the available active layers and the pump wavelength used until now (1480 nm), we directly plan to use silicon waveguides from the outset in order to anticipate the possibility of integrating optical sources directly on this platform. We thus present in Section 3.1 results on the potential for the realization of sub-mm long on-chip DFB laser structures operating at λ = 1533 nm on the silicon-on-insulator photonic platform [140].

Starting from [START_REF] Rönn | Ultra-high on-chip optical gain in erbium-based hybrid slot waveguides[END_REF], in which up to 52.4 ± 13.8 dB/cm (12.07 cm -1 ) of net material gain per unit length was reported at 1533 nm wavelength under a 1470 nm pump source of 4.5 mW, an appropriate integration approach of the active layer within a resonator geometry is investigated.

After a review of the literature and a reflection on possible approaches, our choice fell on a multi-segment waveguide structure inspired by Ref. [START_REF] Pollnau | Optically pumped rare-earth-doped Al2O3 distributedfeedback lasers on silicon [Invited[END_REF]. We investigated the feasibility for realizing compact (sub-mm) erbium-doped on-chip lasers based on the silicon-on-insulator (SOI) platform through the design of quarter-wave shifted (QWS) distributed feedback (DFB) cavities designed in multi-rail silicon waveguides. We recall here that the majority of the stateof-the-art implementations correspond to active waveguides and integrated Erbium lasers of several centimeters in length.

The related analysis is presented in the three forthcoming sub-sections. Sub-section 3.1.1

presents the definition of the waveguide QWS-DFB structure and presents the exploration of light confinement factor in the active erbium-doped material region since it is a key factor for the whole light source design. In Sub-section 3.1.2, the lasing threshold condition is analyzed for the desired compact (sub-mm long) QWS-DFB laser geometry. Then, in Sub-section 3.1.3, the lasing condition of the explored designs relating both the confinement factor and the grating coupling strength is explored while the lasing output slope efficiency is estimated as well.

Finally, a summary is given in Sub-section 3.1.4.

Waveguide structure and analysis of light confinement factor

A preliminary step in the design of active optical cavities that can lead to efficient lasing is the design of the active waveguide in which light propagates. Two key elements driving the design of such waveguides are essentially to minimize the effect of two-photon absorption (TPA) in silicon [132] and to maximize the overlap of the propagating optical mode and the active material deposited on the silicon waveguide with the ALD technique. These two constraints act in the same direction and lead us to predict our choice towards waveguiding structures with a high deconfinement of the field outside the silicon core. In order to satisfy these two design requirements, we use a multi-segment structure of silicon nitride waveguides but transpose and apply it to silicon waveguides while taking into account the substantial index contrast increment between the SiN and SOI waveguides. Based on a standard 220 nm thick silicon core SOI wafer, etching of five silicon segments can be performed, followed by a SiO2-layer deposition upon the silicon-segments. As previously stated, a key point in this work is to consider pumping at 1480 nm light wavelength (precisely 1470 nm in [START_REF] Rönn | Ultra-high on-chip optical gain in erbium-based hybrid slot waveguides[END_REF]) to coincide with our previous results that showed a net material gain of 52 dB/cm at 1533 nm wavelength [START_REF] Rönn | Ultra-high on-chip optical gain in erbium-based hybrid slot waveguides[END_REF]. An advantage of the significant proximity between the signal and pump wavelengths (difference of 4.3%) is that the modal distributions of the fields at these two wavelengths are very close, thus improving their spatial overlap and providing very similar single mode waveguide conditions. In order to identify the optimal propagation conditions and to evaluate the modal overlap factor of the modes with the active material, we calculated the mode profiles at these two wavelengths in different configurations using a finite element mode solver (COMSOL Multiphysics). The refractive indices of the related waveguide materials are listed in Table 3.1. To maximize the mode confinement factor of the optical beams with the active layer, wSi and hSi were varied from the minimal feature size values compatible with the technological clean room limitations (e.g., 50

nm) up to the maximum values to ensure single-mode operation. Meanwhile the inter-segment distance value (gap) was similarly considered to ensure the single mode behavior of the multisegment waveguide. In order to illustrate the mode profiles of the pump and signal beams propagating in typical DFB waveguide structures, we investigated mode analysis results under the following waveguide dimensions: hEr = 500 nm, wSi = 100 nm, hSi = 100 nm, gap = 300 nm, gox = 100 nm in Figure 3.2 (a) and (b) at the pump and signal wavelengths, respectively. From these mode profiles, we can anticipate that a large part of the mode electric field is distributed in the active material region for both the pump and signal fields. We estimated the intermodal pump/signal overlap factor at 99.88%. Additionally, we estimated that the dielectric energy confinement factor in silicon was less than 0.05. Besides, this shows the benefit of using such a configuration for strongly minimizing the effect of TPA occurring in silicon.

To determine the electric field distributions of the propagating modes in the active material, we estimated their confinement factors in the Er:Al2O3 active layer Γa according to:

2 2 A a E dxdy E dxdy   =   ε ε (3-1)
where A stands for the active region and ∞ stands for the full waveguide cross-section. To rigorously calculate the confinement factor relating the modal gain to the bulk material gain in a high index contrast waveguide, the group index of the mode (ng) should also be considered [141]. The confinement factor should thus be recast as:
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where nA is the refractive index of active gain material. In the present case of a multi-segment Si waveguide, ng is yet about 1.68, and nA about 1.65, with thus a ng/nA ratio of only 1.018. In the course of our investigations, this small correction was thus ignored.

Our approach was to make the main parameters of the multi-segment waveguide sweep to study their influence on the value of Γa, while keeping in mind the technological feasibility constraints, particularly those arising from the lithography and etching stages, and the sensitivity of the results to parameter variability. We started with a moderate situation with respect to the minimal feature sizes driven by lithography and etching constraints of the silicon rails: wSi = 100 nm and hSi = 100 nm, as well as hEr = 500 nm as the initial choices. The intersegment distance (gap) was then varied from 50 nm to 700 nm in 50 nm successive steps, while gox was varied from 50 nm to 200 nm in 50 nm successive steps. We thus obtained the mode solutions for all the parameter combinations. An inter-segment distance above 200 nm should thus be chosen, while the value of gap is not sensitive on the confinement factor and can be selected flexibly according to fabrication constraints. Moreover, in order to get enough information on the influence induced by the dimension of the silicon segments, we chose hEr = 500 nm, gap = 200 nm, gox = 100 nm, and then swept hSi and wSi. We considered hSi to vary from 50 nm to 200 nm and wSi from 60 nm to 210 nm. The results are plotted in Furthermore, we observed that when hSi increases, the stronger the decrease of Γa is. When wSi is constant, Γa is lowered when hSi increases. Additionally, wSi and hSi can easily reach combinations such that a multimode operation occurs, as shown in the gray dotted area in Overall, wSi and hSi should thus be maintained at small enough values, which is not a drawback as large values of these two parameters tend to lower Γa. Another point worth noting is that no result is obtained when wSi = 60 nm, hSi = 50 nm because no effective guided mode is found in this situation for which the silicon core part is too narrow to allow proper light confinement at the operating wavelength. From this analysis, we conclude that a good compromise between the waveguiding condition and minimal size constraints compatible with clean room fabrication tolerances was to set both the wSi and hSi parameters to ~100 nm. In the above analysis, one parameter was never adjusted: the thickness of the active material (hEr). In fact, although hEr has a very important influence on the results, our investigations led us to observe that this parameter roughly led to a translation of the optimum obtained by varying the other parameters. As a result, the parameter set can be optimized with the exception of hEr, and then hEr can be adjusted as a last resort. We investigated the relation between hEr and Γa according to the previous study by fixing the hSi = 100 nm, wSi = 120 nm and then swept the value of gap for seven different active layer thickness values: hEr values: 300 nm, 500 nm, 600 nm, 700 nm, 800 nm, 1200 nm and 1500 nm, respectively. Γa tends to saturate. However, the saturated value of Γa is strongly related to hEr: the larger hEr, the higher value of Γa.

Combined with the previous results shown in In summary, two conclusions can be drawn from the results reported in this section. Firstly, the mode confinement factor in the active material can be adjusted in a wide range and its value can reach up to 95%, which is a significant interest for achieving lasing effect. Secondly, the set of parameters leading to this confinement factor is only weakly sensitive to variations in the opto-geometric parameters of the multi-segment silicon waveguide, which induces a significant robustness of the investigated active structure to technological variations of the clean room fabrication processes.

Threshold analysis of compact QWS-DFB laser

Based on the waveguide structure mentioned above, QWS-DFB lasers can be designed as the considered composite waveguide contains several parallel rails and that patterning several of them with slits allows realizing Bragg mirrors with controlled and widely adjustable mirror strengths to design a resonance at the signal wavelength (1533 nm).

A QWS-DFB laser structure is composed of two distributed Bragg reflectors (DBR), which are set back-to-back with a zero gap. The 3D schematic diagram of the designed QWS-DFB structure is shown in With this structure defined, the critical point to be evaluated is to study the conditions that can lead to reach the lasing threshold condition under the cumulative effects of the losses arising from the active medium, the losses arising from the DBR mirrors, and the modal gain arising from the active medium under optical pumping at 1470 nm wavelength. Hereafter, gth stands for the material gain at lasing threshold and α is the active material absorption loss level, gmat = (gth -α) thus being the net material gain under pumping. Let also αm be the mirror loss level and αs the waveguide scattering loss coefficient. The lasing condition to be satisfied is then:
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Here, we first provide an analysis for the calculation of αm (mirror losses) through the coupled mode theory (CMT) according to Ref. [143]. First, we calculate the reflectivity of a single distributed Bragg mirror according to the CMT:
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where κ is the grating coupling coefficient, L is the length of DBR, g is the material gain, β0 is the Bragg grating wavevector, equaling to π/Λ, and β is the mode propagation vector. Assuming zero internal loss cavity (i.e. no material losses in any region) in the first step, the roundtrip condition for lasing in such cavity is simply:

2 * 2 sinh( ) 1 sinh( ) cosh( ) sL r sL is sL κ β   - = =    +   (3-5) 
In order to estimate the threshold condition for the laser effect, it is sufficient to consider Equation (3-4) for the fundamental mode of the QWS-DFB laser for which the wavelength satisfies ('-0) = 0. Then we can simplify Equation (3-4) and (3-5) into Equation (3-6):

2 * 2 2 2 2 2 2 2 2 sinh[ ( ) ( ) ] 2 1 sinh[ ( ) ( ) ] ( ) cosh[ ( ) ( ) ] 2 2 2 2 a a a a a g L L g g g g i L L i L L κ κ κ κ κ   - +      =   - +  + +  +      (3-6) 
Given the coupling coefficient |κ| and the length L, the coupling constant |κ|L can then be calculated. The corresponding value of Γa×g can then be obtained through solving Equation (3-6). Finally, the mirror loss αm thus equals to Γa×g. when L is 500 μm, 250 μm and 100 μm, respectively. It is noteworthy that these dimensions are significantly shorter compared to the typical dimensions of the previously reported on-chip DFB erbium related lasers [START_REF] Pollnau | Optically pumped rare-earth-doped Al2O3 distributedfeedback lasers on silicon [Invited[END_REF].

According to Ref. [START_REF] Rönn | Ultra-high on-chip optical gain in erbium-based hybrid slot waveguides[END_REF], a net material gain gmat = 12.07 cm -1 was monitored under an optical pumping power of few mW, and we therefore considered it here as a realistic reference level of the net gain conditions that can be obtained. As can be seen in Figure 3.5 (a), the cavity Bragg mirror losses m (expressed in cm -1 for comparison with propagation losses) can be severely minimized when |κ|L >> 2. At the same time, this condition is somewhat contrary to the realization of compact lasers since it is predictable that the coupling coefficient of the mirrors |κ| is intrinsically limited by the geometry of the periodically textured silicon waveguides. This is the reason why, operating around or below |κ|L = 2 deserves attention. In this region, the waveguide scattering losses of standard silicon waveguides at near infrared wavelengths (αs < 0.25 cm -1 ) can be ignored compared with the mirror losses (αm).

Consequently, the lasing condition then becomes: Γagmat  αm. This simple equation shows that the maximum tolerance level of the cavity mirror losses m depends essentially on the net modal gain that can be achieved in the active medium, and thus on the mode confinement factor Γa in the active region. The added three horizontal green lines in Figure 3.5 (a) correspond to the three mirror losses levels: αm1 = 0.25gmat (3.0 cm -1 ), αm2 = 0.50gmat (6.0 cm -1 ), and αm3 = 0.75gmat (9.0 cm -1 ), respectively. Simultaneously, the gathered results provide guidance with respect to the fabrication tolerances of the Bragg composite waveguide. As the thickness of the active Er:Al2O3 layer (hEr) can be controlled accurately (< 10 nm) through the ALD process, its influence on the gain threshold condition is weak in the range of the layer necessary thicknesses (see Figure 3.

3).

Meanwhile, for each value of hEr, it appears that many close combinations of other parameters can meet the requirements to achieve lasing in sub-mm long footprints. For example, in Figure 3. 7 (d), making an analysis for the parameters of points labeled as number 8-14, conclusions can be obtained as follows: (1) when gap = 300 nm, gox = 100 nm, hSi = 100 nm, the values of wSi ranging from 160nm to 200 nm are qualified; (2) when gap = 300 nm, gox = 100 nm, wSi = 180 nm, the values of hSi ranging from 80nm to 120 nm are also qualified; (3) in most of cases, gap = 200 nm and gap = 300 nm can both be suitable. These conclusions thus provide confidence in the very acceptable fabrication geometrical tolerances of the proposed scheme with respect to DUV or e-beam lithography and etching standard silicon processes. Here, based on the DFB laser strategy, we present an additional analysis of its lasing output slope efficiency, equaling to ΔPs/ΔPp, with Ps and Pp the signal and pump powers, respectively. Slope efficiency is in fact the outcome of the laser external quantum efficiency (ηe) and the ratio pump/signal of the two involved signal wavelengths, equaling to (pump/signal) × e. The external quantum efficiency itself derives from the material internal efficiency (ηi) and our ability to extract the emitted photons (ηextract)

e i extract η η η = (3-8)
The internal quantum efficiency is the ratio of radiative rate to total recombination rate, which can be derived from Equation (3-9):

21 1/ 1/ r i τ η τ = (3-9)
where τr is the radiative lifetime and τ21 is the total recombination lifetime. For erbium ions in free space (i.e., in the absence of host medium), the lifetime of first excited state is approximately 10 ms. In EDFAs, the internal quantum efficiency is very close to unity because the lifetime of the first excited state is maintained due to low doping Er-ions concentration and high purity of the silica host. In our case, the radiative lifetime (τr) is around 2.05 ms [START_REF] Rönn | Ultra-high on-chip optical gain in erbium-based hybrid slot waveguides[END_REF]. This means that some excited ions are still decaying to the ground state without emitting photons. This occurs mainly because of impurities in the host (which can act as non-radiative quenching sites) and due to up-conversion. The precise value for the total recombination lifetime of Erions in Al2O3 is 10.22 ms [START_REF] Agazzi | Spectroscopic Excitation and Quenching Processes in Rare-Earth-Ion-Doped Al2O3 and their Impact on Amplifier and Laser Performance[END_REF]. Consequently, the internal quantum efficiency (ηi) can be estimated to 2.05/10.22 ≈ 20%. As for the extraction quantum efficiency, it can be derived from the laser cavity structure characteristics [147] from Equation (3-10):

1 1 2 / ln( ) extract i L R η α = - (3-10)
where αi is the intrinsic loss, 2L is the cavity total length and R is the reflectivity for signal 

Summary

In summary, based on the gain performance of the ALD Al2O3:Er 3+ active waveguides completed in a previous reported work [START_REF] Rönn | Ultra-high on-chip optical gain in erbium-based hybrid slot waveguides[END_REF], we theoretically investigate here the design of DFB lasers relying on composite silicon multiple-rail waveguides coated with this type of highly doped Er:Al2O3 layers grown by the ALD technique and optically pumped at ~1470 nm wavelength. The waveguide mode properties are investigated for exploring the influence of the structure opto-geometrical parameters on the mode confinement factor in the active layer and on the Bragg mirror strength. This analysis reveals that the lasing threshold calculated through the coupled mode theory by considering realistic experimentally reported material gain levels at 1533 nm wavelength can be reached for sub-mm active structures, even of 0. 

Double resonance cavities for light amplification and emission relying on erbium-doped active waveguides

Although potentially limited to a few mW or a few tens of mW of pump power in case of aggressive designs, the realization of integrated sources exploiting Erbium would benefit from seeing its threshold power levels decrease below these levels. As a first approach, the use of a resonance well adapted to the pump wavelength is a way to minimize the required power level by a recycling effect of the pump photons. In the end, the cavity to be designed is therefore doubly resonant, both at the pump wavelength and at the signal wavelength [START_REF] Singh | Resonant pumped erbium-doped waveguide lasers using distributed Bragg reflector cavities[END_REF]. Here, in this section, we thus look for double resonance cavities at ~1480 nm (pump light for erbium) and ~1533 nm (lasing light of erbium). Consequently, a dual period DFB cavity and a coupled mode photonic crystal cavity are designed, respectively. These two solutions present a gradation of complexity but also, importantly, of compactness. In the end, the design of extremely compact structures (<< 100 µm) is possible by mobilizing the design engineering of photonic crystal cavities.

Dual periods DFB cavity resonating at ~1480 nm and ~1533 nm simultaneously

When two close wavelengths are desired to be resonant, such as here at ~1480 nm and ~1533 nm, a straightforward design approach is possible by achieving the two resonances directly by inducing two superposed Bragg gratings operating, hopefully, independently and having appropriate periods [148]. As these two resonant wavelengths are close enough, diffraction effects can be circumvented, their corresponding Bragg grating periods being effectively able to work individually, as shown hereafter. In terms of reducing the size of the structures, this approach does not necessarily bring all advantages, but it aims in a first instance, to lead quite easily to bi-resonant geometries.

Relying on this motivation, we design here a double resonance cavity at ~1480 nm and ~1533 nm based on a dual periods QWS-DFB cavity. Firstly, a 220 nm thick SOI platform is chosen as well as a PMMA cladding. This index coverage is very close to the index of doped active polymers that could cover a device of interest for the realization of active structures. A Si straight waveguide width is chosen at 440 nm, meaning a 220 nm  440 nm waveguide cross-section, which ensures single-mode propagation both at 1480 and 1533 nm. This information allows us to directly draw each Bragg grating, respectively of period 1 and 2. We choose the simplest approach, which is to adopt a rectangular corrugation grating profile and use each side edge of the waveguide to etch each of the two gratings. A 3D schematic view of the dual periods QWS-DFB cavity is shown in Figure 3.9 (a) while its top view is depicted in Figure 3.9 (b) with additional labeling information: Λi is the 1 st Bragg grating period; Wi is the grating pillar widths; Ni is the grating period number on each side of the QWS-DFB cavity; i stands for the labels of "1" and "2", corresponding to the target wavelengths (e.g., 1480 nm and 1533 nm, respectively).

Verification of the operating principle as well as the estimation of the resonator metrics were achieved in a first step using "2.5D FDTD" calculation method via Lumerical MODE Solutions [150] in order to minimize computation cost in waveguide Bragg structures of several hundreds of µm lengths. It is based on collapsing the 3D geometry into a 2D set of effective indices calculated by relying on a variational approach that can be then solved with 2D-FDTD [151]. Preliminary calculation led us to Λ1 = 296 nm and Λ2 = 312 nm and were retained for all next 2.5D FDTD simulation steps. Other trends could also be drawn, in particular concerning the spectral width of the resonances even if the estimation of the quality factors in 2D simulation is known to be considered with great caution as, even "augmented" through the variational principle, 2D-FDTD does not correctly take into account the out-of-plane losses. On the other hand, the method was considered as sufficient for a pre-design that allowed to obtain relative orders of magnitude. Ideally, the resonance around 1533 nm wavelength (signal) should be sharper than the other one around the pump wavelength (1480 nm) as the pump signal is indeed generally not very narrow spectrally (nm or even a few nm), and this condition was investigated throughout the design steps.

Consequently, 15 studied device cases with different parameters were studied and the main results are listed in Table 3.3. A typical case for a structure having a total length of 189.5 μm is plotted in Figure 3.10 and provides a qualitative confirmation of the expected behavior Additionally, the effect of W1 on the short wavelength Q factor also clearly appears. the evolution of the resonance widths. Obviously, enough flexibility is provided by the available parameters (mainly W1) to flexibly adjust the relative resonance quality factor.

. Accordingly, the coupling strength between the two individual cavity was adjusted through the cavity separation to induce the needed wavelength splitting.

A 3D schematic of a single PhC nanobeam cavity structure is depicted in itself is fixed to 0, meaning that the distance between the two Bragg mirrors placed back-toback is null, which can not only reach the maximum compactness as possible, but also achieve a lowest radiation loss into the free space. and emission (~1533 nm) wavelength, respectively.

The next step was to determine the dimensions of the circle mirrors along the cavity structure. For that, we followed the deterministic design method proposed in [161]. Firstly, it needs to find the filling factor (depends on the etching circle mirror radius) of the innermost lattice (R1) so that its fundamental TE0 dielectric band-edge is at or very close to the target wavelength (~1490 nm in our case). Then, the filling factor of the outermost lattice (RN) also requires to be found to obtain the maximum mirror strength for the target frequency. The band structures of the lattice unit cells with various circle mirror radii were calculated by using 3D FDTD. Consequently, R1 = 134 nm and RN = 90 nm were determined to satisfy the requirements.

As shown in Figure 3.14, the red curves correspond to the band structures of fundamental TE0 modes for the photonic crystal lattice with a = 360 nm and R1 = 134 nm, in which its fundamental TE0 dielectric mode band ends at the target frequency. The blue curves correspond to the band structures of fundamental TE0 modes for the photonics crystal lattice with a = 360 nm and RN = 90 nm for which we can observe that the target frequency locates nearly at its bandgap center point, which is desired to reach a large mirror strength. According to the proposal reported in Ref.

[170], the energy of spatial harmonics within the light cone can be minimized, meaning that the Q factor can be maximized, when the field attenuation inside the mirror features a Gaussian shape. To reach creating a Gaussian-like attenuation profile along the PhC nanobeam cavity, the mirror strength needs to be linearly increased along the waveguide length [160], which can be achieved by tapering the hole radii.

Herein, we intended to directly apply a linearly variation relationship on the radii of the circle mirrors array to achieve a field Gaussian-like attenuation profile. The circle mirrors ranging from the innermost to the outermost being labelled as i (i = 1, 2, 3 …, N), and their corresponding radii were found through Equation (3-13):

1 1 ( 1) 1 N i RR R R i N -   = --  -   (3-13)
In order to illustrate the properties of such a double cavity and to evaluate its properties in a situation leading to both compactness and possible 3D electromagnetic simulation, we opted for mirrors composed of only 10 holes (N=10), thus leading to a cavity length of only 7.2

µm.

With given all the determined parameters of a single PhC nanobeam cavity, a coupled PhC Accordingly, S ranging from 30 to 300 nm was considered. Similar trends as the one pointed out in [162] can be observed: Q factor of odd mode resonance slightly increases, while Q factor of even mode resonance presents a threshold-like behavior after a given cavity-cavity separation (here S150 nm). At the target device case (S = 90 nm), Q factors of the resonance modes are ~8100 and ~5200 for the odd mode resonance at 1478 nm and the even mode resonance at 1532 nm, respectively. Meanwhile, their electric (Ey) field profiles distributed among the coupled PhC cavity structure are presented in Figure 3.17 Accordingly, we increased N to 20, resulting in a total device length of (only) ~14.4 µm. S = 50 nm, for instance, leaded us to a double resonance at ~1494 nm and ~1537 nm, respectively, with Q factors ~62,000 (QP for resonance at ~1494 nm) and 258,000 (QS for resonance at ~1537 nm), respectively. Interestingly, QP < QS as the main loss channel, which is then no more dominated by the cavity/waveguide leakage, is less favorable to the even mode.

In conclusion, double resonance cavity at the Erbium pump (~1480 nm) and emission (~1533 nm) wavelengths were achieved through a designed coupled PhC cavity system structure. Simulation works have been carried out to validate the proposed strategy. By adding more circle mirrors, the quality factors for the concerning resonances can not only be improved but also result in a desired situation that the quality factor of pump resonance is smaller than the one of lasing signal resonance. Therefore, the presented study work brings potential for the realization of erbium-doped material on-chip light sources.

Double corrugation DFB cavity supporting double resonance with large wavelength separation

The previous sections of this Chapter 3 have been devoted to the study on several types of optical resonators adapted to the question of the realization of integrated light sources using Erbium as the active gain material. This configuration, especially when pump and emission lights are both done in a wavelength band close to 1.5 µm (e.g. respectively. In such an approach, the key point to be satisfied is the near independence of each Bragg distributed feedback mechanism with respect to the other one. It is thus a question of defining the conditions that each light spectral window (e.g., around λ1 and λ2, respectively) is sensitive to only one of the gratings. In this aim, a sufficient distance between the outer gratings and the mode spatial area at the short wavelength is chosen, meanwhile operating the inner ones in a sub-wavelength regime for the long wavelength spectral window [175,176]. Note that the sub-wavelength regime here refers to a situation: λ >> Λ, where λ is the target wavelength and Λ is the grating period. The approach followed is to offset the second Bragg gratings from the rib waveguide for significantly reducing the influence on light propagation at and around λ1 (shortest wavelength).

This configuration benefits from the large difference between the mode areas at λ1 and λ2 (largest wavelength), estimating them through Equation (3-14): where E(x,y) is the electrical field intensity and x, y are the dimensions along the waveguide cross-section. A1 = 0.3668 μm 2 (at λ1) and A2 = 0.9136 μm 2 (at λ2) were obtained accordingly, bringing a confirmation of the appropriate choice of the structure cross-section to ensure a huge difference between the mode areas at the two operating wavelengths.

According to the Bragg's law [149], the grating period for the 1 st order Bragg wavelength can be derived from Equation (3-12). Then Λ1 = 196 nm was retained for the first grating period and Λ2 = 392 nm for the second grating period. The Bragg grating filling factors (defined as the ratio of the single grating length to the grating period) were both fixed at 0.5, providing the highest grating coupling coefficients [START_REF] Murphy | Design, Fabrication and Measurement of Integrated Bragg Grating Optical Filters[END_REF]. Simultaneously, the chosen Λ1 value with respect to λ2 ensured a satisfying margin with respect to the need to hide the first grating by a sub-wavelength behavior relative to long wavelengths. Next, we quantitatively investigated the condition to hold to minimize the interaction of the mode profile at λ1 with the outer gratings. As shown in Figure 3. 19 (b), the gaps between the first and second gratings and the rib waveguide were labeled as Gap1 and Gap2, respectively.

Bringing the inner gratings as close as possible to the rib was in line with the strategy of decoupling the effects of the two gratings for each of the two wavelengths. We kept Gap1 = transmission results near λ1 and λ2, respectively, meanwhile the resonance around λ1 is shown in a zoom in view in structure and when only the inner gratings are considered are the same, while around λ2 a little red shift occurs when the simulated structure is changed from the structure containing only the outer gratings to the true double grating geometry. Physically, the optical mode at λ1 is indeed too compressed laterally to feel the presence of the outer gratings, while at λ2, the effective refractive index of the mode slightly increases when the first gratings are introduced, leading to a slight resonance red shift that could be compensated by a pre-design step according to application requirements. From the simulation results, Q values at λ1 and λ2 were estimated as ~11000 (Q1) and ~1500 (Q2), respectively. In the example study case, regarding to the computing time consuming, a geometry with only 2000 periods for the inner gratings (so 1000 periods for the outer ones) was considered, leading to acceptable Q values but limited to 10 4 .

However, benefiting from the flexibility of the design approach, such acceptable values for light-matter interaction reinforcement could be enlarged, for example by increasing the numbers of grating periods. 

Summary

In this Chapter 3, several types of on-chip cavity resonators have been proposed and studied, each of them exhibits features and merits benefiting in different aspects for applications.

In Section 3.1, we investigated the design of DFB lasers relying on composite silicon multiple-rail waveguides coated with a highly doped Er:Al2O3 layer grown by the ALD technique and optically pumped at 1470 nm wavelength. The waveguide mode properties were investigated for exploring the influence of the structures' opto-geometrical parameters on the mode confinement factor in the active layer and on the Bragg mirrors' strength. This analysis showed that the lasing threshold calculated through the coupled mode theory by considering realistic experimentally reported material gain levels at 1533 nm wavelength can be reached for sub-mm active structures, even 0. Both these two design strategies could be applied to realize compact erbium-based on-chip lasers according to application requirements.

In some situations, the realization of a doubly resonant optical resonator at very distinct wavelengths is also needed. In Section 3.3, we proposed a design strategy to achieve two resonances with huge wavelength separation being supported simultaneously in a double corrugation distributed feedback cavity (separated by 590 nm in the investigated typical example). The key idea in the proposed approach is to operate in conditions where the two sets of grating corrugations act nearly independently and to avoid diffraction effects simultaneously.

At the shorter wavelengths, the waveguide mode profile is too compressed to feel the introduced outer gratings, thus only interacting with the inner gratings. For the longer wavelengths, on the contrary, the inner gratings are designed to operate as a sub-wavelength pattern. In the investigated studied example case, simulated by 3D-FDTD method, resonances at ∼727 nm and ∼1316 nm were produced in a designed double corrugation waveguide cavity, exhibiting ∼11000 and ∼1500 quality factors, respectively. We think that this double distributed feedback approach provides a path for effectively designing doubly resonant structures with two controllable far-separated resonances in single waveguide cavity structures.

Applications to nonlinear optical process, sensing, lasing and amplification in on-chip photonic platforms could take benefit of this simple and flexible proposed method.

Conclusion

This thesis provides a contribution to the investigating of Erbium-based on-chip amplifiers and lasers in silicon photonics. One axis of the work carried out was to seek a more advanced miniaturization of the active waveguides than that proposed in the literature and to place itself in a silicon integration perspective by systematically favoring a pump wavelength of 1480 nm. Capitalizing on these outcomes, Chapter 3 was devoted to theoretical and simulation work in the purpose of investigating aggressive designs in terms of active structure lengths. Through different studies, the feature explored was the use of resonators needed in any case to achieve lasing in future works. We first explored pump resonant silicon active cavities, estimated their potential for lasing under optical pumping owing to realistic material gain properties observed in Chapter 2 and to a multiple rail waveguide cross-section chosen to maximize the light confinement factor in the active layers and simultaneously minimize the two-photon absorption process occurring in silicon in the near infrared. In a next step, we focused on the realization of doubly resonant cavities at the pump (around 1480 nm) and at the signal (around 1533 nm) wavelengths. A first direct approach was based on a doubly corrugated waveguide geometry (with two spatial periods), which already allowed to achieve the desired doubly resonant behavior for structures of a few hundred µm in size. In a step towards much more compact doubly resonant cavities, we proposed to exploit the toolbox of photonic crystals. Our choice fell on a geometry composed of a set of two coupled one-dimensional waveguide cavities. We showed that these resonators can indeed be designed through a proper choice of the geometrical parameters to realize the waited double resonance behavior. A silicon-on-insulator based 15 µm long doubly resonant cavity with quality factors of 60,000 and 260,000 at the pump and signal wavelengths, respectively, was numerically optimized through 3D FDTD simulation.

As a whole, the carried out works contribute to the realization of compact (<< 1 mm) light sources in silicon photonics exploiting recent advances in the growth of rare-earth doped active layers and the design of multiply resonant resonators. The combination of 1D photonic crystal resonators, based on SiN or silicon waveguides (typically nanobeam cavities), and such active materials offers prospects for the development of fully Si-integrated light sources. Future work is needed to explore all these avenues and capitalize on the possible applications of these integrated sources.
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Fig. R1 :

 R1 Fig. R1 : Diagramme (très) simplifié des niveaux d'énergie de l'Erbium dans une matrice hôte (Al2O3 dans cette thèse), qui illustre les deux grandes situations possibles relativement au signal de pompe pour une émission stimulée vers 1530 nm.

Figure R2 :

 R2 Figure R2 : Séquence du processus ALD (Atomic Layer Deposition) pour la réalisation du supercycle Er2O3-Al2O3 [54]. Cette technique est à la base de la réalisation des couches actives déposées sur les guides passifs, et qui ont ensuite été caractérisés au C2N.

Fig. R4 :

 R4 Fig. R4 : Schéma de principe du banc de caractérisation des guides actifs mis en place au C2N.

  Nous avons d'abord exploré des cavités actives silicium résonantes, estimé leur potentiel d'effet laser sous pompage optique grâce aux propriétés de gain réalistes du matériau observées au Chapitre 2 et à une section transversale de guide d'ondes à rails multiples choisie pour maximiser le facteur de confinement de la lumière dans les couches actives et minimiser simultanément le processus d'absorption à deux photons qui se produit dans le silicium dans le proche infrarouge.

Fig. R5 :

 R5 Fig. R5 : Mesure des gains modaux générés par un guide SiN actif avec une longueur d'amplificateur effective de (a) Le = 320 µm et (b) Le = 720 µm en fonction de la puissance de pompe lancée (0-18 mW) et pour différents niveaux de dopage Erbium des couches actives développées par ALD.

Figure 1 . 1

 11 presents the information of a typical SOI strip waveguide structure, including a 3D view in Figure 1.1 (a); a cross-sectional view with typical dimensions in Figure 1.1 (b) and its corresponding fundamental TE mode profile at 1550 nm wavelength in Figure 1.1 (c). Similar information is depicted for a SOI rib waveguide in Figure 1.2. Low

Figure 1 . 1

 11 Figure 1.1 SOI strip waveguide structure. (a) 3D schematic vision; (b) Cross-section view with typical dimensions; (c) Fundamental TE mode profile at 1550 nm wavelength distributed in the waveguide cross-section.

Figure 1 . 2

 12 Figure 1.2 SOI rib waveguide structure. (a) 3D schematic vision; (b) Cross-section view with typical dimensions; (c) Fundamental TE mode profile at 1550 nm wavelength distributed in the waveguide cross-section.

Figure 1 . 3

 13 Figure 1.3 (a) Schematic vision of the monolithic integration in silicon photonics, reproduced from [11]. (b) Overview of current fully integrated silicon photonics technology using a 3D electronic integrated circuit (IC), reproduced from [4]. (c) Silicon photonics market forecast done in 2020, reproduced from [10].
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 14 Figure 1.4 A broad range of applications derived from silicon photonics, reproduced from [12-15].

Figure 1 . 5

 15 Figure 1.5 gives the energy band diagrams and major carrier transition processes in InP (shown in left) and Si crystals (shown in right), for comparison. While InP is a well-known direct

Figure 1 . 5

 15 Figure 1.5 Energy band diagrams and major carrier transition processes in InP and Si. In a direct band structure (such as InP, left), electron-hole recombinations mostly result in photon emission, whereas in an indirect band structure (such as Si, right), free-carrier absorption, Auger recombination and indirect recombinations exist simultaneously, resulting in weak photon emission. The information and figure are reproduced from [16].
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 16 (a), along with the representative mode profiles in two cross-sections, and a detailed cross-sectional view of the taper part of the hybrid integrated laser is shown in Figure 1.6 (b). In this work [23], researchers obtained the lowest threshold current value (30 mA) ever reported for a heterogeneous III-V/silicon Fabry-Perot or DBR hybrid ridge laser.
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 16 Figure 1.6 (a) Three-dimensional view of the coupling structure of the designed heterogeneously integrated InP/SOI lasers with representative mode profiles in two cross-sections; (b) the detailed cross-sectional view of the taper part of the hybrid laser. The information and figures are reproduced from [23].
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 17 Figure 1.7 (a) Schematic band structure of bulk Ge, showing a 136 meV difference between the direct gap and the indirect gap; (b) the difference between the direct and the indirect gaps can be decreased by tensile strain, and (c) the rest of the difference between direct and indirect gaps in tensile strained Ge can be compensated by filling electrons into the L valleys. The information and figure are reproduced from [25].
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 18 Figure 1.8 Photoluminescence map from single-wall carbon nanotubes (n, m) indices allow to identify given semiconducting nanotubes [41].

Figure 1 . 9

 19 Figure 1.9 Integration scheme of a carbon nanotube thin layer composite with a Si waveguide. (A) Input and output single-mode Si waveguides with a height of 220 nm and a width Wg of 450 nm. (B) Interaction region with the carbon nanotubes and a silicon waveguide width Wi of 275 nm. The guided mode is deconfined, and a significant fraction of the energy propagates outside its core. (C) SEM view of the adiabatic taper, which adapts the mode from the input waveguide (Wg) to the interaction zone waveguide (Wi). (D) Optical microscope top view of the final device, with the silica recess and SWNT/PFO thin layer on top of it. (E) Optical microscope view of the lensed fiber used to inject light into the cleaved waveguide facet. Information and figure come from [42].
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 1 Figure 1.10 (b). In this work, the Er concentration was among 1-2 × 10 20 cm -3 . A signal

Figure 1 .

 1 Figure 1.10 (a) Schematic of a SOI on-chip optical circuit including monolithically integrated Al2O3:Er 3+ waveguide amplifiers and lasers (red sections). (b) Schematic of the designed geometries of the SOI and Al2O3:Er 3+ waveguides as well as the adiabatically inverted taper structure for efficient light coupling. Figures and information are reproduced from [50].

Figure 1 .

 1 Figure 1.11 Structure of the monolithically integrated Al2O3:Er 3+ -Si3N4 amplifier. (a) 3D schematic of the whole amplifier chip with MMI-based multi/demultiplexer. P and S indicate the pump port and the signal port of the MMI multi/demultiplexer, respectively. (b) Schematic of the adiabatic vertical coupler, consisting of a vertical Si3N4 taper and a lateral Al2O3:Er 3+ taper. (c) Cross sections of the adiabatic coupler at different positions (A, B, C, D, E) indicated in (b) within the taper region along the propagation direction, and the related mode intensity profiles under transverse electric (TE) polarization. The different cross-sectional parameters are indicated. The field intensity is visualized in the rainbow color scale, where the highest intensity is represented by the red. Figures and information are reproduced from [53].

Figure 1 .

 1 Figure 1.12 (a) and (b) give out the SEM (Scanning Electron Microscope) photographs both for the designed Si3N4-Al2O3:Er 3+ waveguide amplifier cross sections before and after deposition of the active Al2O3:Er 3+ layer, respectively. In this work, an ultrahigh Erbium doped Al2O3 material layer was obtained through atomic layer deposition (ALD) technique, in which the active Erbium doping concentration reached 4.9 × 10 21 cm -3 . Worth noting, to achieve this high Er-ion concentration meanwhile avoid clustering, ion-ion quenching and other detrimental effects, the Al2O3:Er 3+ layer used in this work was fabricated by alternating monolayers of Al2O3 and Er2O3 at different ratios to control the average erbium concentration through the ALD process. The unique layer by layer nature of ALD enabled atomic scale engineering of the gain layer properties and a proper integration with silicon nitride integrated waveguides. A maximum net gain of 1.98 dB was obtained from a 250 μm long size silicon nitride slot waveguide amplifier with launched pump power of 4.5 mW at 1470 nm. Up to 20.1 ± 7.31 dB/cm and at least 52.4 ± 13.8 dB/cm net modal and material gain per unit length could be estimated.

Figure 1 .

 1 Figure 1.12 Cross-sections of the fabricated slot waveguides. Silicon nitride slot waveguide with slot width of ~100 nm and strip size of ~460 × 460 nm 2 (a) before and (b) after the Er:Al2O3 deposition by ALD method. Crosssections were measured with scanning electron microscopy. Figures and information are reproduced from [54].

Figure 1 .

 1 13 presents the structure of the designed silicon-based Er silicate waveguide amplifier.

Figure 1 .

 1 Figure 1.13 Structure of the designed silicon-based Er silicate waveguide amplifier with heterogeneous integrated III-V semiconductor vertical-cavity-emitting pump laser. (a) 3-D schematic of the amplifier structure. (b) Cross sectional view of the amplifier structure. Figures and information are reproduced from [55].

[ 56 ]

 56 by transition 4 I11/2 → 4 I13/2, lasing at 550 nm [57] by transition 4 S3/2 → 4 I15/2, and the most interesting one for us, lasing by transition 4 I13/2 → 4 I15/2 at 1.5-1.6 μm in the 3 rd telecommunications window. In comparison to Erbium waveguide amplifiers, the laser configuration essentially requires the addition of an optical cavity, namely a ring resonator, a distributed Bragg reflector (DBR) or a distributed feedback (DFB) resonator and so on.

Figure 1 .

 1 Figure 1.14 Al2O3:Er 3+ ring resonator laser in [58]. (a) Device schematic. (b) Device photograph. (c) On-chip integrated laser output power versus pump power launched into the chip for varying resonator and output coupler lengths. The resonator length, coupler length, and main lasing wavelength are indicated. (d) Laser output spectra for different coupler lengths LC and resonator lengths LR. Figures and information are reproduced from [58,59].

  3+ waveguide-DFB lasers on an ultralow-loss Si3N4 planar waveguide platform were demonstrated. The reported DFB cavity was measured 7.5 mm long, with 1 mm long × 2.8 μm wide active input waveguides on either end between the lasing cavity and a die facet. Its cross-section diagram is shown in Figure 1.15 (a) and the simulated TE-mode profile for the lasing light at 1531 nm wavelength is depicted in Figure 1.15 (b). Sidewall gratings providing the lasing feedback were defined in the siliconnitride layer using 248 nm stepper deep UV (Ultraviolet) lithography, as shown in Figure 1.15 (c) and (d), while a simple reactive co-sputtering step was used to deposit the erbium doped aluminum-oxide active layer. The Erbium doping concentration in this work was quantified as 1.7 × 10 20 cm -3 . Lasing with an output power of 8 μW at wavelengths between 1531 and 1543 nm was obtained, with SMSRs (side-mode suppression ratios) of 35 dB and a FWHM (full width at half maximum) lasing linewidths of 500 kHz.

Figure 1 .

 1 Figure 1.15 (a) Cross-section diagram of the Al2O3:Er 3+ ultra-low-loss waveguide lasing structure. (b) Simulated TE-mode profile at the lasing light wavelength of 1531 nm. (c) Top-down schematic view of the DFB laser cavity. (d) SEM micrograph of the fabricated device. Figures and information are reproduced from [60].

Figure 1 .

 1 Figure 1.16 (a) Cross-section of the laser cavity showing the buried SiN waveguide and grating segments (not to scale). Fundamental TE modes of (b) 980 nm pump and (c) 1550 nm signal in the laser cavity (from Ref. [70]).

Figure 1 . 17

 117 Figure1.17 Fabrication procedure for quarter-wave phase shifted DFB laser where the grating was defined in the buried SiN, and the Al2O3:Er 3+ was blanket-deposited as a back-end-CMOS-compatible process (from[START_REF] Magden | Monolithically-integrated distributed feedback laser compatible with CMOS processing[END_REF]).

Figure 1 .16 and Figure 1 . 17 .

 1117 This kind of multi-segments silicon nitride waveguide design was proposed to provide flexibility on the requirements of Bragg gratings but also to lead to light modes (both signal and pump) mostly distributed within the active gain material region. A several-µm-thick SiO2 lower cladding was either thermally grown or deposited by PECVD (Plasma Enhanced Chemical Vapor Deposition) on a silicon wafer[START_REF] Belt | Arrayed narrow linewidth erbium-doped waveguide-distributed feedback lasers on an ultra-lowloss silicon-nitride platform[END_REF][START_REF] Purnawirman | Ultra-narrow-linewidth Al2O3:Er 3+ lasers with a wavelengthinsensitive waveguide design on a wafer-scale silicon nitride platform[END_REF]. A ~80-200-nm-thick Si3N4 layer was then grown by PECVD or LPCVD (Low Pressure Chemical Vapor Deposition) and the waveguide and cavity features patterned into the Si3N4 layer by high resolution stepper lithography. A thin SiO2 layer was then deposited. The Al2O3:Er 3+ layer was then deposited by reactive co-sputtering[START_REF] Wörhoff | Reliable low-cost fabrication of low-loss Al2O3:Er 3+ waveguides with 5.4 dB optical gain[END_REF]. For the top cladding, either the laser was left un-cladded (air top cladding) or a SiO2 layer was deposited on top. Individual chips and laser facets were formed by dicing and polishing or deep reactive ion etching and dicing. All fabrication steps prior to Al2O3:Er 3+ deposition were CMOS compatible, thus enabling the laser chips to be mass-produced in a foundry.

Figure 1 .

 1 Figure 1.18 (b). In the reported results, four lasing wavelengths were obtained simultaneously meanwhile they owned similar output powers, as shown in Figure 1.18 (c). The average of side-mode suppression ration per channel was ~38 dB. In this work, the Er ions concentration was 1.0 × 10 20 cm -3 and the total structure length was ~2.5 cm.

Figure 1 .

 1 Figure 1.18 A WDM light source based on four cascaded DFB cavities. (a) Structure schematic diagram. (b) Structure cross-section view. (c) Experimental results of single-mode emission at four wavelengths. Figures and information are reproduced from [73].

  demonstrated. Researchers used two mirrors on either side of the DFB laser structure to form a pump cavity to the unabsorbed pump light energy at 980 nm recirculate. The device structure schematic diagram is depicted in Figure1.19 (a). In this work, the Erbium doping concentration was 1.5 × 10 20 cm -3 and the lengths of the DBR grating and DFB laser were 350 μm and 2 cm, respectively, with a total structure length of 2.11 cm. Through pumping on resonance, the slope efficiency was improved nearly 1.8 times, as can be observed in Figure 1.19 (b).

Figure 1 .

 1 Figure 1.19 Resonantly-pumped DFB laser with DBR pump cavity. (a) Structure schematic diagram. (b) Experimental results: improved slope efficiency through on-resonance pumping vs. non-resonance pumping.Figures and information are reproduced from [74].

Figure 1 .

 1 20 (b) gives out the results of wavelength shift comparison between the DFB laser and the channel 1 micro-ring resonator. Such a device illustrated the potential of monolithic Erbium-doped lasers as scalable components for microsystems applications.

Figure 1 .

 1 Figure 1.20 DFB laser integrated with several micro-ring filters. (a) Structure schematic diagram. (b) Results of wavelength shift comparison between the DFB laser and the channel 1 micro-ring resonator. Figures and information are reproduced from [75].

Figure 2 . 1

 21 Figure 2.1The period table of elements.[START_REF]118 Element Muted Color Printable Periodic Table[END_REF] 

Figure 2 . 2 (

 22 Figure 2.2 (Over-) simplified description of three erbium energy levels system: the use of two pumping wavelengths (980 nm and 1480 nm) are depicted. The stimulated emission process around 1530 nm is the key physical process to obtain signal amplification for optical telecommunications in the near infrared.

Figure 2 . 3 andThe ( 1 )

 231 Figure 2.3 and Table2.1 provide more detailed information with a special focus on the 1480 nm wavelength pumping scheme, being the preferred configuration throughout this manuscript.

Figure 2 . 3

 23 Figure 2.3 Energy levels system of Erbium ions (Er 3+ ) in a host matrix and the related transition processes that happen in competition in a 1480 nm pump source scheme.

  Lots of fabrication methods have been successfully employed to deposit Al2O3 and rareearth doped Al2O3, such as chemical vapor deposition (CVD) methods[110,111], sol-gel methods[112,113], pulsed laser deposition (PLD)[114,115], reactive sputtering[START_REF] Li | Broadband 2-μm emission on silicon chips: monolithically integrated Holmium lasers[END_REF][START_REF] Wörhoff | Reliable low-cost fabrication of low-loss Al2O3:Er 3+ waveguides with 5.4 dB optical gain[END_REF][START_REF] Demirtas | Low loss atomic layer deposited Al2O3 waveguides for applications in on-chip optical amplifiers[END_REF][START_REF] Van Den Hoven | Absorption and emission cross sections of Er 3+ in Al2O3 waveguides[END_REF], and atomic layer deposition (ALD)[START_REF] Rönn | Ultra-high on-chip optical gain in erbium-based hybrid slot waveguides[END_REF]116]. Nevertheless, there are only few publications reporting devices based on channel waveguides using CVD or sol-gel. The reason for that is that layers processed by these techniques suffer from high passive losses and luminescence quenching due to OH -incorporation into the host material[START_REF] Ward | Rare-earth ion doped Al2O3 for active integrated photonics[END_REF]. On their side, layers deposited by PLD exhibit propagation losses of typically ~2.5 dB/cm at 632 nm[117]. In addition, very low propagation losses, below 0.4 dB/cm at 633 nm, have also been reported for Al2O3 films deposited by both the reactive sputtering[118] and ALD[119] techniques. Several on-chip lasers and amplifiers, including some of the cases mentioned previously, have relied on active layers processed using reactive sputtering method[START_REF] Pollnau | Optically pumped rare-earth-doped Al2O3 distributedfeedback lasers on silicon [Invited[END_REF][START_REF] Ward | Rare-earth ion doped Al2O3 for active integrated photonics[END_REF]. None of the previous techniques could yet be directly used to control the sub-nanometer scale spatial distribution of the Erbium ions within the Al2O3 host, except the atomic layer deposition (ALD) technique method[120].The control of the Erbium ion profile concentration is of great importance on the performance of the active waveguides, not only due to achieving the needed high Erbium ion concentrations but also because the local distribution of active ions has been shown to affect the ion-ion energy-transfer probability in the Erbium-doped material[121,122].Atomic layer deposition (ALD) is a chemical vapor phase deposition technique which cangenerate excellent high quality thin films. In contrast with other chemical vapor deposition, ALD process utilizes the vapor phase chemicals in a cyclic, self-saturating method. ALD's operation principle is based on the sequential using of vapor phase chemicals, which is also known as precursors. Different from other vapor phase techniques, the source vapors in ALD are pulsed into the reactor alternately, which means only one source vapor at a time and a oneby-one following process.

Figure 2 . 4 ,

 24 which presents one ALD cycle consisting of steps #1-#4 [128]. The precursors used in ALD were always flown independently. There came from series of sequential reactant-purge steps in an ALD-cycle and

Figure 2 . 4

 24 Figure 2.4 Schematic illustration of one ALD reaction cycle. Figures and information taken from [128].

Figure 2 . 5

 25 Figure 2.5 The two ALD-reactors employed by our cooperators from Aalto University. (a) Picosun ALD R-200 Advanced system [130]. (b) Beneq TFS 500 system [131]. Figures are reproduced from [129].

Figure 2 . 6 2 . 7 .

 2627 Figure 2.6 ALD-process sequence for the Er2O3-Al2O3 supercycle: (1) Er(thd)3 pulsing on the preprocessed Si3N4 slot waveguide. (2) Resulting device layer after nitrogen purging, oxygen plasma pulsing, and nitrogen purging.(3) TMA-pulsing on the Er2O3-Si3N4 surface. (4) Resulting device layer after nitrogen purging, water pulsing, and nitrogen purging. The colors for the individual atoms/molecules are as follows: C: gray; Al: green; O: red; H: white; Er: magenta; thd/methyl ligand (L): yellow. Information and figures are reproduced from [54].

Figure 2 . 7

 27 Figure 2.7 Schematic illustration of the ALD fabrication procedure for the deposition of Er:Al2O3 layers. The layers consist of one ALD cycle of Er2O3 and M ALD cycles of Al2O3, repeated by N times. Increasing M increases vertical interionic distance between the Er-ions. Information and figures are reproduced from [120].

Figure 2 . 7

 27 Figure 2.7 Schematic illustration of the fabrication process flow for the Er:Al2O3-Si3N4 active waveguides. Step 1: Low-pressure chemical vapor deposition of optical-quality silicon dioxide (thickness: 1.4 µm), followed by plasma-enhanced chemical vapor deposition of silicon nitride (thickness: 600 nm) on a 300 mm silicon substrate.

3 : 2 . 7 . 4 of this Chapter 2 ).

 32742 Atomic layer deposition of Er:Al2O3 (thickness: 150 nm) on the surface of the passive waveguide circuit to proceed to the growth of active layers on top of the passive SiN waveguides. The related fabrication flow is depicted in Figure As the ALD technique is a low-speed fabrication process, depositing ~150 nm thickness layer was estimated as a compromise providing moderate but acceptable optical confinement factor (~0.3) in the active layer meanwhile alleviating excessive growth times. Such a rather thin active layer yet doped with average Er-concentrations above 10 21 cm -3 , was also considered as a possible study case. In a complementary fashion, thicker ALD layers (~380 nm) were induced later (see Subsection 2.Five individual planar samples devices with exactly the same layouts and structures but characterized by different Er-doping levels of the active layers were prepared. The layouts of corresponding waveguide structures are shown in Figure 2.8, including four

Figure 2 . 8

 28 Figure 2.8 Generic layouts of the samples.

Figure 2 . 9

 29 Figure 2.9 (a) shows a cross-section view of the studied active waveguide family in this Section 2.3 and provides the notations of the main dimensions. Dimensions of the single-mode waveguide's cross-section are 400 nm in width and 600 nm in height.Figure 2.9 (b) presents

Figure 2 . 9

 29 (b) presents the top view of the whole waveguide channel including the grating coupler regions, the taper transitions parts, and the single-mode straight waveguide section. For those four straight waveguides being layout in Figure 2.8, the lengths of single-mode waveguide part (Lsm) are 0.1 mm, 0.5 mm, 1 mm, and 2 mm, respectively, while the other rest parts are exactly same, as shown in Figure 2.9 (b).To inject and extract light with acceptable low losses, grating couplers were considered (dimensions, width: 15 µm, height: 600 nm, length: 100 µm (Lc)) and multimode to single-mode transition tapers (dimensions, height: 600 nm, length: 500 µm (Ltaper)) at the input and output sides of the corresponding channel, as illustrated in Figure2.9 (b) as well.

Figure 2 . 10 (

 210 a). Then, Figure 2.10 (b) gives out the simplified cross-section view of the single-mode active waveguide part at the central axis, as well as the electric field distributions (|Ex/y| 2 ) of the fundamental transverse modes (TE0 and TM0) propagating at the corresponding cross-section at wavelength λ = 1533 nm. As the in/out grating couplers were designed to operate in TE-like polarization at the wavelengths of interest and to the fairly long (so as adiabatic-like) transitions between multimode and single-mode cross-sections, TE modes were preferentially exploited hereafter. For the single-mode waveguide, its confinement factor in the active region for TE0 mode was estimated to Γsm = 0.301, derived from the calculation in COMSOL Multiphysics mode solver [133].

Figure 2 . 9

 29 Figure 2.9 (a) Er:Al2O3-Si3N4 single-mode waveguide cross-section with the retained dimensions. (b) Top view of each testing waveguide channel with the lengths of the different parts, LC is the length of coupling region part in one side, Ltaper is the length of taper part in one side, and Lsm is the length of single-mode waveguide part.

Figure 2 .

 2 Figure 2.10 Schematic illustration of the studied Er:Al2O3-Si3N4 active waveguide structure. (a) Layout and 3D view of the waveguide circuit; (b) Simplified cross-section view for the single-mode waveguide part at the central axis of the waveguide as well as the electric field distributions (|𝐄𝑥/𝑦| 2 ) of the fundamental transverse modes (TE0/TM0) propagating at the corresponding cross-section at λ = 1533 nm.

Figure 2 .

 2 Figure 2.11 Schematic of the circuit for characterizing the passive transmission spectrum.

Figure 2 . 12

 212 Figure 2.12 Propagation losses characterization results in non-pumped ("pump off") active Er:Al2O3-Si3N4 waveguides. (a) Relative propagation loss for the signal light (central wavelength λ = 1533 nm; injected power Pin = 100 nW) in channels with 0.1, 0.5, 1 and 2 mm long single-mode waveguide amplifiers for Layers 1, 3, 4 and 5 without pump source; (b) Evaluated total propagation losses for the single-mode cross-section at 1533 nm as a function of the Er-concentration. In (a) and (b) the solid points correspond to the experimentally measured propagation loss values whereas the solid lines are theoretical linear least-squares fits based on the data sets. In (a) each data set has been shifted for clarity.

Figure 2 .

 2 Figure 2.12 (b) could provide α0 = 1.912 ± 0.342 dB/cm and σ12 = 5.698 ± 0.316 × 10 -21 cm 2 ,

  the continuity of the previous measurements, experimental characterization works were also mainly conducted at C2N. The amplification performances of the fabricated Er:Al2O3-Si3N4 waveguide amplifiers were studied by co-coupling simultaneously the signal (around 1533 nm wavelength; injected power Pin = 1 µW) and the pump (around 1480 nm; injected power Pin = 0-18 mW) beams inside the active waveguide channels. The signal enhancement (≡ SE) generated by each waveguide channel was then measured by varying the launched pump power in progressive steps from 0 to 18 mW. The whole equipment circuit for the amplification measurement is depicted in Figure2.13, in which the set of gratings already mentioned were used as before for light injection and extraction. Herein, it is worth noting that the maximum launched pump power (18 mW) into the active waveguide channels was the result of: (1) the 1480 nm pump laser source's maximum output power (1 W); (2) the grating coupling efficiency (around -10 dB); (3) the insertion losses (around -7 dB) in the circuit before arriving at the device under test entry. By the way, this level corresponds to a reasonable pumping power level with respect to future applications.

Figure 2 .

 2 Figure 2.13 Schematic of the circuit for characterizing the active response of the designed Er:Al2O3-Si3N4 active waveguides with a pumping source at 1480 nm and small power signal input.

Figure 2 .

 2 14 (a) and (b) indicate that within these waveguide lengths, the signal enhancement generated by each waveguide amplifier improves with the increase of the Erconcentration in the active layer. Additionally, a saturation-like phenomenon starts to occur

Figure 2 .

 2 Figure 2.14 Gain characterization of the Er:Al2O3-Si3N4 active waveguides. Signal enhancement generated in (a) the 0.1 mm long and (b) in the 0.5 mm long single-mode waveguides for a signal beam at λc = 1533 nm and a power level of Pin ≈ 1 µW as a function of the launched pump power (λP = 1480 nm, Pin = 0-18 mW).

Figure 2 .Figure 2 .

 22 Figure 2.15 Confinement factor in the active layer of the fundamental TE mode along the taper location.

Figure 2 . 16

 216 Figure 2.16 Calculated modal gains generated by the active channels with effective amplifier lengths of (a) Le = 320 µm and (b) Le = 720 µm as a function of the launched pump power (0-18 mW), respectively.

Figure 2 . 17

 217 Figure 2.17 Schematic illustration of the designed Er:Al2O3-Si3N4 active waveguide structure with a 380 nm thickness active layer. (a) Cross-section view and (b) TE fundamental mode profile for the single-mode waveguide section at  = 1533 nm; (c) Top view of the whole waveguide channel.

Figure 2 .

 2 Figure 2.17 (b) gives out its fundamental TE mode profile in the single-mode waveguide cross-section, which confinement factor in the active layer region was estimated to Γsm = 0.259.

Figure 2 .

 2 Figure2.17 (c) presents the top view of the whole waveguide channel including the grating coupler regions, the taper transitions parts, the multimode waveguide parts, and the singlemode straight waveguide section. Worth noting here, except the single-mode straight waveguide section, which was fully etched, all other parts were half etched (etched with 300 nm in height) resulting in rib waveguide regions, as shallow etched grating couplers can provide higher coupling efficiency than the full etched ones. On each sample, four strip waveguides and five spiral waveguides were considered with different single-mode waveguide lengths as illustrated in Figure2.18 and described in Table2.5.

Figure 2 . 18

 218 Figure 2.18 Mask presentation: devices in each sample, including four strip waveguides and five spiral waveguides with different single-mode waveguide lengths.

Figure 2 . 19

 219 Figure 2.19 Propagation losses measurements at wavelength 1533 nm wavelength for each sample. (a) Sample 1; (b) Sample 2; (c) Sample 3; (d) Sample 4; (e) Sample 5; (f) Sample 6. Different samples correspond to different Er-concentration Er:Al2O3 layers.

3

 3 was again applied on fitting the relationship between the Er-concentration of active layers and the obtained total propagation losses data according to the Equation (2-1). Thus, the related parameters in Equation (2-1) could be derived, in particular the passive waveguide propagation losses, α0 (excluding the absorption losses coming from the Er-ions). The result is shown in Figure 2.20.

Figure 2 . 20

 220 Figure 2.20 Relationship between total propagation losses (α) and Er-concentration (at. %). The passive waveguide propagation losses (α0), mainly coming from waveguide sidewall scattering losses, can be derived from a linear fit. N represents here the value of the Er-concentration (at. %).

  to investigate the amplification properties of these SiN active waveguides by relying on a 1480 nm pump source under a weak power (1 µW) signal. The available launched pump power could reach up to 15.5 mW and 20 mW for samples 1-3 and samples 4-6, respectively. All the obtained signal enhancement data for these six samples are plotted in Figure 2.21 (a) -(f), respectively.

Figure 2 . 21 2 . 3 .

 22123 Figure 2.21 Signal enhancement measurement results: (a) Sample 1 with Er-concentration at 0.38%; (b) Sample 2 with Er-concentration at 0.47%; (c) Sample 3 with Er-concentration at 0.63%; (d) Sample 4 with Erconcentration at 0.94%; (e) Sample 5 with Er-concentration at 1.89%; (f) Sample 6 with Er-concentration at 3.78%.

Figure 2 . 23 (

 223 a) -(f) give out all the estimated modal gain results for the active channel devices on Samples

Figure 2 .

 2 Figure 2.23 Left Y-axis: estimated modal gain results derived from the achieved measurements. (a) Sample 1 with Er-concentration at 0.38%; (b) Sample 2 with Er-concentration at 0.47%; (c) Sample 3 with Er-concentration at 0.63%; (d) Sample 4 with Er-concentration at 0.94%; (e) Sample 5 with Er-concentration at 1.89%; (f) Sample 6 with Er-concentration at 3.78%. Right Y-axis: Estimated modal gain results if the passive waveguide losses were 10 dB less (then around 1.71 dB).

3. 2 :

 2 the first one is based on a dual period DFB cavity structure, and the other one relies on a coupled photonic crystal (PhC) cavity structure (e.g., a so-called photonic crystal molecule[136][137][138]). Both can achieve supporting a double resonance at 1480 and 1533 nm wavelengths simultaneously, as desired, and have potential for further applications to on-chip erbium light sources. They differ notably by their size. While the first leads to typical dimensions of few 100 µm, the second one proposes a more aggressive approach aiming at devices of few 10 µm lengths at the end.Finally, we conclude this series of structure designs by taking advantage of the previous steps to propose an approach applicable to the realization of doubly resonant cavities at two very distinct wavelengths, opening the way to the realization of light sources using other active media than Erbium. Our group has carried out previous research experiences on the use of carbon nanotubes doped polymer matrix for the realization of integrated on-chip light sources, so we decided to choose this special case as a testbed of the more general proposed design method. Starting from this point, based on SiN platform, a double corrugation DFB cavity design strategy is proposed and demonstrated in the Section 3.3 of Chapter 3, which can simultaneously support two resonances for the optical pump (~735 nm) and signal (~1310 nm) corresponding to semiconducting single-wall carbon nanotubes with chirality (8,7) [139].

Figure 3 . 1

 31 Figure 3.1 (a) 3D schematic diagram of the full waveguide structure. (b) Cross section view. (c) Front view.

Figure 3 . 1

 31 (b) shows the cross-section of the waveguide structure and Figure 3.1 (c) shows its front view.This thin SiO2 layer on top of the Si-segments can reduce the impact of the high refractive index Si wires on the optical mode distribution and improve the wavelength insensitivity to obtain a higher overlap between the pump and signal modes[START_REF] Pollnau | Optically pumped rare-earth-doped Al2O3 distributedfeedback lasers on silicon [Invited[END_REF]. Finally, an Er:Al2O3 thin film can be grown on top the structure with the ALD technique. The main waveguide related parameters are labeled in Figure3.1 (b). The thickness of the thin SiO2 layer between the Sisegments and the Er:Al2O3 layer is labeled as gox. Si-segments have a width of wSi, a thickness of hSi and an inter-segment distance referred as gap. The thickness of the active cladding is labeled as hEr.

Figure 3 . 2

 32 Figure 3.2 Mode analysis results obtained through COMSOL Multiphysics simulation under the following waveguide dimensions: hEr = 500 nm, wSi = 100 nm, hSi = 100 nm, gap = 300 nm, gox = 100 nm. (a) |Ex| 2 plot at the signal wavelength, λS = 1533 nm. (b) |Ex| 2 plot at the pump wavelength, λP = 1470 nm.
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 3333 (a), (b) and (c) give a synthesis of the main results in terms of the confinement factor Γa. From Figure 3.3 (a), we can see that when gap increases before reaching 200 nm, Γa also increases, while when gap increases from 200 nm to 700 nm, the increment of Γa tends to saturate. Another conclusion derived from Figure (a) is that the influence of gox on Γa is weak, especially when gap is larger than 200 nm.

Figure 3 . 3

 33 (b).

Figure 3 . 3

 33 (b) shows that when the silicon film thickness (hSi) is constant, Γa decreases when the silicon rails width (wSi) increases.

Figure 3 . 3

 33 Figure 3.3 (b). Overall, wSi and hSi should thus be maintained at small enough values, which is

Figure 3 . 3

 33 Figure 3.3 Exploring the influence of the waveguide parameters (see Figure 3.1) on the dielectric energy confinement factor Γa in the active material: (a) hEr = 500 nm, hSi = 100 nm, wSi = 100 nm, as a function of the gap and gox parameters. (b) hEr = 500 nm, gap = 200 nm, gox = 100 nm, as a function of the wSi and hSi parameters.

Figure 3 . 3

 33 (c) shows the related results. From Figure3.3 (c), it is obvious that the active layer thickness has a strong influence on the mode confinement factor in the active layer while gap is only a second order parameter, which thus proves its little sensitivity to the fabrication errors. If hEr is constant and gap is less than 200 nm, Γa increases when gap increases. When gap is larger than 200 nm,

Figure 3 . 3

 33 (a), (b) and (c), we can clearly draw the following conclusion: Γa is dominated by hEr, the thickness of the Er:Al2O3-layer.

Figure 3 . 3

 33 Figure 3.3 (d) shows the value level of Γa when it is saturated for different thickness values of the Er:Al2O3-layer, which will provide important guidance for laser design in the next steps.

Figure 3 . 4

 34 (a), and Figure3.4 (b) shows its top view. We choose the two silicon segments which are closer to the center one to design distributed gratings. In this way, appreciable grating coupling coefficient (|κ|) can be obtained without a huge effect on the target waveguide mode. The length of the distributed Bragg mirrors in each side is L. The grating period is Λ, and the filling factor f (defined as the ratio of single silicon grating length to the grating period) is 0.5, which provides the highest coupling coefficient[START_REF] Murphy | Design, Fabrication and Measurement of Integrated Bragg Grating Optical Filters[END_REF].

Figure 3 . 4

 34 Figure 3.4 Designed QWS-DFB structure. (a) 3D schematic diagram. (b) 2D top view of the DFB cavity made of two identical DBR left and right mirrors and a quarter-wave intermediate section.

Figure 3 . 5

 35 (a) presents a synthesis of the obtained results in different conditions, as well as the corresponding values of |κ| and αm values

Figure 3 . 5 1 . 2 . 3 . 4 )

 351234 Figure 3.5 (a) Calculation results for αm (mirror loss level) in different situations of |κ|L as well as the corresponding |κ| values at each L (DBR mirror length) value. αm1, αm2 and αm3 correspond to the laser conditions (αm = Γagmat) when the confinement factor (Γa) is 0.25, 0.5, and 0.75, respectively. (b) The relationship between αm and the needed |κ| values to satisfy the lasing condition in different situations of the DBR mirror length (L).

Figure 3 . 7

 37 Figure 3.7 (a) shows the obtained results for hEr = 700 nm: seventeen scatter points are labeled corresponding to seventeen combinations of parameters and the detailed information of these parameters are given in Supplementary Material section of this Chapter 3. In Figure 3.7 (a), the starting point of the x coordinate axis is Γa = 0.50, which is the lowest limit that we set. The vertical cyan solid line stands for the symbol of Γa = 0.75. According to the results in

Figure 3 . 7

 37 Figure 3.7 (a), we can see that when Γa = 0.50, the DFB laser length 2L can reach 1 mm if |κ| ≥ 3110 m -1 , 0.5 mm if |κ| ≥ 8012 m -1 and 0.2 mm if |κ| ≥ 25640 m -1 . When Γa = 0.75, the DFB laser length 2L can reach 1 mm if |κ| ≥ 2574 m -1 , 0.5 mm if |κ| ≥ 6972 m -1 and 0.2 mm if |κ| ≥ 23140 m -1 . All the corresponding |κ| values are shown in Figure 3.7 as blue dashed lines. Based on the lasing condition that both |κ| and Γa values can meet these requirements simultaneously, we can divide the Figure 3.7 (a) into six regions (Ⅰ-Ⅵ). Region Ⅰ stands that a 1 mm long length DFB laser can be achieved with a confinement factor lager than 0.50 meanwhile smaller than 0.75 and all other regions are labeled accordingly.Figure 3.7 (b) -(f) own the same properties

Figure 3 . 7

 37 (b) -(f) own the same properties and organization as Figure 3.7 (a), and they correspond to the cases of hEr = 800 nm, hEr = 900 nm, hEr = 1000 nm, hEr = 1100 nm, and hEr = 1200 nm, respectively. By observing Figure 3.7 (a) -(f), we can see that there are a lot of points located in the regions Ⅲ and Ⅳ in each case of hEr value, showing the straightforward feasibility of achieving 0.5 mm long DFB lasers. Additionally, we can find that there is one point (number 6) located in region Ⅴ in Figure 3.7 (d) and two points (number 5, 7) located in region Ⅴ in Figure 3.7 (f). However, no point was found in region Ⅵ.

Figure 3 . 7

 37 Figure 3.7 Exploration of the relationship between |κ| and Γa in different situations. (a) hEr = 700 nm. (b) hEr = 800 nm. (c) hEr = 900 nm. (d) hEr = 1000 nm. (e) hEr = 1100 nm. (f) hEr = 1200 nm. For each plot of (a) -(f), the number labels stand for different combinations of the waveguide parameters (details are given in Supplementary Material section of this Chapter 3).

  5 mm and down to 0.2 mm footprint lengths. It appears in fact that the design compromises leave a relatively large part to the variability of the opto-geometric parameters. As a result, a wide range of parameters are available for the realization of lasers directly integrated into silicon-on-insulator waveguides. The results show the potential of oxides doped with erbium and deposited at low temperature by ALD for the realization of integrated lasers pumped at ~1.48 µm by continuous wave sources of a few mW power[START_REF] Rönn | Ultra-high on-chip optical gain in erbium-based hybrid slot waveguides[END_REF].

Figure 3 . 8 givesFigure 3 . 8

 3838 Figure 3.8 (a) Cross-section of the defined Si straight waveguide with labeled dimensions, cladding is PMMA. Fundamental TE0 mode electric intensity profiles at wavelength (b) 1480 and (c) 1533 nm, respectively, in the defined Si straight waveguide cross-section.

Figure 3 . 9

 39 Figure 3.9 (a) 3D schematic of the designed dual periods QWS-DFB cavity. (b) Related top view of the designed dual periods QWS-DFB cavity labeling with related information: Λi is the 1 st Bragg grating period; Wi is the grating pillar widths; Ni is the grating period number on each side of the QWS-DFB cavity; i stands for 1 and 2, corresponding to 1480 nm and 1533 nm wavelengths, respectively.

Figure 3 .

 3 Figure 3.10 "2.5D FDTD" simulation results. (a) Normalized transmission of device case with N1 = 320, N2 = 300, W1 = 10 nm and W2 = 30 nm. (b) Normalized transmission of device case with N1 = 320, N2 = 300, W1 = 20 nm and W2 = 30 nm. (c) Normalized transmission of device case with N1 = 320, N2 = 300, W1 = 30 nm and W2 = 30 nm.

Figure 3 .

 3 Figure 3.11 Estimating Q factors for two aiming resonances derived from 2.5D FDTD simulation results of all device cases. (a) -(e) show the relationship between the two Q factors and W1 for resonance 1 and 2 for cavity lengths of 62.4, 124.8, 189.5, 249.6 and 312.0 μm, respectively. The Q absolute values reported here are not relevant for themselves as estimation relies on "2.5D" simulation. Yet, the relative values between the resonance widths gives trends that can provide guidelines for 3D extensive simulation.

Figure 3 .

 3 13 (a), as well as its top view in Figure 3.13 (b), where the related parameters are labeled: a the PhC lattice period constant; R1 the radius of the innermost circle mirror just nearby the cavity center line; RN is the radius of the outermost circle mirror; N is the number of holes. Starting from the center line to the two sides of the cavity structure, arrays of fully etched circle mirrors with decreasing radii and filled by PMMA are placed symmetrically with respect to the resonator center. The distance between two circle mirrors is not modulated and is kept constant, corresponding to the lattice period (a). As introduced in [161], the geometrical cavity length

Figure 3 .

 3 Figure 3.13 Illustrative views of the considered single PhC cavity based on a 220 nm silicon thick SOI wafer with a PMMA cover cladding. (a) 3D view. (b) Top view with information related to parameter: a is the lattice period constant; R1 is the radius of the innermost circle mirror just nearby the cavity center line; RN is the radius of the outermost circle mirror; N is the number of mirrors.

Figure 3 .

 3 Figure 3.14 Band structures calculation results. The lattice period constant is kept a = 360 nm. The red and blue curves correspond to the results obtained for R1 = 134 nm and RN = 90 nm, respectively.

  cavity system was considered by placing two identical designed PhC nanobeam cavities sideby-side, as shown in Figure 3.15 in which S refers to the separation distance between these two PhC cavities, and the other parameters being remaining unchanged. The effect of the separation distance (S) between these two PhC cavities on the frequency splitting between the two super-modes was determined through 3D FDTD simulation carried out with mesh resolutions of Resx = 10 nm, Resy = 10 nm, Resz = 22 nm along the axis directions of x, y, z, respectively.

Figure 3 .

 3 Figure 3.15 The designed coupled PhC cavity system structure. (a) 3D schematic. (b) Top view, S stands for the separation distance between these two PhC cavities.

Figure 3 .

 3 16 (a) summarizes the evolution of the two mode frequencies and Q factors as a function of S values. As predicted, frequency splitting between the odd and even modes is dominated by the coupling strength, which in this case is determined by the dimension of the gap separation between these two coupled PhC cavities. It can be easily seen that when S is small, a large frequency splitting between the odd and even modes occurs, i.e., reaching more than 100 nm when S = 30 nm; while when S = 300 nm, only ~10 nm frequency splitting occurs. By analyzing the obtained numerical simulation results, S = 90 nm was found to result in an appropriate frequency splitting between the two coupled resonant modes finally adjusted at 1478 and 1532 nm, respectively. Q factors were estimated accordingly and are plotted as a function of S being shown in Figure 3.16 (b).

Figure 3 .

 3 Figure 3.16 3D FDTD simulation results. (a) Resonant mode wavelengths as a function of separation distance between two PhC cavities, showing large dispersion of the even mode. (b) Q factors of odd and even coupled modes as a function of separation distance between two PhC cavities in the coupled PhC cavity system.

(

  a) and (b) as well, respectively. The odd mode appears like a superposition of two uncoupled single cavity mode profile as its electric (Ey) filed profiles mostly locate in these two PhC cavities. On the other side, the even mode, more looks like a slot cavity mode profile[171][172][173] because the field intensity dominates among the gap separation. These characteristics help to interpret their behavior difference with respect to the cavity gap separation (S).

Figure 3 .

 3 Figure 3.17 3D FDTD simulation results. The electric (Ey) field profiles distributed among the coupled PhC cavity system. (a) Resonance at 1478 nm; (b) Resonance at 1532 nm.

Figure 3 .

 3 Figure 3.18 (a) 3D schematic diagram of the considered double corrugation distributed feedback optical cavity. (b) Cross-section view of the structure: a rib waveguide based on a 600 nm thick SiN (on SiO2) layer is combined with two series of Bragg gratings. (c) Top view of the structure giving details of the double Bragg gratings.

Figure 3 .

 3 Figure 3.19 (a) Cross-section of the rib waveguide with labeled dimensions. (b) Cross-section of the rib waveguide with double corrugation gratings. (c) Fundamental TE mode profile at λ1 in the rib structure. (d) Fundamental TE mode profile at λ2 in the rib structure. (e) Fundamental TE mode profile at λ1 in a single grating rib waveguide (Gap1 = 100 nm). (f) Fundamental TE mode profile at λ1 in the rib waveguide with the two gratings (Gap1 = 100 nm, Gap2 =650 nm). (g) The fundamental TE mode effective index at λ1 versus Gap2 when Gap1 = 100 nm. (TE-like polarization in all cases).

Figure 3 .

 3 21 (a) in order to have a clear look on it due to its higher Q factor. The electrical field distribution of these two resonances in the double corrugation cavity are plotted in Figure 3.21 (c) and (d), respectively.

Figure 3 .

 3 Figure 3.20 (a) 3D schematic diagram of the proposed double corrugation QWS-DFB cavity structure, the deep red parts representing shifted regions. (b) Top view for the center of the double corrugation QWS-DFB cavity, the shifted regions of the first gratings and the second gratings are labeled, respectively.

Figure 3 .

 3 Figure 3.21 3D-FDTD simulation results. (a) Transmission results near λ1 (short resonance wavelength). (b) Transmission results near λ2 (long resonance wavelength). (c) Normalized electric field distribution at λres1 = 726.9 nm in the double corrugation QWS-DFB cavity. (d) Normalized electric field distribution at λres2 =1316.3 nm in the double corrugation QWS-DFB cavity.

  5 mm and 0.2 mm length footprint size. It appears in fact that the design compromises leave a relatively large part to the variability of the opto-geometric parameters. As a result, a wide range of parameters are available for the realization of lasers directly integrated into silicon-on-insulator waveguides. The results show the very high potential of oxides doped with erbium and deposited at low temperature by ALD for the realization of integrated lasers pumped at 1470 nm by continuous sources of a few mW power and open up interesting prospects for integrating and combining these sources to create optical links or more complex on-chip functions. They bring a contribution to the problem of sources and amplifiers for the silicon photonics platform.In Section 3.2, in order to further recycle pump photons to improve the lasing efficiency of the erbium-based on-chip sources, structures being capable of resonating at both ~1480 nm and ~1533 nm have been studied. We proposed two types of cavities that can meet the requirements, a dual periods DFB cavity structure in Sub-section 3.2.1 and a coupled photonic crystal cavity structure in Sub-section 3.2.2, respectively. These two strategies can well satisfy supporting resonances at ~1480 nm and ~1533 nm simultaneously. For the designed dual period DFB cavity, quality factors at the two target resonances can be adjusted, either by modifying the Bragg grating width or varying the Bragg grating period number. The length of total device can still be sub-mm, e.g., ~300 μm in the typical studied cases. For the coupled photonic crystal cavity proposed in a next step, targeted double resonances with large quality factors (>> 10 4 ) can be obtained within a super compact footprint size, such as ~14.4 μm in the last studied case.

Chapter 1

 1 was devoted to an overview of the state of the art, and identified the strengths of previous works, but also the challenging dimensions for further developments. This preliminary step clearly confirmed the need for advanced miniaturization of on-chip amplification structures based on rare-earth doped and optically pumped active waveguides.Chapter 2 gathered the experimental works carried out in this work. We reported the loss and gain properties of the active silicon nitride waveguides coated by active Er-doped aluminum oxide layers processed by atomic layer deposition (ALD) at Aalto University by a key research partner. SiN passive circuits fabricated at STMicroelectronics following our designs were covered at Aalto through different Erbium concentrations and thicknesses jointly decided by us and Prof. Zhipei Sun's group (mainly with Dr.John Rönn). The specific ALD technique developed at Aalto allowed reaching Er-concentrations up and above 10 21 cm -3 , consistently with the thesis objectives, while simultaneously alleviating excessive detrimental ion-ion quenching effects and up-conversation mechanisms of the active layers. Two series of experimental works have been investigated and presented, distinguished by the thickness of deposited active Er-doped layers upon wafer samples: one was 150 nm, and the other was 380 nm. In the first series of experimental works, 1.76 dB and 3.13 dB signal enhancements were obtained from on-chip Er:Al2O3-coated Si3N4 active waveguides with an Er-concentration of 3.88  10 21 cm -3 and effective waveguide lengths of 320 μm and 720 μm, respectively. In these experiments, a 1480 nm wavelength pump source with a pumping power level up to 18 mW was injected in the waveguides. Modal gains of 22.85 dB/cm and 11.32 dB/cm, respectively, were thus monitored by this approach, corresponding to 82.29 dB/cm and 43.99 dB/cm material gain values, respectively. The second series of experimental works relied on thicker Er:Al2O3 active layers (380 nm) and provided 5.5 dB signal enhancement in a 5.113 mm long spiral active waveguide with an Er-concentration of 1.89 × 10 21 cm -3 still pumped at 1480 nm wavelength with a power of 20 mW. The highest estimated material gain was then 48.2 dB/cm generated in a strip waveguide amplifier with an effective length of 680 μm and an Erconcentration of 0.47 × 10 21 cm -3 under a pumping power of 10 mW. These two series of experiments were limited to the configurations accessible by the availability of technological runs (both at C2N and at STMicroelectronics) and the periods of activity of the Finnish partners on the theme, but brought confirmation of a concrete point: ultra-doped (> 10 21 cm -3 ) and sub-millimeter active waveguide structures have an interesting potential for light amplification over very short distances (< 1mm) in the optical pumping regime at 1480 nm wavelength under a few mW of pumping power, being characterized by material gains of several tens of dB per cm.

  

  

  

  

  

  

  

  

  

  

Table 1 .1 Survey on the selection of on-chip Erbium related integrated amplifiers Integration platform Host materials Er-ions concentration Device length Pump power, wavelength Gain performance Ref.

 1 

	SOI	Al2O3	1-2 × 10 20 cm -3	13.5 mm 53 mW, 1480 nm	No net gain,	[50]
						7 dB signal enhancement	
	SOI	Al2O3	1.17 × 10 20 cm -3	5.4 cm	100 mW, 977 nm	Internal peak net gain:	[51]
						9.3 dB	
	SOI	Al2O3	1.92 × 10 20 cm -3	12.9 cm	250 mW, 976 nm	Net peak internal gain:	[52]
			0.95 × 10 20 cm -3	24.4 cm		~20 dB	
	SiN	Al2O3	1.7 × 10 20 cm -3	10 cm	~50mW, ~980 nm Total net gain: ~18.1 dB [53]
						Net modal gain:	
	SiN	Al2O3	4.9 × 10 21 cm -3	250 μm	4.5 mW, 1470 nm	20.1 ± 7.31 dB/cm	[54]
						Net material gain:	
						52.4 ± 13.8 dB/cm	

Table 2 .1 Energy transition processes in the 1480 nm pumping regime. Transition Process Name of the process Involved coefficient for its quantitative description (1) Ground state absorption of pump R12 (2) Stimulated emission of pump R21 (3) Ground state absorption of signal W12 (4) Stimulated emission of signal W21 (5) Non-radiative decay from 4 I9/2 to 4 I11/2 A43 (6) Non-radiative decay from 4 I11/2 to 4 I13/2 A32 (7) Spontaneous emission of signal A21 (8) Excited state absorption of pump RESA (9) Energy transfer up-conversion between two ions Cup (10) Cross-relaxation process C14

 2 ETU) process between two Er 3+ ions at the energy level4 I13/2 that cooperate to result in an Er 3+ ion 4 I9/2 excited stated and the de-excitation of the other one to the ground state 4 I15/2, thus also resulting in a net loss of Er ions at the 4 I13/2 energy level. This process is dependent on the square population N2 2 , where N2 is the number of Er 3+ ions at the state of 4 I13/2. As ETU also tends to lower N2, it significantly harms the gain performance of the Er 3+ doped materials and should be suppressed as much as possible, especially when the Er 3+ ions concentration is high[START_REF] Agazzi | Energy-Transfer-Upconversion Models, Their Applicability and Breakdown in the Presence of Spectroscopically Distinct Ion Classes: A Case Study in Amorphous Al2O3: Er 3+[END_REF]. Last, the transition (10) is the cross-relaxation process, which also happens between two Er 3+ ions, but one from the energy level 4 I9/2 and the other from the energy level 4 I15/2, leading to both arriving to the energy level 4 I13/2, i.e. which is the inverse procedure of ETU.

	emission transition from 4 I13/2 to 4 I15/2. Process (8) represents the excited state absorption (ESA)
	of pump photons from 4 I13/2 → 4 I9/2 transition. In terms of amplification or lasing, ESA

4 

I13/2 and 4 I15/2. Transition (7) is first the spontaneous represents a loss channel for pump photons as the de-excitation mechanism of excited Er ions is non-radiative, thus giving rise to a net loss of pump photons and thus to the needed higher pump levels to reach the population inversion of Er ions. Transition (9) represents an energy transfer up-conversion (

  due to its similarity in valency and lattice constant with Er2O3[START_REF] Bradley | Gain bandwidth of 80 nm and 2 dB/cm peak gain in Al2O3: Er 3+ optical amplifiers on silicon[END_REF][START_REF] Smit | Al2O3 films for integrated optics[END_REF][START_REF] Van Den Hoven | Photoluminescence characterization of Er-implanted Al2O3 films[END_REF],[START_REF] Agazzi | Monolithic integration of erbium-doped amplifiers with silicon-on-insulator waveguides[END_REF]103,106,107], silicon nitride[START_REF] Bradley | Erbium-doped integrated waveguide amplifiers and lasers[END_REF][START_REF] Rönn | Ultra-high on-chip optical gain in erbium-based hybrid slot waveguides[END_REF][START_REF] Belt | Arrayed narrow linewidth erbium-doped waveguide-distributed feedback lasers on an ultra-lowloss silicon-nitride platform[END_REF][START_REF] Purnawirman | Cand L-band erbium-doped waveguide lasers with waferscale silicon nitride cavities[END_REF][START_REF] Li | Broadband 2-μm emission on silicon chips: monolithically integrated Holmium lasers[END_REF][START_REF] Hosseini | CMOS-compatible 75 mW erbium-doped distributed feedback laser[END_REF][START_REF] Purnawirman | Ultra-narrow-linewidth Al2O3:Er 3+ lasers with a wavelengthinsensitive waveguide design on a wafer-scale silicon nitride platform[END_REF][START_REF] Purnawirman | Wavelength division multiplexed light source monolithically integrated on a silicon photonics platform[END_REF][START_REF] Singh | Resonant pumped erbium-doped waveguide lasers using distributed Bragg reflector cavities[END_REF][100][101][102]104], or un-doped Al2O3 waveguides[108]. These works fully exhibit the excellent abilities of Al2O3 in activepassive photonic applications, paving the way for scalable level integrated photonic chips in which several light sources and amplifiers could be monolithically integrated, thereby reducing the cost and decreasing the complexity of current active-passive assembly methods dominated by Ⅲ-Ⅴ materials hybrid integration[START_REF] Liang | Recent progress in lasers on silicon[END_REF][START_REF] Fang | Electrically pumped hybrid AlGaInAs-silicon evanescent laser[END_REF]109].

	supplying an excellent solution for active functionalities in different spectral ranges when
	doped with Erbium or other rare-earth ions.
	Thanks to those advantages, lots of rare-earth ion doped demonstrated on-chip amplifiers

[START_REF] Bradley | Erbium-doped integrated waveguide amplifiers and lasers[END_REF][START_REF] Bradley | Gain bandwidth of 80 nm and 2 dB/cm peak gain in Al2O3: Er 3+ optical amplifiers on silicon[END_REF][START_REF] Vázquez-Córdova | Erbium-doped spiral amplifiers with 20 dB of net gain on silicon[END_REF][START_REF] Rönn | Ultra-high on-chip optical gain in erbium-based hybrid slot waveguides[END_REF][START_REF] Wörhoff | Reliable low-cost fabrication of low-loss Al2O3:Er 3+ waveguides with 5.4 dB optical gain[END_REF][START_REF] Yang | High-gain Al2O3: Nd 3+ channel waveguide amplifiers at 880 nm, 1060 nm, and 1330 nm[END_REF][START_REF] Van Den Hoven | Absorption and emission cross sections of Er 3+ in Al2O3 waveguides[END_REF][START_REF] Van Den Hoven | Net optical gain at 1.53 μm in Erdoped Al2O3 waveguides on silicon[END_REF][START_REF] Musa | Characteristics of Er-doped Al2O3 thin films deposited by reactive co-sputtering[END_REF][START_REF] Demırtaş | Control of optical amplification process with extremely low background loss in Er: Al2O3 Waveguides[END_REF] 

and lasers

[START_REF] Bradley | Erbium-doped integrated waveguide amplifiers and lasers[END_REF][START_REF] Bradley | Integrated Al2O3:Er 3+ ring lasers on silicon with wide wavelength selectivity[END_REF][START_REF] Belt | Arrayed narrow linewidth erbium-doped waveguide-distributed feedback lasers on an ultra-lowloss silicon-nitride platform[END_REF][START_REF] Belt | Erbium-doped waveguide DBR and DFB laser arrays integrated within an ultralow-loss Si3N4 platform[END_REF][START_REF] Purnawirman | Cand L-band erbium-doped waveguide lasers with waferscale silicon nitride cavities[END_REF][START_REF] Li | Broadband 2-μm emission on silicon chips: monolithically integrated Holmium lasers[END_REF][START_REF] Hosseini | CMOS-compatible 75 mW erbium-doped distributed feedback laser[END_REF][START_REF] Purnawirman | Ultra-narrow-linewidth Al2O3:Er 3+ lasers with a wavelengthinsensitive waveguide design on a wafer-scale silicon nitride platform[END_REF][START_REF] Purnawirman | Wavelength division multiplexed light source monolithically integrated on a silicon photonics platform[END_REF][START_REF] Singh | Resonant pumped erbium-doped waveguide lasers using distributed Bragg reflector cavities[END_REF][START_REF] Blaize | Multiwavelengths DFB waveguide laser arrays in Yb-Er co-doped phosphate glass substrate[END_REF][START_REF] Bastard | Glass integrated optics ultranarrow linewidth distributed feedback laser matrix for dense wavelength division multiplexing applications[END_REF][START_REF] Bernhardi | Highly efficient, low-threshold monolithic distributed-Bragg-reflector channel waveguide laser in Al2O3: Yb 3+[END_REF][START_REF] Bernhardi | Photonic generation of stable microwave signals from a dual-wavelength Al2O3: Yb 3+ distributed-feedback waveguide laser[END_REF][START_REF] Bernhardi | Ultra-narrow-linewidth, singlefrequency distributed feedback waveguide laser in Al2O3: Er 3+ on silicon[END_REF][100][101][102][103][104][105] 

have retained Al2O3 as the host matrix, several of them also demonstrating integration of the fabricated active waveguides with different passive photonic platforms such as silicon-on-insulator (SOI)

Table 2 .2 Preparation conditions and Er-concentrations of the ALD processed Er:Al2O3 active layers.

 2 

	Sample		Number of cycles		Thickness	Elemental composition (at. %)
		Er2O3	Al2O3	Total	(nm)	O	Al	Er
	1	1	12	125	146.6	64.26	34.63	1.11
	2	1	8	187	148.8	63.80	34.55	1.65

Table 2 .3 Total propagation losses in samples.

 2 

	Sample	Layer Er-concentration (at. %)	α (dB/cm)
	1	1.11	9.30 ± 2.26
	3	1.98	19.73 ± 3.10
	4	3.08	25.39 ± 2.08
	5	3.88	32.15 ± 4.49
	The total propagation losses in the single-mode waveguides (α) theoretically depend on
	the active layer Er-concentration by Equation (2-1):	
	𝛼(𝑁 0 )[𝑑𝐵/𝑐𝑚] = 𝛼 0 + 10 𝑙𝑜𝑔 10 ( 𝑒)𝜎 12 𝛤 𝑠𝑚 𝑁 0	(2-1)

Table 2 .4 Amplification performance of the studied active waveguides.

 2 

	Layer	Er-concentration	Max. Signal Enhancement (dB)	Max. Modal Gain (dB/cm)
		(at. %)	Le = 320 μm	Le = 720 μm	Le = 320 μm	Le = 720 μm

Table 2 .5 Lengths of single-mode waveguides Name Length

 2 

	Strip 1	300 μm
	Strip 2	500 μm
	Strip 3	700 μm
	Strip 4	900 μm
	Spiral 1	5.075 mm
	Spiral 2	6.75 mm
	Spiral 3	8.075 mm
	Spiral 4	10.38 mm
	Spiral 5	13.07 mm
	2.4.2 Waveguide losses characterization	
	Passive transmission spectra were first measured from the waveguides present on the
	different samples by only injecting low power (1 μW) signal light while maintaining the pump
	off. Figure 2.19 provides the obtained transmission levels at signal light wavelength (1533
	nm), from which propagation losses in the non-pumped active waveguides were extracted

(Table

2

.6). As visible, propagation losses in active waveguides of a tens of dB/cm were again obtained, and losses obviously increased with the Erbium doping level of the active layers.

Table 2 .6 ALD 380 nm thickness active layers with six different Er-concentrations

 2 

	Sample	Layer	Er-concentrations (at. %)	Propagation Losses (α)
	1	1	0.38%	13.52 dB/cm
	2	2	0.47%	13.75 dB/cm

  except for Sample 3 (damaged) and for the ultra-highly Er-doped Sample 6, significant positive modal gain could be observed from all other Samples 1, 2, 4, 5. On Sample 1, the highest modal gain value would be ~6 dB/cm obtained from Strip 2 active waveguide (500 μm long) under a pump power level of ~10 mW. On Sample 2, the highest modal gain value would be ~11 dB/cm obtained for Strip 1 active waveguide (300 μm) under a pump power level of ~4.5 mW, while similar modal gains could be observed for Samples 4 and 5.Overall, similar modal gains can thus be inferred, typically around 10 dB/cm, for this second family of Er-doped active waveguides, as compared with the previous ones coated with a 150 nm thick active layer. As a whole, close modal and material gain levels were considered between these two series of experimental works. Since close active confinement factors, launched pump powers and active waveguide lengths were implemented in both cases, results are pretty consistent with each other.

possible to estimate what the active waveguide characteristics would be if we assumed passive SiN guides with reasonably low propagation losses. In view of the experimentally estimated 11.71 dB/cm, a conservative assumption would be to consider a decrease of 10 dB/cm in this level of propagation losses. In this view (right Y-axis of each Figure 2.23),

Table 3 .1 Refractive indices of the materials.

 3 

	Wavelength	1533 nm	1470 nm
	Material	n	n
	Si	3.4771	3.4827
	SiO2	1.4442	1.4450
	Er:Al2O3	1.6500	1.6501

Table 3 .2 Estimated values of slope efficiency.

 3 If we estimate the upper limit for the intrinsic material loss at the laser threshold by assuming steady-state threshold population inversion where half of the active ions remain in their ground state under pumping, then αi ≈ 4.03 cm -1 can be derived from Ref.[START_REF] Rönn | Ultra-high on-chip optical gain in erbium-based hybrid slot waveguides[END_REF]. Finally, the slope efficiency values of the DFB cavity silicon Erbium laser can be estimated with different laser lengths and corresponding necessary |κ| values. The results are summarized in Table3.2.

	wavelength. R can be derived by Equation (3-11) [146] through:	
	2 tanh ( ) RL κ =	(3-11)

mm length erbium- doped material hybrid integrated on-chip DFB lasers can be realized with several sets of Bragg mirror parameters with a fairly robust behavior with respect to fabrication errors of the silicon Bragg multi-segment composite structures. Their lasing output slope efficiency has

  been analyzed and its value is estimated as 4.4~8.3%. Noteworthy is that a reasonable margin design space should be considered for the practical fabrication of structures, both in term of confinement factor (Γa) and Bragg mirror coupling coefficient (|κ|).

Table 3 .3 Dual periods QWS-DFB cavity simulation results with different parameters. Total Device Length N1 N2 W1 W2 Resonance 1 Q1 Resonance 2 Q2

 3 

3.2.2 Coupled mode photonic crystal cavity resonating at ~1480 nm and ~1533 nm simultaneously

  To meet the requirements of these diverse application situations, different kinds of PhC cavity structures have been proposed and studied.For our part, we have focused on cavities that can be directly integrated into optical waveguides and are therefore essentially based on the nanobeam cavity approaches developed in the literature[160][161][162]. In this type of geometry, consisting essentially of strip waveguides perforated with a series of holes in the manner of simple waveguide Bragg mirrors, several

	Instead of DFB structures, photonics crystal (PhC) cavity structures [136-138] are known
	to support quite easily high Q factor resonances and optical modes confined in tiny
	(wavelength-scale) volumes. Such cavities have been investigated and widely applied in
	various areas including biomedical [152] or chemical [153] sensing, low threshold lasers
	[154,155], nonlinear optics [156], optical switching [157] and cavity quantum electrodynamics
	[158,159].

approaches have been proposed for the realization of bi-resonant cavities. For instance, a crossed PhC nanobeam cavity structure was proposed and demonstrated

[163,164]

. Another simpler approach was proposed and studied based on the simple idea of a coupling between two nanobeam cavities in order to lift the eigenmode degeneracy of an isolated cavity into two even and odd super-modes, respectively

[162]

. Related works have demonstrated coupled PhC nanobeam cavity structures simultaneously supporting two resonances within a relatively close wavelength separation in even and odd superposition modes

[165,166]

. On our side, we found this to be the simplest and most straightforward strategy for the realization of cavities realizing a double resonance at ~1480 nm and 1533 nm within a compact device footprint size (several tens of microns). The essential parameters of the previous structures have been retained for this purpose, namely a 220 nm silicon thick SOI wafer was considered with a PMMA cladding.

  1.48 µm and 1.55 µm), leads to a rather particular resonator design framework. Other approaches, using other active materials for the similar photonic integration purpose, can lead to situations where the pump and signal wavelengths can be very different from each other. As well known, pumping at 980 nm is another choice for Erbium-doped material being used in amplification and lasing. This includes references to some of the works cited in Chapter 1 and Chapter 2[START_REF] Bradley | Erbium-doped integrated waveguide amplifiers and lasers[END_REF][START_REF] Pollnau | Optically pumped rare-earth-doped Al2O3 distributedfeedback lasers on silicon [Invited[END_REF][START_REF] Ward | Rare-earth ion doped Al2O3 for active integrated photonics[END_REF]. The wavelength separation (Δλ) between 980 nm and 1533 nm is nearly 550 nm, which is much huger compared with the case using 1480 nm pump source. Additionally, in applications of some other rare-earth element doped materials, the wavelength separations between pump and emission lights are large as well, such as Δλ ~ 540 nm for Nd 3+[START_REF] Yang | High-gain Al2O3: Nd 3+ channel waveguide amplifiers at 880 nm, 1060 nm, and 1330 nm[END_REF] and Δλ ~ 200-300 nm for Tm We illustrate the proposed methodology by relying on a 600 nm thick silicon nitride (SiN) on SiO2 wafer case. A partial single-etching step is considered to define all gratings, including two couples of Bragg mirrors forming each a quarter-wave shift cavity. Sketches of the proposed double corrugation rib waveguide structure are shown in Figure.3.18 (a) -(c). The

	smaller size gratings (inner gratings) close to the rib are designed for the shorter wavelength
	(~735 nm, λ1), while the larger size gratings (outer gratings) located farther from the rib are
	designed for the longer wavelength (~1310 nm, λ2). They correspond to the pump and signal
	wavelengths of semiconducting single-wall carbon nanotubes with chirality (8,7) [139],
	In most of these situations, the realization of a doubly resonant optical resonator at very
	distinct wavelengths poses a difficulty that we have tried to address in order to generalize the
	possibility of realizing doubly resonant cavities for light emission in those cases. We have
	chosen to illustrate this study based on a case giving rise to a spectral deviation of 575 nm,
	using the configuration of reference [174]. Consequently, a cavity resonator structure was
	designed for realizing resonances at ~735 nm (pump) and ~1310 nm (signal) wavelengths,
	respectively, thus corresponding to an active polymer host matrix embedding semiconducting
	single-wall carbon nanotubes with chirality (8,7) [139]. The proposed approach is, however,
	transposable to any other situation of different pairs of pump/signal wavelengths when a clear
	difference exists between the two. In order to obtain the two spectrally distant resonant modes
	in a single on-chip cavity structure, we propose to directly implement a double corrugation
	DFB cavity by carefully placing the gratings to mask one of the two at each of the two spectral
	ranges used.

3+ [104,105], respectively. Besides, in other situations, beyond the use of rare-earth materials, for example carbon nanotube (CNTs) active media (see Chapter 1), pump and spectral gain waveband are far apart [139].

1-6, respectively, regarding to the left Y-axis. As observed, no significant positive net gain was obtained from any active channel. Unfortunately, the passive SiN waveguide losses of 11.71 dB/cm indeed prevented to clearly observe a positive net optical gain. By applying Equation (2-6), as high as 48.22 dB/cm material gain could be estimated, which agrees well with our previous study results demonstrated in Section 2. 3 and the ones reported in Ref [START_REF] Rönn | Ultra-high on-chip optical gain in erbium-based hybrid slot waveguides[END_REF]. follows: wSi = 120 nm, hSi = 100 nm, gox = 100 nm and gap = 200 nm. In order to qualitatively guide our analysis, we plot in Additionally, a confinement factor Γa = 0.776 was also obtained. As such, we see that |κ|L values of 4.54, 2.27, and 0.908, respectively can be readily obtained for L = 500 μm, L = 250 μm, and L = 100 μm, corresponding to αm values of 0.0372 cm -1 , 3.9536 cm -1 , 80.14 cm -1 . By comparing the value of αm with Γagmat, we can figure out the lasing feasibility for L = 500 μm and L = 250 μm but not for L = 100 μm. It can thus be seen from the outset that when L = 500 μm and L = 250 μm, the coupling force values required to reach the laser threshold in the corresponding structures using a periodically corrugated multi-segment silicon/active ALD erbium-doped material coating waveguide in the proposed configuration is quite easily achievable, while no specific optimization has been carried out at this stage. Obviously, more optimization is yet needed to fix the limits of the best length/gain compromise. As it is known, the relationship between |κ| and Γa stems on a trade-off. Indeed, a large confinement of light in the low index active material intrinsically means that the effect of the Bragg corrugation performed in the silicon rails is less efficient (all other parameters being constant), i.e. is weaker. We have thus explored the values of Γa and |κ| in different situations.

A higher Γa is primary for avoiding the TPA effect, then we have selected six different values of the active material thickness (hEr): 700 nm, 800 nm, 900 nm, 1000 nm, 1100nm, and 1200 nm, respectively. For each hEr value, many different parameters combinations have been The main point of this section is that it is relatively easy to design bi-resonant cavities suitable for the two wavelengths selected here: 1480 nm (for the pump) and 1533 nm (for the signal). As the two wavelengths are very close, a simple juxtaposition of two Bragg gratings allows the realization of the desired dual-mode cavity. This brings an additional element reinforcing the choice of the pump wavelength with respect to the most frequent choice made for inverting Erbium-rich media (980 nm). Another aspect to remember is that, for cavities aiming at moderate quality factors (<< 100,000), we can observe that the lengths of the structures are typically limited to hundreds of µm. These devices are therefore compatible with the objectives explored in this Chapter 3, namely the design of structures for the realization of sub-millimeter or even more compact integrated light sources.

The extent to which an even greater reduction in the area occupied by the cavities can be achieved is explored next, via the use of photonic crystal nanobeam cavities. 100 nm to ease the fabrication from an experimental point of view. Then, Gap2 was scanned within the 300-1000 nm range. The effective refractive index of the short wavelength fundamental TE mode was calculated with structures completely taking into account the full cross-section geometry, as shown in Figure 3.19 (g). From Figure 3.19 (g), one can see that when Gap2 < 650 nm, the effective refractive index at λ1 varies with Gap2, while it reaches a flat regime above this value. This result leads to a quantitative estimation of the limit to the influence of the second gratings on the optical mode at λ1. Accordingly, the mode profiles at λ1 in a rib waveguide having the first gratings only (Gap1 = 100 nm) and in the rib waveguide structure with both gratings (Gap1 =100 nm and Gap2 = 650 nm) are visually identical (see in For a better comparison, we performed identical 3D-FDTD simulations for the two sets of structures comprising only one of the two gratings as well. 

Supplementary Material

We provide here the detailed parameters of the composite silicon Al2O3:Er2O3 waveguide distributed Bragg mirrors corresponding to the configurations reported in