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Titre : Silicium supraconducteur ultra-dopé par laser : du matériau aux dispositifs Mots clés : Epitaxie Laser, Ultra Dopage, Semiconducteurs, Supraconductivité, Jonctions Josephson, Transistor Supraconducteur Résumé : Communément connue dans les métaux, la supraconductivité peut également apparaître dans les semi-conducteurs du groupe IV. Le silicium dopé au bore (SiB), l'un des matériaux les plus courants dans l'industrie des semi-conducteurs, présente une telle phase à condition que la quantité de dopants actifs n B , les atomes de B qui participent à la conduction, soit supérieure à une concentration seuil n S ∼ 2 × 10 21 cm -3 . Cette concentration seuil pour la supraconductivité est largement supérieure au seuil de solubilité du B dans le Si solide (c-Si), n sol ∼ 5 × 10 20 cm -3 . Pour atteindre une telle concentration (active) n B , il est possible d'exploiter le dopage laser nanoseconde hors équilibre, et plus exactement le Gas Immersion Laser Doping (GILD). Cette thèse a pour objectif de comprendre les propriétés supraconductrices avec le dopage et la structure des couches dopées par GILD, et de tirer profit de ces connaissances pour optimiser les propriétés supraconductrices et les performances de dispositifs supraconducteurs tout Si. Les larges dopages nécessaires à la supraconductivité dans le SiB s'accompagnent de nouvelles caractéristiques des couches de SiB. Nous étudions en premier lieu l'évolution des propriétés électriques (mesures d'effet Hall et de résistivité) et structurelles (XRD, STEM) de nos couches avec le dopage. Nous révélons notamment plusieurs régimes d'activation de dopants : le régime linéaire où une activation complète exceptionnelle est achevée jusqu'à 1 × 10 21 cm -3 ; le régime quadratique où une réduction progressive du taux d'activation est observée du fait de la formation de complexes de B substitutionnel, dimères et trimères, dont les concentrations peuvent être déterminées par un simple modèle probabiliste ; le régime de saturation où l'activation sature et décroît. Parallèlement, l'évolution de la contrainte est observé : complètement contrainte à faible dopage, la couche de SiB s'ac-commode parfaitement à la maille du Si avec une déformation hors plan ϵ ⊥ = -3.7%. A plus fortes concentrations (∼ 3 × 10 21 cm -3 )) une relaxations partielle des contraintes a lieu pour enfin saturer lors de la saturation du dopage actif. Les couches, initialement parfaitement cristallines, voient l'apparition de défauts cristallins et compositionnels spécifiques à la relaxation des contraintes et à la saturation du dopage actif. Ces études nous permettent d'établir des diagrammes de phase, que nous comparons aux propriétés de transport. Notamment, ces études nous permettent de démontrer que l'apparition de la phase supraconductrice coïncide avec l'apparition de la phase relaxée. La T c augmente linéairement avec le dopage, dans le régime relaxé et quadratique du dopage, et atteint T c = 0.9K ( ∼ 30% plus grande que les études précédentes), avant de saturer et de décroître dans le régime de saturation. Nous avons décrit avec succès l'augmentation de T c avec le dopage actif dans le cadre de la théorie BCS en régime intermédiaire. Nous avons réalisé des jonctions Supraconducteur/ Semiconducteur dopé où deux contacts supraconducteurs en SiB sont séparés par un canal Si (∼ 100nm) dopé (1 × 10 20 cm -3 ) couplé à une grille, dans le but de réaliser un transistor Josephson supraconducteur avec modulation du supercourant. Les JoFETs en silicium réalisés à partir de contacts supraconducteurs métalliques sont limités par la transparence de l'interface SN, généralement de l'ordre de R int .A ∼ 10 -7 Ω.cm 2 , ce qui supprime l'effet de proximité. Au contraire, nous avons démontré une résistance d'interface extrêmement faible R int .A ∼ 10 -10 Ω.cm 2 , dans les contacts Si/SiB, permettant l'établissement d'un effet de proximité à longue portée. Nous étudions notamment l'évolution du courant critique I c (T ) de ces jonctions.

Title : Laser doped superconducting silicon : from the material to the devices Keywords : Laser Epitaxy, Hyper doping, Semiconductors, Superconductivity, Josephson Junctions, Superconducting transistors Abstract : Commonly known in metals, superconductivity can also occur in group IV semiconductors. Boron-doped silicon (SiB), one of the most common materials in the semiconductor industry, exhibits such a phase provided that the amount of active dopants n B , the atoms of B that participate in conduction, is greater than a threshold concentration n S ∼ 2 × 10 21 cm -3 . This threshold concentration for superconductivity is well above the solubility threshold of B in solid Si (c-Si), n sol ∼ 5 × 10 20 cm -3 . To reach such an (active) n B concentration, it is possible to exploit non-equilibrium nanosecond laser doping, and more precisely Gas Immersion Laser Doping (GILD). This PhD aims to understand the superconducting properties with the doping and the structure of GILD-doped layers, and to take advantage of this knowledge to optimize the superconducting properties and performance of all-Si superconducting devices. The large doping required for superconductivity in SiB is accompanied by new characteristics of SiB layers. We first study the evolution of the electrical (Hall effect and resistivity measurements) and structural (XRD, STEM) properties of our layers with the doping. In particular, we reveal several regimes of dopant activation : the linear regime where an exceptional full activation is completed up to 1 × 10 21 cm -3 ; the quadratic regime where a gradual reduction of the activation rate is observed due to the formation of substitutional B complexes, dimers and trimers, the concentrations of which can be determined by a simple probabilistic model ; and the saturation regime where the activation saturates and decreases. In parallel, the evolution of the strain is observed : fully strained at low doping, the SiB layer accommodates perfectly to the Si crystalline lattice with an out-of-plane strain ϵ ⊥ = -3.7%. At higher concentrations (∼ 3 × 10 21 cm -3 ) a partial strain relaxation takes place to finally saturate upon the saturation of the concentration. The layers, initially perfectly crystalline, are then subjected to the appearance of crystal and compositional defects specific to stress relaxation and saturation of the active doping. These studies allow us to establish phase diagrams, which we compare with the transport properties. In particular, these studies allow us to demonstrate that the appearance of the superconducting phase coincides with the appearance of the relaxed phase. The T c increases linearly with doping, in the relaxed and quadratic doping regime, and reaches T c = 0.9K ( ∼ 30% larger than previous studies), before saturating and decreasing in the saturation regime. We have successfully described the increase of T c with active doping in the framework of the BCS theory in the intermediate regime. We have realized Superconductor/Doped Semiconductor junctions where two SiB superconducting contacts are separated by a doped (1 × 10 20 cm -3 ) Si channel coupled to a gate, with the aim of realizing a superconducting Josephson transistor with supercurrent modulation. Silicon Jo-FETs made from metallic superconducting contacts are limited by the transparency of the SN interface, typically of the order of R int .A ∼ 10 -7 Ω.cm 2 , which suppresses the proximity effect. On the contrary, we have demonstrated an extremely low interface resistance R int .A ∼ 10 -10 Ω.cm 2 , in Si/SiB contacts, allowing the establishment of a long-range proximity effect. In particular, we study the evolution of the critical current I c (T ) in these junctions.

Résumé

Motivation du projet et état de l'art

La supraconductivité est un phénomène physique qui se manifeste par une perte totale de la résistivité électrique (R = 0) et par un diamagnétisme parfait (χ = -1), en dessous d'une certaine température, propre à chaque matériau supraconducteur, appelée température critique et notée T c . Ce phénomène est le résultat d'intéractions quantiques, où les quasi-particules portant la charge électrique forment des paires cohérentes, dites paires de Cooper, plutôt que de se répulser via les intéractions Coulombiennes. Les paires de Cooper, qui sont des bosons, réalisent un condensat de Bose-Enstein, un état quantique macroscopique décrit par une unique fonction d'onde. Cette propriété quantique de la matière est actuellement très recherchée par la communauté scientifique afin d'exploiter ses propriétés pour le développement d'une électronique supraconductrice non dissipatrice et de dispositifs quantiques à base de supraconducteur. Dans le cadre de cette thèse, nous nous intéressons aux supraconducteurs appartenant au groupe IV des éléments du tableau périodique, et en particulier au silicium cristallin (c-Si). Le silicium est un semi-conducteur, présentant un gap d'énergie entre la bande de valence et la bande de conduction, ce qui le rend isolant à température nulle. Les semi-conducteurs sont les matériaux phares de la micro-électronique de part de la possibilité de moduler leur propriétés par la substitution d'atomes du réseau cristallin par des impuretés. Ces impuretés créent des états dans le gap interdit, proches de la bande de conduction ou de la bande de valence. Par exemple, dans le cas du c-Si, la substitution d'atomes de Si par des atomes de bore (B) introduit des états proches de la bande de valence et induit la formation de trous. Les trous sont des quasi-particules chargées positivement qui se propagent dans la direction opposée de celle des électrons. L'intérêt de développer des supraconducteurs dans des semiconducteurs relève notamment de cette capacité à moduler les propriétés électriques et structurales, et notamment la T c , avec la proportion de dopants injectés dans le cristal.

Le silicium dopé bore, SiB, peut être supraconducteur à condition qu'une concentration minimale de B au sein de la couche soit introduite, n B ≃ 2.5 × 10 21 cm -3 . Cette concentration se trouve être bien au delà du seuil de solubilité du B dans le c-Si, n sol = 4 -6 × 10 20 cm -3 . Par conséquent, ces concentrations minimales pour observer la supraconductivité sont inaccessibles pour les techniques de dopage et de recuits conventionnels. Afin d'outrepasser cette limité de solubilité, nous utilisons une méthode de dopage hors équilibre, le Gas Immersion Laser Doping (GILD). Cette méthode emploie un laser à excimère, qui émet des impulsions laser à une longueur d'onde λ = 308nm, avec des durées d'impulsions t pulse = 25ns. En focalisant le faisceau émis sur la surface du c-Si, sous forme d'un carré de 2 × 2mm 2 , il est possible de venir fondre en profondeur le Si. Les atomes de B sont injectés dans le silicium liquide (l-Si) en chimisorbant préalablement à l'impulsion laser des molécules de BCl 3 sur la surface du c-Si. De cette façon, lorsque le processus de fusion opère, les atomes de B viennent diffuser exclusivement dans la phase liquide du silicium. Les faibles échelles temporelles et les forts gradients de température impliqués dans ces processus résultent en un phénomène de cristallisation particulier, la surfusion, qui entraˆine une cristallisation extrêmement rapide, de l'ordre 4m.s -1 . Ainsi, de la même manière qu'une trempe s'effectue, les atomes de bore se trouvent piégés dans la maille cristalline du silicium à des concentrations dépassant le seuil de solubilité, avec des concentrations maximales n B ∼ 3 -4 × 10 21 cm -3 donnant une résistivité électrique ρ ∼ 1 × 10 -4 Ω.cm. C'est notamment grâce au dopage laser nanoseconde que la supraconductivité dans le SiB a été synthétisée pour la première fois en 2006 [START_REF] Bustarret | Superconductivity in doped cubic silicon[END_REF]. Depuis, de nombreux efforts ont été consacrés à la compréhension des propriétés dans l'état normal et supraconducteur des couches de SiB [START_REF] Grockowiak | Thickness dependence of the superconducting critical temperature in heavily doped Si:B epilayers[END_REF] et à leur déploiement dans les dispositifs supraconducteurs, tels que les SQUIDs ou les résonateurs coplanaires supraconducteurs [START_REF] Bonnet | Mesures résonantes des propriétés hautes fréquences du silicium supraconducteur ultra-dopé au bore par laser[END_REF][START_REF] Duvauchelle | Silicon superconducting quantum interference device[END_REF].

Notamment, ces études ont révélées la nature BCS [START_REF] Dahlem | Subkelvin tunneling spectroscopy showing Bardeen-Cooper-Schrieffer superconductivity in heavily boron-doped silicon epilayers[END_REF] de la supraconductivité du silicium ultra-dopé, avec un couplage électron-phonon intermédiaire (λ ≲ 1 [START_REF] Boeri | Three-Dimensional MgB 2 -Type Superconductivity in Hole-Doped Diamond[END_REF][START_REF] Bourgeois | Superconductivity in doped cubic silicon: An ab initio study[END_REF]) et des paires de Cooper de trous. Le SiB est un supraconducteur de type II réalisé dans un semi-conducteur covalent et dégénéré, métallique, avec une faible densité de porteurs de charges et désordonné, du fait de la distribution aléatoire des atomes de B dans la couche et de leur ionisation. Le maximum de T c mesuré à ce jour est de l'ordre de 900mK, avec des largeurs de transition de l'ordre de la dizaine de mK. Surtout, cette T c est modulable avec le dopage. En effet, l'incorporation d'atomes de B dans le réseau cristallin du Si est à la fois responsable d'une augmentation de la densité d'état à l'énergie de Fermi, mais aussi affecte par des effets de contraintes les propriétés structurelles, et donc vibrationnelles des couches dopées. Ainsi, les propriétés supraconductrices des couches de SiB semblent bien comprises. Pourtant, cette évolution de la T c avec le dopage est aujourd'hui inconsistante avec les prédictions théoriques de McMillan, qui indique que la T c est censée dépendre de la concentration. De fait, les premières études reportent une T c dépendant plutôt de la dose, c'est à dire de la concentration intégrée sur la profondeur. Cette anomalie est expliquée dans le cadre d'un modèle de bi-couche, qui suppose la formation de deux sous-couches, chacune définie par son propre coefficient de couplage λ e-ph . La superposition de ces deux sous-couches induit un effet de proximité qui se traduit par une dépendance de la T c à la dose de dopant plutôt qu'à la concentration. La formation de ces bi-couches pourrait être due à la présence d'un second pic d'intensité dans le profil temporel de l'impulsion laser, d'intensité environ 25% du premier pic. Le premier pic d'intensité déclenche le processus de fusion/cristallisation de la couche dopée. La présence du second pic peut se produire à différents moments du processus d'épitaxie en fonction de la profondeur de la couche dopée. Il peut allonger le processus de fusion, ralentir le front de cristallisation ou même refondre la couche dopée après une cristallisation complète. L'impact de ces effets sur la supraconductivité est en cours d'étude.

Ainsi, ce doctorat s'inscrit dans le cadre de l'acquisition d'un nouveau laser, sans second pic dans son profil temporel. L'objectif de cette thèse est d'apporter un spectre global des propriétés de l'état normal des couches de SiB, c'est-à-dire l'activation des dopants, les propriétés de transport, les propriétés structurelles, et de les comparer aux propriétés supraconductrices. Nous tentons enfin d'appliquer les connaissances acquises pour le développement de dispositifs supraconducteurs, notamment de jonctions Josephson tout silicium supraconducteur/semiconducteur sur SOI (Silicon on Insulator).

Mesures de Hall: les trois régimes en concentration

Les mesures de Hall permettent de remonter à la concentration des porteurs de charge, égaux à la concentration de B actif en position substitutionelle dans un cristal de SiB. En revanche, les atomes B peuvent aussi ne pas se positionner dans le réseau cristallin, et ne pas participer à la conduction. Ce sont des atomes dits non-actifs. Parmi eux, on peut considérer les B interstitiels (entre les mailles) ou la formation d'agrégats de B. Par conséquent, il est important d'identifier la nature d'incorporation des atomes de B dans le c-Si. Pour ce faire, nous comparons en Figure 1 a) l'évolution des actifs notés n B , mesurée par effet Hall, avec la concentration totale (qui inclue les actifs et les inactifs) C B , mesurée par Secondary Ion Mass Spectroscopy (SIMS). On observe un comportement systématique de n B avec C B indépendamment de la profondeur de la couche : d'abord, n B évolue linéairement avec C B , avec une pente de 1, indiquant que l'entièreté des atomes de B incorporés sont substitutionnels et électriquement actifs. C'est le régime linéaire. Ensuite, n B dévie progressivement de C B (voir par rapport à la ligne unitaire en tirets): son taux d'activations diminue. C'est le régime quadratique. Malgré tout, n B continue d'augmenter avec C B et atteint une valeur maximum, de l'ordre de 3 -4 × 10 21 cm -3 . Au delà de cette concentration, l'évolution de n B s'arrête abruptement et plafonne autour de sa valeur de saturation, voir décroˆit légèrement. C'est le régime de saturation.

A partir de ces données, on peut aussi construire l'évolution des non-actifs avec le dopage, C N A = C B -n B . Les résultats sont montrés en Figure 1 b). On observe que l'évolution de ces non-actifs au sein du régime quadratique évolue pour l'ensemble quadratiquement avec C B . Cette évolution peut notamment s'expliquer par la formation de paires de B non-actives et de concentration B 2 , dont une image est montrée en inset, se formant lorsque deux atomes de B partagent un site substitutionel du Si. Du fait des hautes concentrations totales impliqués dans nos couches dopées (de plusieurs % atomiques, voir plusieurs dizaines), la formation de ce type de complexes de B est non-négligeable. Dans le cadre d'un dopage hors équilibre, les atomes de B sont considérés comme "instantanément piégé" dans le cristal, et la concentration de tels complexes de n atomes de B peut être calculée par un modèle probabiliste simple, calculant le nombre de configurations possibles de placer autour d'un atome de B donné, j autres atomes de B et (4-j) atomes de Si, 4 étant le nombre de coordination du Si. La probabilité de 'pêcher' un atome de B est (C B /n SiB ) et celle de 'pêcher' un atome de Si (1 -C B /n SiB ). On trouve:

B 1 = C B × (1 - C B n SiB ) 4
où B 1 est la concentration de B substitutionnel unique et n SiB = 5 × 10 22 cm -3 la densité du c-SiB, où nous n'avons pas pris en compte les faibles modifications de densité (de l'ordre du %) induites par la contrainte. Nous trouvons ensuite pour la concentration de dimères de B:

B 2 = C B × 4 3 × C B n SiB × (1 - C B n SiB ) 3
Et pour la concentration de complexes B-B-B:

B 3 = C B × 4 2 × ( C B n SiB ) 2 × (1 - C B n SiB ) 2
Les dimères sont électriquement inactifs, et le trimères apportent un trou de conduction. Ainsi on reproduit n B et C N A tel que :

n B = B 1 + 1 3 × B 3 et C N A = B 2 + 2 3 × B 3
Les résultats sont montrés par les traits pleins en Figures 1 a) et b). La bonne adéquation des données avec les courbes théoriques valident le modèle. Par ailleurs, on observe une concentration d'actifs maximum à ∼ 5 × 10 21 cm -3 , limite de concentration active qu'une couche de SiB (de structure cristalline cubique -diamant) ne pourra pas dépasser.

Mesures XRD / (S)TEM: Régimes structurels et de déformation

Nous nous intéressons aussi aux propriétés structurelles de nos couches. En effet, de part de leur petite taille, les atomes de B liés par covalence aux atomes de Si tendent à réduire la maille cristalline de la couche. Dans le cadre d'une épitaxie, la maille de la couche de SiB s'accommode à celle du substrat de Si, et seule une déformation de la maille de SiB hors du plan est observée. La couche emmagasine ainsi une énergie de contrainte en tension, du fait que le substrat fixe la maille du SiB dans le plan. Lorsque les contraintes sont trop importantes, il est plus favorable pour la couche de relaxer ses contraintes, provoquant des défauts structurels tels que des dislocations. La déformation de la maille est accessible par le biais de scans XRD selon les axes [004] et [224] de la couche dopée. Les résultats de la déformation hors du plan (ϵ ⊥ ) et sur le plan (ϵ // ) sont montrés en Figure 2 a). La déformation est négative, du fait que la maille du SiB est moins volumineuse. Initialement, ϵ // = 0 et |ϵ ⊥ | augmente linéairement avec la concentration. Dans le cadre d'une épitaxie pseudomorphique (adéquation de la maille avec le substrat, ϵ // = 0), la dépendance de ϵ ⊥ avec C B (régime quadratique, tous les B sont supposés substitutionnels bien que partiellement actifs) peut être décrite par une proportionnalité directe

ϵ ⊥ = 1 + ν 1 -ν (a B -a Si ) a Si × C B
avec ν(C B ) le coefficient de Poisson qui dépend de la concentration en B [START_REF] Ikhmayies | The Influence of Boron Dopant on the Structural and Mechanical Properties of Silicon: First Principles Study[END_REF], a Si = 0.5431 nm le paramètre de maille du c-Si. Cette dépendance nous permet de confirmer le paramètre de maille d'un cristal structure diamant purement constitué de B a B = 0.378nm trouvé par [START_REF] Bisognin | Substitutional B in Si: Accurate lattice parameter determination[END_REF]. A C r ∼ 3 × 10 21 cm -3 , des relaxations de contraintes apparaissent et |ϵ // | ̸ = 0 croˆit linéairement avec C B . En même temps, une bosse en ϵ ⊥ est observée. Les deux déformations atteignent des valeurs maximales ϵ ⊥ ≃ -3.7±0.2% et ϵ // ≃ -1.8±0.2% à C sat ≃ 5 × 10 21 cm -3 , la concentration à partir de laquelle on est dans le régime de dopage saturé. Les quatre zones de couleurs distinguent 4 régimes de dopage: bleu : régime complètement contraint, avec "que" des atomes de B substitutionnels ; bleu clair : régime relaxé, avec "que" des atomes de B substitutionnels ; saumon : régime relaxé et saturé en dopants actifs; marron : régime complètement contraint et saturé en dopants actifs. Des images STEM BF (Scanning Transmission Electron Microscope, Bright Field) sont ajoutées sur chacun de ces régimes et mettent en évidence la présence ou non de différents défauts compositionnels.

Bien que relativement communes pour toutes les séries en profondeurs, les valeurs de C r et C sat varient avec la profondeur des couches dopées, comme montré en Figure 2. Ce graphe établi un diagramme de phase pour lequel différents régimes de dopage peuvent être observés. Selon le régime dans lequel on se situe, la qualité des couches diffère. Ceci est notamment observable via des images TEM (Transmission Electron Microscope) en mode BF (Bright Field). Par exemple, dans le régime complètement contraint / quadratique, les couches dopées apparaissent presque parfaites, avec des profils de concentrations totaux et actifs constants, à quelques pourcents près, en pro-fondeur et avec des interfaces abruptes et nettes entre le Si et le SiB. La phase relaxée, toujours dans le régime quadratique, s'accompagne de défauts en concentration, qui apparaissent comme des traˆinées s'étendant le long de la profondeur de la couche. Ce sont des cellules morphologiques, qui apparaissent dans un régime spécifique de cristallisation, connu sous le nom de sous-refroidissement (surfusion) constitutionnel, qui correspondent à des accélérations inhomogènes du front de cristallisation, résultant en des piliers relativement pauvres en B entourés de zones riches en B. L'apparition simultanée de ces défauts et de la relaxation pointent vers le fait que ces zones riches en B pourraient être responsables de la relaxation. Enfin, les couches les plus dopées sont définies par une zone relaxée et de saturation en dopage et en déformation. Ce régime coincide avec l'apparition d'agrégats, riches en B, qui se localisent sur les bords des couches dopées.

Supraconductivité du SiB

Des mesures de résistance à basse température, jusqu'à T = 100mK, ont été réalisées sur les couches de SiB, à partir desquelles la T c a été extraite. Nous avons comparé l'évolution de la T c avec la concentration d'actifs n B . Contrairement à ce qui a pu être observé pour des couches dopées avec le laser non-standard, la T c dépend de la concentration de dopants actifs et non pas de la dose, comme montré en Figure 3 a). Ici, tous les points de T c se regroupent autour d'une même tendance. Par ailleurs, la montée en T c se compare raisonnablement bien à la théorie de la supraconductivité médiée par des phonons, décrite par l'équation de McMillan :

T c = Θ D exp - (1 + λ) λ -µ c * (1 + λ)
où λ est le paramètre couplage électron-phonon et est estimé à partir de méthodes de simulations ab-initio [START_REF] Boeri | Three-Dimensional MgB 2 -Type Superconductivity in Hole-Doped Diamond[END_REF][START_REF] Bourgeois | Superconductivity in doped cubic silicon: An ab initio study[END_REF]10], Θ D = 450K est la température de Debye des phonons [START_REF] Boeri | Three-Dimensional MgB 2 -Type Superconductivity in Hole-Doped Diamond[END_REF], et µ * c = 0.1 le potentiel de Coulomb retardé, ayant une valeur en accord avec la littérature µ * c = 0.1 ∈ [ 0.08 ; 0.13 ].

Nous avons aussi comparé en Figure 3 b) la supraconductivité par rapport au diagramme de phase discuté en Figure 2 b). Les concentrations C s pour lesquelles on observe l'apparition de la supraconductivité pour des couches de SiB réalisées avec le laser optimisé sont montrées en cercles ouverts noirs. Dans le régime complètement contraint, la supraconductivité n'est pas mesurée. En revanche, la supraconductivité est observée dès lors que la relaxation procède. En effet, une bonne co¨incidence entre C S et l'apparition du régime relaxé (courbe rouge) est visible en Figure 3 b), ce qui semble indiquer que ce processus structurel est requis pour permettre l'apparition de la supraconductivité. Ce processus est probablement nécessaire pour que la fréquence des phonons optiques du cristal s'adoucisse et corresponde aux fréquences relevantes pour l'interaction électron-phonon et λ. En effet, il a été montré théoriquement que ce phénomène est nécessaire pour observer l'apparition de la supraconductivité dans le silicium [START_REF] Boeri | Three-Dimensional MgB 2 -Type Superconductivity in Hole-Doped Diamond[END_REF]. Dans le régime relaxé et quadratique, la T c croˆit avec le dopage. En revanche, une fois le régime de saturation passé, la T c sature et décroˆit. Nous attribuons cette saturation de la T c à la simple saturation des dopants actifs. Néanmoins, les effets du désordres pourraient être à considérer pour des concentrations plus fortes. Nous avons comparé les concentrations seuils de la supraconductivité pour les couches obtenues avec le laser optimisé à celles reportées pour des couches dopées avec le laser standard [START_REF] Grockowiak | Thickness dependence of the superconducting critical temperature in heavily doped Si:B epilayers[END_REF]. On peut voir une concentration seuil nettement inférieure dans le cas des couches obtenues avec le laser standard, qui varie de C S ∼ 4 × 10 20 cm -3 pour les couches les plus épaisses (210nm) et à C S ∼ 2.6 × 10 21 cm -3 pour les couches les plus fines (35nm). Cette différence entre le laser standard et le laser optimisé semble indiquer que le second pic dans le profil temporel du laser standard cause une relaxation à des concentrations moins élevées. Cela pourrait concorder avec l'hypothèse que la relaxation est causée par des mécanismes propres au processus de cristallisation. Des études complémentaires sont réalisées pour valider une telle hypothèse.

Jonctions SNS

Nous concluons cette thèse avec des travaux tournés vers les dispositifs. Un des grands intérêts la supraconductivité, et en particulier de la supraconductivité dans les semi-conducteurs, est la réalisation de jonctions Josephson, qui consistent en deux contacts supraconducteurs séparés par un canal métallique / semi-conducteur (on parle de jonctions S/N/S ou S/Sm/S), à travers lequel circule un courant non dissipatif via le mécanisme de réflexions d'Andreev. La réflexion d'Andreev (RA) est un phénomène qui apparaˆit à l'interface entre un supraconducteur et un métal. Lorsqu'une quasi-particule, par exemple un électron, arrive du métal vers le supraconducteur, celle-ci peut pénétrer le supraconducteur en formant une paire de Cooper, ce qui résulte en une réflexion dans la couche normale d'un trou de vecteur d'onde et de spin opposés. La quasi-particule est réfléchie de façon cohérente, et conserve (temporairement) l'information sur la phase du supraconducteur Dans le cas d'une jonction SNS, pour qu'un courant non-dissipatif circule entre les deux contacts supraconducteurs, il est nécessaire que ces paires électron-trou cohérentes crées par RA conservent leur phase tout le long du canal non-supraconducteur. En revanche, les quasi-particules perdent naturellement la mémoire de leur phase lorsqu'elles se propagent. La longueur sur laquelle la phase est complètement perdue, ou longueur de cohérence de phase L φ , est de l'ordre ∼ 1µm at T = 100mK . En effet, les mécanismes de diffusion inhérents à la couche normale (diffusion des impuretés ionisées, diffusion thermique...) affectent la conservation de la phase. D'autre part, le probabilité d'une réflection d'Andreev dépend directement de la transparence de l'interface entre le supraconducteur et le normal.

Nous avons évalué cette transparence par l'étude de l'effet de proximité dans des bi-couches S/N, entièrement réalisées par GILD. En effet, lorsqu'un supraconducteur est confiné dans une géométrie 2D, i.e. d S < ξ, ses paires de Cooper seront sensibles à la couche normale, à condition que l'interface S/N soit suffisamment transparente. Si l'épaisseur de la couche supraconductrice est plus grande que la longueur de cohérence (d S ≳ ξ), la T c de l'ensemble du système SN est proche de celui du supraconducteur unique, car le "bulk" domine. Si (d S < ξ) la T c est déterminée par la physique à l'interface : comme les paires de Cooper évoluent à la fois dans la couche supraconductrice, où une interaction attractive est présente, et dans la couche normale, où il n'y a pas d'interaction attractive, une interaction effective plus faible caractérisera de telles bicouches SN minces, et la T c diminuera. Ce phénomène étant dépendant de la transparence de l'interface, il est possible de remonter à ce paramètre en étudiant l'évolution de la T c en variant les paramètres de la couche supra-conductrice d S et de la couche normale (d N et n N ). Les résultats sont montrés en Figure 4 

Conclusions

Nous avons exploré les différentes propriétés qui gouvernent la phase normale et la phase supraconductrice des couches de SiB dopées par GILD. Les larges gammes de séries de couches dopées nous ont permis d'établir plusieurs régimes de dopage, en termes d'activation de dopants, de relaxation de contrainte et de supraconductivité. Grâce à ces informations, nous avons démontré que la supraconductivité dépend fortement de la concentration de dopants, qui gouverne la montée de la T c , et de l'apparition de relaxation de contrainte qui co¨incide avec l'apparition de la phase supraconductrice Les résultats observés sont très différents de ceux pour des couches de SiB synthétisées avec un laser standard, présentant un second pic dans le profil temporel de l'impulsion laser. Notamment, l'apparition de la phase supraconductrice à des concentrations bien plus faibles suggère l'apparition prématurée de la phase relaxée, possiblement due à la présence de second pic. Des études complémentaires quant à la dynamique de cristallisation avec ce second pic sont à réalisées.

Aussi, l'impact de cette phase relaxée et de la présence de dislocations sur la performance des dispositifs, comme la transparence de l'interface, sont à étudier.

Introduction

The technologies used in microelectronics are largely based on the physics of semiconductors. Silicon (Si) is undeniably the leading semiconductor of microelectronics, and the knowledge that has been built up since the early 1960s, such as Si crystal growth, defect control and the various processes involved in the manufacture of all-Si circuits, makes Si the most widely used material in the industry. The physics of semiconductors and their deployment in microelectronic devices rely greatly on doping, which is the process of substituting Si atoms with impurities that enhance their optical, electrical and mechanical properties. In particular, the doping of silicon with Boron (B) atoms, noted SiB, is one of the most common and best known. Today, the optimization of the performances of electrical devices, largely achieved by the reduction of their dimensions which now are of a few nm, reaches its limits. In order to continuously improve the performance of microelectronic devices, two main strategies can be employed: the replacement of silicon by other more efficient semiconductors or the use of more exotic phases of matter, used for the development of a new generation of devices: quantum devices. Superconductivity is today one of the most sought-after phases of matter for the development of such quantum devices, as they are characterised by low dissipation and allow new electronic architectures, but scaling, reproducibility and implementation in the industry are still work in progress.

Although little known today, SiB can be a superconductor provided that a minimal concentration threshold of B, n S ∼ 2 × 10 21 cm -3 , is reached. Such concentrations levels belong to ultra-doped regimes, i.e. the concentrations to be reached exceed the solubility of B in Si, n sol = 4-5 × 10 20 cm -3 . In order to overcome this limit, non-equilibrium doping processes must be used, and in particular, doping by Gas Immersion Laser Doping (GILD). This technique consists in melting Si by focusing a ns laser pulse on its surface, over which B atoms have been chemisorbed. The B can then diffuse in (and only in) the liquid phase before being trapped as the melted phase recrystallizes. The low time scales involved result in high crystallization rates that are higher than the chemical equilibrium time, which makes it possible to trap B atoms in non-equilibrium conditions, and which allows to reach concentrations well above the solubility limit, with maximum concentrations achieved of n sat = 4 × 10 21 cm -3 ≫ n sol . It is thanks to this doping technique that E. Bustarret et al. observed for the first time superconductivity SiB thin layers in 2006 [START_REF] Bustarret | Superconductivity in doped cubic silicon[END_REF]. Since its discovery, several studies have been carried out and have described the elementary properties of superconductivity in SiB. It is a BCS type II superconductor with Cooper pairs of holes that couple via phonons. The electron-phonon coupling that describes these interactions belongs to the intermediate regime with λ e-ph ≲ 1. SiB is a covalent and disordered superconductor due to the random distribution of B atoms in the crystal during the crystallization process. The critical temperatures (T c ) are of the order of a few hundred mK with transition widths of a few tens of mK and a maximum of T c at 700mK so far reported, in braod agreement with theoretical predictions. The T c depends on the doping and increases with the B content, which allows a fine control of the properties of the superconducting and normal phases in the SiB layers, essential for an industrial exploitation. Superconductivity in SiB thus seems to be well known. However, its T c dependence with the B concentration (n B ) is not yet understood. Indeed, the dependence of T c with the depth and the concentration differs from what is expected within the BCS model: instead of observing a universal dependence of T c (n B ), a dependence with the B dose (surface concentration) D B = n B × d is observed. This anomaly is explained within the framework of a bi-layer model, which assumes the formation of two sub-layers, a fully strained layer and a relaxed layer each defined by their own λ e-ph coupling coefficient. The superposition of these two sub-layers induces a proximity effect that results in a dependence of the T c on the dopant dose rather than the concentration. The formation of these bi-layers is due to the presence of a second peak in intensity in the temporal profile of the laser pulse: the laser pulse consists of a first intensity peak of 25ns wide followed by a second peak weaker in intensity, delayed by 30ns from the main peak and of 25ns of duration. The first intensity peak starts the melting/crystallization process of the doped layer. The presence of the second peak can occur at different times of the epitaxy process. It can lengthen the melting process, slow down the crystallization front or even re-melt the doped layer after a complete crystallization. The impact of these effects on superconductivity is under study.

This PhD started at the moment of the acquisition of an optimized laser, which can be configured so that this second peak can be attenuated and nearly suppressed.

The objective of this thesis is therefore to provide a comprehensive detailed study of the normal and superconducting state properties of SiB layers synthesized with this new laser, and to compare the results with the previous works. This study is divided into several parts, which we list below:

• Chapter 1: We describe in detail the Gas Immersion Laser Doping (GILD) technique. Section 1.1 focuses on a review of the results of active dopant concentrations so far achieved by equilibrium vs. non-equilibrium doping methods and highlights the need for liquid phase doping techniques for the synthesis of superconducting layers on SiB. In Section 1.2, the physics of non-equilibrium doping, including melting processes, crystallization processes and possible defect formation related to liquid phase epitaxy are presented. Also, we describe the experimental set-up with the in-situ control methods employed and the calibration of the doping parameters, namely depth and concentration;

• Chapter 2: In this chapter we analyze the doping profile, crystalline quality and defects of GILD layers. The different methods used for this study are presented in Section 2.1. Section 2.2 is dedicated to the study of the distribution of B atoms in our layers via SIMS and ECV measurements. In Section 2.3 we are interested in the evolution of the crystallinity of SiB layers with doping, i.e. the study of the mechanical stresses present in the layer and the appearance of defects such as dislocations, stacking faults or the formation of aggregates. This study is notably carried out thanks to TEM imaging combined with SIMS profiles; • Chapter 3: In this chapter we focus on the characterization of the normal, non superconducting, phase of our SiB layers. In particular, this study allows us to define different concentration ranges that can be attributed to different regimes. First, we analyze in Section 3.1 the evolution of the electrically active dopants (n B ) measured, by Hall effect, with the total doping (C B ). We highlight the existence of three doping regimes and use a probabilistic model to describe them. We present in Section 3.2 our XRD characterizations. In particular, we highlight two regimes: the fully strained regime and the relaxed regime, and compare them with the doping regimes described in Section 3.1. Finally, this chapter ends with Section 3.3 that shows the analysis of the DC transport properties and the disorder characterizing our layers;

• Chapter 4: This chapter is dedicated to the superconducting properties of the SiB layers. After a reminder in Section 4.1 of the theories used and the elementary superconducting properties of the SiB layers, we present the types of cryogenic measurements that have been performed in Section 4.2 and study the dependence of superconductivity with doping in Section 4.3. In particular, the dependence of T c with n B is studied and discussed for each of the regimes introduced in Chapter 3. The experimental results are also compared to the expectations of the BCS theory;

• Chapter 5: This thesis concludes with Chapter 5 where we present the results obtained on the fabrication of Josephson junctions -or SNS junctions, S referring to superconducting reservoirs and N to the normal channel -entirely made of SiB. This chapter is divided into two Sections: Section 5.1 deals with the transparency of the S/N interfaces, realized by a study of the proximity effect on SN bilayers entirely made by GILD. The second part is a study of the proximity effects observed on SNS junctions for a normal channel weakly doped in B.

Chapter 1 Gas Immersion Laser Doping

A main part of this PhD focuses on the synthesis of highly boron doped silicon (SiB) layers at concentrations exceeding the solubility threshold in solid silicon and for which a superconducting phase can emerge. To do so, we use an excimer laser doping method, the Gas Immersion Laser Doping (GILD), which takes advantage of the large solubility of the liquid phase of silicon to reach high concentrations of B in Si.

The use of excimer lasers for the synthesis of highly doped semiconductors has been widely studied between the 70s and the end of the 90s. In particular, due to their non-equilibrium process, this technique has aroused the interest of the scientific community for the realization of doped layers at concentrations well above the solubility limit, paving the way for the development of MOSFET with thin, box-like highly doped reservoirs [START_REF] Carey | Fabrication of submicrometer MOSFET's using gas immersion laser doping (GILD)[END_REF], and of new optoelectronic devices (e.g., for sensing, photodetection, and photovoltaics [START_REF] Antoni | Chapter 7 -Laser engineering of carbon materials for optoelectronic applications[END_REF][START_REF] Yang | Chapter 8 -Optical hyperdoping[END_REF]). Moreover, the large concentrations involved opened the way to the emergence of usually inaccessible matter states, such as superconductivity in silicon [START_REF] Bustarret | Superconductivity in doped cubic silicon[END_REF].

In this chapter, we will present laser doping, i.e. the physical phenomena governing the processes involved (fusion and crystallisation processes) as well as the experimental means employed to perform the laser doping and the in-situ control of the doping properties, including the concentration of injected boron and the depth of doped layers.

Introduction to laser doping

The minimum active boron concentration value n B for which superconductivity is expected to appear in Si:B has been estimated to be of the order of ∼ 2×10 21 cm -3 by ab initio calculation [START_REF] Boeri | Three-Dimensional MgB 2 -Type Superconductivity in Hole-Doped Diamond[END_REF]. This value is found to be of about one order of magnitude larger than the solubility limit of boron in silicon n sol ∈ [START_REF] Duvauchelle | Silicon superconducting quantum interference device[END_REF][START_REF] Boeri | Three-Dimensional MgB 2 -Type Superconductivity in Hole-Doped Diamond[END_REF] × 10 20 cm -3 [START_REF] Boeisenko | Steady-state solubility of substitutional impurities in silicon[END_REF][START_REF] Trumbore | Solid Solubilities of Impurity Elements in Germanium and Silicon*[END_REF]. Beyond the solubility limit, the excess of boron is no longer incorporated into the crystal lattice and either preferentially locates as an interstitial or forms aggregates that do not participate to electrical conduction or superconductivity. Therefore, standard equilibrium doping techniques are confronted with this physical limit and do not yet allow to obtain sufficient concentration levels for superconductivity to emerge. Figure 1.1 shows the measured active concentrations obtained by various doping methods according to their operating temperature. Below the melting point of Si T Si,l = 1410 • C = 1683K, doping usually consists of pre-implantation followed by solid phase thermal annealing. Two categories of doping can be identified: the Non-Amorphizing Doping (NAD) and the Solid Phase Epitaxy Regrowth (SPER). Contrary to NAD, the SPER method always performs a pre-amorphization of the layers before proceeding to the implantation of the dopants. Subsequently, either relatively long furnaces anneals (of several minutes / hours) or fast annealing methods such as Rapid Thermal Annealing (RTA, of a few seconds) or Flash Lamp Annealing (FLA, milliseconds) are performed in order to reconstruct a crystalline layer and activate its dopants. The faster the annealing, the less time the dopants have to diffuse and the better is the activation, as it can be seen for example at T = 550 • C where n B obtained by RTA (∼ 3 × 10 20 cm -3 ) is three times bigger than the one obtained by classical furnace anneal (∼ 10 20 cm -3 ). Regardless of the annealing method, the active concentrations obtained by these doping methods are limited by the solubility value, here taken as n sol = 5 × 10 20 cm -3 (see red dashed line), and are far below the requested value for superconductivity. Other methods, such that non-melt laser annealing of pre-implanted layers [START_REF] Florakis | Formation of silicon ultra shallow junction by non-melt excimer laser treatment[END_REF][START_REF] Misra | Pulsed laser annealing of semiconductor structures for functional devices[END_REF], Reduced Pressure -Chemical Vapor Deposition (RP-CVD) [START_REF] Boureau | Lattice contraction due to boron doping in silicon[END_REF], Czochralski (CZ) growth [START_REF] Taishi | Heavily boron-doped Czochralski (CZ) silicon crystal growth: segregation and constitutional supercooling[END_REF] were also limited in concentrations (C B ∼ 10 20 cm -3 ) due to the fact that they operate at growth / activation phenomena at equilibrium. To our knowledge, only Molecular Beam Epitaxy (MBE) techniques have been able to reach active concentrations of the order of 10 21 cm -3 > n sol [START_REF] Glass | Ultrahigh B doping during Si(001) gas-source molecular-beam epitaxy: B incorporation, electrical activation, and hole transport[END_REF][START_REF] Vailionis | Electrically Active and Inactive B Lattice Sites in Ultrahighly B Doped Si(001): An X-Ray Near-Edge Absorption Fine-Structure and High-Resolution Diffraction Study[END_REF] but no superconductivity has been reported yet.

In order to overcome even further the solubility limit, the doping must be operated in a non-equilibrium processes. This can be achieved by Pulsed Laser Melting Epitaxy (PLME) techniques, which use excimer lasers, i.e. UV-lasers that emit noncoherent pulses of light with pulse durations ranging from a few picoseconds to a few hundred microseconds, to locally melt a given material. They are appreciated in particular because of the strong absorption of silicon at UV wavelengths and because of the non-coherent nature of the emitted beam, which avoids speckle effects. Because of the high power density involved -which is of the order of a few tens of M W.cm -2 for a ns laser pulse of incident fluency energy of ∼ 1J.cm -2 -the subsequent epitaxial regrowth, or solidification of the melted phase, are very fast. For example, typical values of the solidification speed are of a few m.s -1 for pulse duration of tens of nanoseconds. Among the PLME methods, we can distinguish the Pulse Laser Induced Epitaxy (PLIE) and the Gas Immersion Laser Doping (GILD) techniques whose record active concentrations are reported in Figure 1.1. The concentrations achieved by these techniques allow to overcome the concentration threshold of superconductivity. Indeed, it was by the means of these two doping techniques that superconductivity was synthesized for the first time in SiB [START_REF] Bustarret | Superconductivity in doped cubic silicon[END_REF].

Principle of laser doping

PLIE and GILD doping techniques operate nearly identically. A schematic example is reported in Figure 1.2. The main difference between the two techniques resides in how the dopants are incorporated at first in the substrate. GILD technique (Figure a)) performs all the doping steps in a single process without moving the sample from an experimental setup to another. The sample is initially located in a Ultra High Vacuum (UHV) chamber, with P CH ≃ 10 -9 mbar in order to prevent contamination (mainly Carbon and Oxygen) of the grown crystal. The boron atoms are brought in BCl 3 gaseous form that chemisorbs on the surface of the substrate (step 1 of Figure a)). The gas is injected into the chamber at pressures high enough (P BCl 3 ≃ 5 × 10 -5 mbar) so that all possible chemisorption sites on the substrate are saturated between two exposures to laser pulses, that are constantly emitted with a shooting frequency of 2Hz. This results in the formation of a BCl 3 monolayer on the surface of the substrate with a density of 6.78 × 10 14 cm -2 [START_REF] Bourguignon | Laser modifications of Si(100) : Cl surfaces induced by surface melting: etching and cleaning[END_REF]. The atoms are then injected by locally melting the substrate (step 2) with a laser pulse, of wavelength λ = 308nm and pulse duration t pulse = 25ns, that is focused on the surface. The top chemisorbed atoms dissociate and diffuse in the liquid phase of silicon with an average yield of 30% which results from the competition between the photo-induced and thermal desorption of chemisorbed molecules with their diffusion in melted silicon [START_REF] Bourguignon | Laser modifications of Si(100) : Cl surfaces induced by surface melting: etching and cleaning[END_REF]. Moreover, the presence of Cl at the sample surface induces the expulsion of SiCl and induces an etching of the surface of ∼ 0.6 Å at each melting process [START_REF] Bourguignon | Laser modifications of Si(100) : Cl surfaces induced by surface melting: etching and cleaning[END_REF]. PLIE combines ion implantation, to first introduce dopants, and subsequent PLME. Because PLIE is more compatible with existing Si technologies and can be used for a large choice of dopants it has been the most used since the early development of laser doping. However, PLIE has some drawbacks. It requires, for example, the transfer of implanted plates to the PLME setup. A main constraint is that the pre-implantation sets the minimum depth and maximum concentration of the epitaxial layers. This is because epitaxy rebuilds a crystalline layer starting at the bottom of the liquid region. A PLME made within a pre-implanted or amorphous layer results in noncrystalline or partially crystalline layers with defects. Only a full, complete, melt of the implanted layer allows to rebuild a crystalline layer starting from the underlying monocrystalline substrate. Even then, deep defects induced by the implantation may affect the doped layer quality. Finally, the material surrounding the doped region remains strongly damaged by the implantation, contrary to a GILD sample where pristine substrate surrounds the doped layer. Compared to PLIE, the GILD doping method offers the advantage of controlling both the depth of the layer, by modulating the incident energy of the laser pulse, and the total concentration of the dopants, by repeating the three steps of doping (chemisorption, melting, and crystallization), also referred as the number of laser shots N applied to a given point of the surface. Hence, GILD method enables a wide range of doping conditions in a single doping run. In contrast, PLIE is limited in concentration both by the minimum depth predefined by the implantation and by the dose that was injected. For this reason, GILD was exclusively used for the synthesis of our SiB layers.

Laser-induced fusion

The direct band-gap of silicon is equal to 3.5eV . Thus, the photons of the XeCl excimer laser with λ = 308nm ⇔ E = hc/λ ≃ 4eV (with h the Planck constant and c the speed of light) are directly absorbed by electrons towards the conduction band without the intervention of a phonon to form an electron-hole pair. Because of the high absorbance (α) of Si at this wavelength, the electromagnetic energy is converted across short lengths (also referred as the penetration depth d p ) and results in a hot electron gaz : α ≃ 1.5 × 10 6 cm -1 ⇔ d p ≃ 7nm [START_REF] Aspnes | Dielectric functions and optical parameters of Si, Ge, GaP, GaAs, GaSb, InP, InAs, and InSb from 1.5 to 6.0 eV[END_REF]. By including all possible channels of energy relaxation of the hot carriers such as collisions between electrons, plasmon production, Auger recombination and phonon emission, E.J. Yoffa [START_REF] Yoffa | Dynamics of dense laser-induced plasmas[END_REF] estimated the relaxation rate of each of these processes. All but phonon emission participate to the thermalisation of of the hot electron gas with time relaxation times varying between 10 -14 s to 10 -13 s. The main energy distribution towards the lattice is achieved through the electron-phonon coupling by the emission of optical phonons with a time scale of about 10 -12 s, which is much shorter than the 25ns duration of the laser pulse. Hence, the power injected by the laser is considered to be instantaneously converted into thermal energy in the crystal and the heat produced by the absorption of the laser can be entirely described from the thermodynamic point of view (Melting Model [START_REF] Wood | Chapter 4 Melting Model of Pulsed Laser Processing[END_REF]). The lateral heat diffusion length being a few microns, it is negligible compared to the size of the laser spot (2 × 2mm 2 , see Section 1.2.3) and the heat diffusion is considered as unidirectional towards the substrate, convection and radiation being negligible. The liquid state appears at an energy E ∼ 600mJ.cm -2 for the laser and time-profile studied here. The planar fusion front formed (L/S front) propagates deeper into the substrate with speeds of the order of a few m.s -1 [START_REF] Wood | Chapter 4 Melting Model of Pulsed Laser Processing[END_REF].

Epitaxy of melted silicon

The high solubility of boron in liquid silicon opens the way to high levels of active boron after solidification. However, the activation of boron is highly dependent on the solidification process that occurs as the heat of the melted phase entirely dissipates in the substrate. In this section, we will discuss the different processes involved in the solidification process, whether for pure Si, such as undercooling or the influence of crystal orientation, or with the presence of B solute, such as the boron activation processes and the possible appearance of morphological cells caused by constitutional undercooling.

Crystallisation and undercooling

When the melted silicon layer reaches its maximum depth, a crystallization front a few atomic layers thick [START_REF] Motooka | Atomic diffusion at solid/liquid interface of silicon: Transition layer and defect formation[END_REF] propagates from the bottom of the melted layer to the surface. From a thermodynamic point of view, solidification occurs if ∆G = G L -G S < 0, with G L and G S respectively the Gibbs free energy of the liquid and solid phase. It can be shown that ∆G = ∆H M T M -T i T M [START_REF] Michael | Science and engineering of casting solidification[END_REF] with ∆H M the latent heat from the solid to the liquid phase, T M the melting temperature and T i the temperature of the interface. Hence, because ∆H M < 0 for solidification, one requires T i < T M for solidification to proceed. The interface thus experiences undercooling, a phenomenon by which a liquid remains in its melted phase even at temperatures lower than its melting point T M , in the absence of a crystal seed around which a crystal can form. Commonly, for conventional casting techniques where slow processes are involved, the undercooling is rather small (∆T c = T M -T i ∼ 1K) and solidification is mainly driven by the heat flow towards the substrate. However, if a fast dynamics is involved, as it is the case for PLME techniques, large temperature gradients between the liquid Si and the surrounding solid phase exist, and the rate of latent heat release is significantly less than the heat conductivity rate. Consequently, the liquid at the interface undercools significantly (∆T c = T M -T i ∼ tens to hundreds K [START_REF] Wood | Chapter 5 Nonequilibrium Solidification Following Pulsed Laser Melting[END_REF][START_REF] Larson | Time-resolved x-ray diffraction measurement of the temperature and temperature gradients in silicon during pulsed laser annealing[END_REF][START_REF] Larson | Nanosecond resolution timeresolved x-ray study of silicon during pulsed-laser irradiation[END_REF][START_REF] Thompson | Relation Between Temperature and Solidification Velocity in Rapidly Cooled Liquid Silicon[END_REF]) and the undercooling drives the solidification. The greater the undercooling, the greater is the front speed. At equilibrium, the chemical potential of solute and solvent must be the same in all phases, as represented graphically in Figure 1.3. In the case of complete equilibrium, when the solidification velocity is sufficiently slow, while the chemical potentials in the liquid and solid are equal, the compositions are not. For non-equilibrium solidification, the equality between the chemical potentials is lost but the composition becomes uniform across the interface. Indeed, during a non-equilibrium solidification, the atoms at the interfaces do not have time to be repelled towards the liquid and are trapped in the solid phase, and concentrations way above the solubility limit are achieved. For nanosecond laser doping, a typical L/S front speed of v ∼ 4m.s -1 is attained. If this statement is valid for the solute, it is also valid for the solvent. Indeed, for crystallization rates of the order of v ∼ 15 -20 m.s -1 , the epitaxial layers lose their crystallinity and become amorphous [START_REF] Wood | Chapter 5 Nonequilibrium Solidification Following Pulsed Laser Melting[END_REF], as the silicon is trapped before it goes back to its equilibrium crystalline phase. 1.2.2.2 Epitaxial growth of ( 100) and ( 111) silicon As we will see below, the orientation of the silicon substrate influences the crystalisation process and the quality of resulting epitaxy. It is then reasonable to revisit the crystalline nature of pure silicon. The diamond cubic crystal structure of silicon is shown in Figure 1.4. It is defined by three orientation planes, i.e. ( 100), [START_REF] Shim | Superconducting-Semiconductor Quantum Devices: From Qubits to Particle Detectors[END_REF] and [START_REF] Brian | An experimental and theoretical study of the relation between magnetic field and current in a superconductor[END_REF] planes, as represented by gray areas in Figure 1.4 a) b) and c) with the in-plane Si atoms colored in yellow. In addition, a top view of each plan is presented in 1.4 d) to f). Each plane is defined by its atom density and its surface energy see (see Table 1.1). Clearly, the [START_REF] Brian | An experimental and theoretical study of the relation between magnetic field and current in a superconductor[END_REF] plane is the densest with 15.7 × 10 14 cm -2 and shows the lower surface energy density of 1.82J • cm -2 . On the other hand, the (100) plane has a lower density of atoms of 6.78 × 10 14 cm -2 . This lower density is coupled with a higher surface energy of 2.39J • cm -2 . Since the epitaxial reconstitution of the crystalline structure involves the formation of new covalent bonds (Si-Si and B-Si) it is reasonable to expect the plane orientation of the substrate to influence the epitaxial properties. [START_REF] Vogl | The Mechanism of SEI Formation on Single Crystal Si(100), Si(110) and Si(111) Electrodes[END_REF][START_REF] Stekolnikov | Absolute surface energies of group-IV semiconductors: Dependence on orientation and reconstruction[END_REF] During the 1980s, experimental works studied the influence of the crystal orientation on the crystalline quality of pre-implanted silicon followed by pulsed laser melting epitaxy [START_REF] Cullis | Transitions to Defective Crystal and the Amorphous State Induced in Elemental Si by Laser Quenching[END_REF][START_REF] Cullis | Orientation dependence of high speed silicon crystal growth from the melt[END_REF]. Systematically, the epitaxy performed on Si [START_REF] Brian | An experimental and theoretical study of the relation between magnetic field and current in a superconductor[END_REF] produced layers structurally more damaged than Si [START_REF] Nagamatsu | Superconductivity at 39 K in magnesium diboride[END_REF] or required greater energy pulse in order to correctly rebuild the underlying Si crystalline lattice. Additionally, the maximum growth velocities of defect-free layers was found to be greater in [START_REF] Nagamatsu | Superconductivity at 39 K in magnesium diboride[END_REF] than in [START_REF] Brian | An experimental and theoretical study of the relation between magnetic field and current in a superconductor[END_REF] silicon. 100) pure silicon at equilibrium (i.e. the melting is maintained on large time scales). The images are taken from [START_REF] Landman | Faceting at the silicon (100) crystal-melt interface: Theory and experiment[END_REF] a) Classical Molecular Dynamics (CMD, see ref [START_REF] Marqués | Chapter 3 -Atomistic modeling of laser-related phenomena[END_REF] for an introduction of this simulation technique) simulation of real-space L/S interface. Z = 1 ↔ 3.8nm and X = 1 ↔ 2.3nm b) In situ picture taken by video monitor of the L/S solidification front at equilibrium of melted silicon with a continuous wave (cw) argon laser. A similar study providing substantially similar results for out of equilibrium crystallisation are provided in [START_REF] Landman | Molecular-dynamics simulations of epitaxial crystal growth from the melt. I. Si(100)[END_REF] Also, it has been shown that the crystalline orientation of the substrate affects the shape of the crystallization front. For example, several studies using equilibrium liquid/solid growth techniques on Si [START_REF] Nagamatsu | Superconductivity at 39 K in magnesium diboride[END_REF] have been able to evidence the emergence of micro-facets on the [START_REF] Brian | An experimental and theoretical study of the relation between magnetic field and current in a superconductor[END_REF] directions giving a zig-zag shape to the solidification front [START_REF] Fujiwara | Crystal growth behaviors of silicon during melt growth processes[END_REF][START_REF] Celler | Faceted Melting and Superheating of Crystalline Si Irradiated with Incoherent Light[END_REF]. Because equilibrium solidification is sufficiently slow, direct imaging could record such phenomenon, as shown in Figure 1.5 [START_REF] Landman | Faceting at the silicon (100) crystal-melt interface: Theory and experiment[END_REF]. On the other hand, the fast processes involved in non-equilibrium growth do not allow direct evidence of this phenomenon. The shape and the dynamics of the L/S front for non-equilibrium interfaces have been studied by theoretical atomistic investigation based on Classical Molecular Dynamics [START_REF] Landman | Faceting at the silicon (100) crystal-melt interface: Theory and experiment[END_REF][START_REF] Landman | Molecular-dynamics simulations of epitaxial crystal growth from the melt. I. Si(100)[END_REF][START_REF] Luedtke | Molecular-dynamics simulations of epitaxial crystal growth from the melt. II. Si(111)[END_REF] (CMD, see reference [START_REF] Marqués | Chapter 3 -Atomistic modeling of laser-related phenomena[END_REF] for a complete description of the simulation technique) on Si [START_REF] Nagamatsu | Superconductivity at 39 K in magnesium diboride[END_REF] and Si [START_REF] Brian | An experimental and theoretical study of the relation between magnetic field and current in a superconductor[END_REF] for equilibrium and nonequilibrium interfaces. While the crystallisation front on Si [START_REF] Brian | An experimental and theoretical study of the relation between magnetic field and current in a superconductor[END_REF] is rather flat, Si (100) crystallisation front exhibits [START_REF] Brian | An experimental and theoretical study of the relation between magnetic field and current in a superconductor[END_REF] oriented micro-facets (see Figure 1.5). Note that [START_REF] Brian | An experimental and theoretical study of the relation between magnetic field and current in a superconductor[END_REF] is the direction where the surface energy density is the lowest. Above all, the difference between the two orientations lies in the dynamics of the crystallisation front : in the case of Si (100), the crystallisation propagates quite continuously with a fixed crystallisation speed yielding to perfectly grown crystal. On the other hand, the flat crystallisation front of Si (111) isn't continuous but alter-nates between intervals of rapid growth and intervals of halt. These changes in front crystallisation speed were found to be related to the formation of crystalline defects such as stacking faults, defective layers, and a wide region of disordered material. Additionally, CMD calculation lead to the evaluations of crystal growth speeds consistent with the experiments [START_REF] Cullis | Transitions to Defective Crystal and the Amorphous State Induced in Elemental Si by Laser Quenching[END_REF][START_REF] Cullis | Orientation dependence of high speed silicon crystal growth from the melt[END_REF]. These results have motivated the pulsed laser epitaxy community to focus on Si (100).

Non-equilibrium activation of boron in silicon

During the solidification process, part of the B atoms transfer from the liquid to the solid phase through the solidification front while another fraction remains in the liquid phase. The segregation coefficient, or partition coefficient, accounts for this phenomenon and is defined as k = C S /C L with C S and C L the dopant concentration in the solid and the liquid phase. It reveals how well the dopants distribute after the solidification process. For k < 1, the dopants will tend to be pushed towards the top surface of the crystallized layer; conversely concentrated will be maximal closer to the substrate for k > 1. For most dopants in silicon, k < 1. At equilibrium, boron, which is the atom with the higher segregation in silicon, is defined by k = 0.8 [START_REF] Wood | Chapter 4 Melting Model of Pulsed Laser Processing[END_REF]. The close to unity value of k confers to liquid phase epitaxial Si:B layers rather good homogeneity in depth provided that B atoms are homogeneously distributed in the liquid phase (see Section 2.2). k values also depend on the epitaxial properties, i.e. the speed growth of the L/S front, the concentration of boron and the orientation of the crystal lattice. Typically, for a front speed v = 4m.s -1 , k ∼ 0.95 and tends even more closer to k = 1 at higher v [START_REF] Wood | Chapter 5 Nonequilibrium Solidification Following Pulsed Laser Melting[END_REF]. It should be noted that these values of k are valid as long as the content of B is the minority, and that k can change with the concentration. We will discuss this aspect with our experimental data in Chapter 2. M. J. Aziz et al. [START_REF] Aziz | Solute Trapping in Silicon by Lateral Motion of 111 Ledges[END_REF] explored the influence of the crystal orientation on k of preimplanted B-doped [START_REF] Shim | Superconducting-Semiconductor Quantum Devices: From Qubits to Particle Detectors[END_REF] Si wafers (ρ = 30 Ω.cm) on a depth of 180nm. Wafers were cut at orientations varying in 5°increments from [START_REF] Shim | Superconducting-Semiconductor Quantum Devices: From Qubits to Particle Detectors[END_REF] through [START_REF] Brian | An experimental and theoretical study of the relation between magnetic field and current in a superconductor[END_REF] to (001) and were subsequently annealed by excimer laser pulses with E = 1.1J.cm -2 , λ = 248nm and t pulse = 25ns. The peak value of k observed along [START_REF] Brian | An experimental and theoretical study of the relation between magnetic field and current in a superconductor[END_REF] suggested the solute trapping to be favored in this direction and was successfully modeled by a correction of the front velocity dependence of k with the lateral motion of (111) ledges.

From a microscopic point of view, the segregation coefficient can be understood as the repulsion of the solute at the interface by the lattice constraints of the initial matrix -mainly due to size and lattice fitting issues. The solute escapes then into the liquid, provided that its diffusion velocity at the interface is greater than the velocity of the crystallization front. However, for high solidification front velocities, the impurities can be trapped at concentrations above the solubility limit. R. F. Wood et al. [START_REF] Wood | Chapter 5 Nonequilibrium Solidification Following Pulsed Laser Melting[END_REF] developped an intuitive phenomenological model where the solute trapping can be understood as the rates at which atoms transit from solid to liquid phase and vice-versa. This model allows to relate for instance v to k, but incorporates many thermodynamic parameters that are sometimes unknown. For this reason, the model of M. J. Aziz [START_REF] Aziz | Model for solute redistribution during rapid solidification[END_REF], a microscopic model that involves less parameters, is usually prefered to that of R. F. Wood et al.. Finally, note that the Cl present in the precursor gas also diffuses in the liquid phase. However, k Cl << 1 and is completely repelled by the front towards the surface.

L/S front crystallisation induced defects

The formation of defects in semiconductors, i.e. point defects, extended defects, segregation of impurities, dislocations, is of great concern as it alters the performances of electronic devices. One of the benefits of PLME (pulsed laser melting epitaxy) is its ability to reconstitute the underlying substrate's crystalline quality [START_REF] Narayan | A comparative study of laser and thermal annealing of boron-implanted silicon[END_REF] while preventing the formation of extended defects often observed for anneals in the solid phase [START_REF] Marqués | Chapter 3 -Atomistic modeling of laser-related phenomena[END_REF][START_REF] Marqués | Ultrafast Generation of Unconventional 001 Loops in Si[END_REF][START_REF] Marqués | 001 loops in silicon unraveled[END_REF][START_REF] Qiu | Extended Defects Formation in Nanosecond Laser-Annealed Ion Implanted Silicon[END_REF], such as dislocations extending through the layer (dislocation loops) [START_REF] Claverie | On the origin of dislocation loops in irradiated materials: A point of view from silicon[END_REF], or clustering of impurities like Boron Interstitial Clusters (BIC [START_REF] Mannino | Electrical activation of B in the presence of boroninterstitials clusters[END_REF]). However, despite its ability to partially "heal" implanted damages, defects caused during the crystallization process or related to physical limitations of the initial substrate can develop. A review of these defects is presented in the following paragraphs.

Intrinsic defects

Ishimaru et al. as well as Motooka et al. [START_REF] Ishimaru | Molecular-dynamics studies on defect-formation processes during crystal growth of silicon from melt[END_REF][START_REF] Motooka | Atomic diffusion at solid/liquid interface of silicon: Transition layer and defect formation[END_REF] used CMD simulations to analyse further the formation of point-defects in (100) oriented pristine silicon. They completed the work of Landman et al. by pointing out that (111) microfacets rose from the formation of hexagonal structures at the L/S interface. These structures are expected to self-anneal and to reconstitute the initial silicon structure right after the solidification. However, part of it reconstructs as five-member ring defects misplaced in the lattice with either an extra-vacancy or self interstitial atom depending on front velocity to temperature gradient ratio (v/G) It is expected that for (v/G) < (v/G) critical ≃ 0.1mm 2 .(min.K) -1 , self-interstial (I-type defects) defects may form whereas vacancies (V-type defects) are expected when (v/G) > (v/G) critical .This can be understood from a kinetic point of view at the interface. If the value of G is large enough compared to that of v, atoms diffuse fast enough compared to the interface, and the lower density region can be quickly filled by Si atoms from the liquid side, which results in I-type formation. However, as larger v are considered, the atomic diffusion in the solid is less effective and V-type defects may form. For typical gradient values of G = 2×10 7 K.cm -1 [START_REF] Larson | Time-resolved x-ray diffraction measurement of the temperature and temperature gradients in silicon during pulsed laser annealing[END_REF][START_REF] Larson | Nanosecond resolution timeresolved x-ray study of silicon during pulsed-laser irradiation[END_REF][START_REF] Thompson | Relation Between Temperature and Solidification Velocity in Rapidly Cooled Liquid Silicon[END_REF][START_REF] Landman | Molecular-dynamics simulations of epitaxial crystal growth from the melt. I. Si(100)[END_REF] and front speed v = 4m.s -1 , the resulting ratio (v/G) = 0.12mm 2 .(min.K) -1 ≃ (v/G) critical . Hence, we do not expect the important presence of either I-type or V-type defects in our layers.

Aggregation

At high concentrations, the dopants can form aggregates rather than locating in substitutional sites. The lower the segregation coefficient, the less homogeneous is the dopants distribution in the solid, with an increasingly large dopant concentration in the liquid when the front advances towards the surface, which favors the formation of aggregates. The total amount of substitutional dopants can be improved by adjusting the doping parameters of the epitaxial process : laser dependent parameters such as the L/S front velocity can improve physical parameters such as the segregation coefficient [START_REF] Baeri | Dependence of trapping and segregation of indium in silicon on the velocity of the liquid-solid interface[END_REF] and therefore the solubility limit [START_REF] Duffy | Groups III and V impurity solubilities in silicon due to laser, flash, and solid-phase-epitaxial-regrowth anneals[END_REF]. Because boron has a segregation coefficient close to unity, it is not expected that aggregates should be present. However, as we will discuss in Chapter 3, at high concentrations, pairing of boron atoms self-limits the electrical activation. This is followed by formation of trimers, quadrimers,.. and up to observed larger complexes. 

Cellular breakdown

Numerous experimental works have highlighted the appearance of cellular / filament doped shapes in the context of pulse laser melting, especially for low segregation coefficient impurities, either through top and cross section TEM imaging [START_REF] Cullis | Tem Study Of Silicon Laser Annealed After The Implantation Of Low Solubility Dopants[END_REF][START_REF] Cullis | Growth interface breakdown during laser recrystallization from the melt[END_REF][START_REF] Narayan | Interface instability and cell formation in ion-implanted and laser-annealed silicon[END_REF][START_REF] Narayan | Development of morphological instability and formation of cells in silicon alloys during pulsed laser irradiation[END_REF][START_REF] Yang | Au-rich filamentary behavior and associated subband gap optical absorption in hyperdoped Si[END_REF][START_REF] Recht | Supersaturating silicon with transition metals by ion implantation and pulsed laser melting[END_REF] and more recently with APT measurement revealing the 3D distribution of the characteristics filaments [START_REF] Akey | Single-Phase Filamentary Cellular Breakdown Via Laser-Induced Solute Segregation[END_REF][START_REF] Akey | Maximum Ti concentrations in Si quantified with atom probe tomography (APT)[END_REF]. The structure consists of regions of the host material containing dopant atoms at relatively low concentrations surrounded by cell walls in which the concentration of dopants is much higher. The emergence of these defects are attributed to the appearance of morphological cells (see Figure 1.6) at the L/S interface for high speed regrowth and high concentration of dopants. These cells occur with constitutional supercooling, which is a growing regime by which instabilities at the L/S interface overcome the steady-state of the growing front [START_REF] Doru | Fundamentals of Solidification[END_REF][START_REF] Warrender | Morphological stability during solidification of silicon incorporating metallic impurities[END_REF][START_REF] Warrender | Laser hyperdoping silicon for enhanced infrared optoelectronic properties[END_REF].

To understand this phenomenon, a schematic representation is provided in Figure 1.6. The figure is divided into three columns where the solute concentration in the solid and liquid phase, the shape of the crystallization front as well as the typical Si:B phase diagram for an equilibrium system are shown from the left to the right respectively. The time evolution of these morphological cells is sorted in lines, starting at t 1 at the bottom of the figure until t 4 on the highest line.

Phase diagram of SiB :

The schematic representation of the equilibrium phase diagram of Si:B (see t = t 1 , on the bottom right of the figure) depicts the B fractional composition denoted as x on the x-axis and the temperature T of the system on the y-axis over a window rich in silicon and with small amount of B with X ∈ [0; ∼ 8]at.%. The complete equilibrium phase of Si:B is provided in Appendix A.2. In this diagram, four zones are defined and correspond to the different phases in which the system is according to its B concentration and its temperature. Zone 1), colored in gray, shows the concentration and temperature range in which B is soluble in the solid crystalline Si (c-Si) and where full activation of B can be achieved. Zone 2), represented by a gray striped area, demarcates the region where B is no longer soluble in the diamond Si but rather forms mixtures of B 3 Si + cSi or B 6 Si + cSi depending on the temperature of the system [START_REF] Mostafa | Binary Phase Diagrams and Thermodynamic Properties of Silicon and Essential Doping Elements (Al, As, B, Bi, Ga, In, N, P, Sb and Tl)[END_REF]. We can see that the green line demarcating regions 1) and 2), which corresponds to the solubility limit of the system (at equilibrium), increases with temperature, up to a maximum limit X ≃ 1.6at.% and T ≃ 1630K. This point delimits zones 1) and 2) from zone 3), in blue, the region for which B atoms enter a liquid phase while Si remains in its solid phase. While the seperation line between 2) and 3) is rather constant in temperature, the transition line between phase 1) and 3) increases in temperature as x decreases, up to T = T M,Sic = 1683K when X = 0at.%. Above the third area lies the liquid phase of SiB, denoted as zone 4) and colored in salmon-pink. Note that the melting point T M decreases with increasing x, as shown by the red line, which indicates that k < 1 [START_REF] Michael | Science and engineering of casting solidification[END_REF]. The lower the k, the steeper is the slope. Otherwise, if k > 1, then the slope is positive and T M increases with x.

Formation of the morphological cells :

In order to provide a qualitative picture of the formation and evolution of the socalled morphological cells, two assumptions are made :

• The L/S front is considered as perfectly planar;

• Even though high thermal undercooling may be involved, we will assume it doesn't change much the equilibrium phase diagram discussed above; • k < 1.

At t = t 1 , the front is planar (see the front draw in the middle), and the liquid and solid phases are well delimited by the L/S front. Because k < 1, part of the impurities tends to be rejected by the solid in the liquid. Thus, a steep change in concentration from S to L can be observed [START_REF] Wood | Chapter 4 Melting Model of Pulsed Laser Processing[END_REF]. Because the L/S front velocity is greater than the B diffusion in the liquid, an exponential-like concentration gradient forms in the liquid with the highest concentration at the interface. Here, points A and B represent two points located on the planar interface. They share at first the same concentration (X A = X B ), the same temperature and undergo the same thermal undercooling ∆T i = T M -T L/S (see cyan arrow in the SiB phase diagram). At t = t 2 , a bit of the solidification front jumps ahead of neighboring regions in a fluctuation at point A while B remains at the same location. Consequently, point A finds itself in an area where the concentration is significantly lower than at B. Because x A < x B , the melting temperature at A is greater than that of B, as pointed out in the corresponding phase diagram. Hence, ∆T i,A > ∆T i,B (see cyan arrows on the phase diagram), and the solidification speed of A increases with respect to B. This undercooling that point A undergoes is called constitutional undercooling. At this level, two undercoolings compete, the thermal undercooling and the constitutional undercooling. If the thermal undercooling is greater than that caused by the concentration gradient, then the front will stabilize and regain a planar shape. On the other hand, at high concentrations, it is possible that constitutional undercooling prevails and that the interface destabilizes, in which case the following discussion (for t = t 3 and t 4 ) will be valid. It can be shown that the critical concentration [START_REF] Su Campisano | Non-equilibrium dopants incorporation in silicon melted by laser pulses[END_REF] for which the L/S destabilizes is :

C i > G l • D i v • m • k (1 -k) (1.1)
with G l ∈ [∼ 10 7 ; ∼ 10 8 ] • K.cm -1 the thermal gradient at the interface [START_REF] Larson | Time-resolved x-ray diffraction measurement of the temperature and temperature gradients in silicon during pulsed laser annealing[END_REF][START_REF] Larson | Nanosecond resolution timeresolved x-ray study of silicon during pulsed-laser irradiation[END_REF][START_REF] Thompson | Relation Between Temperature and Solidification Velocity in Rapidly Cooled Liquid Silicon[END_REF][START_REF] Landman | Molecular-dynamics simulations of epitaxial crystal growth from the melt. I. Si(100)[END_REF] , D i ∼ D l = 2.4 × 10 -4 cm 2 .s -1 the diffusion of B atoms at the interface that can be approximated as D l the diffusion of B in liquid Si (Si l ) [START_REF] Kodera | Diffusion Coefficients of Impurities in Silicon Melt[END_REF], v = 4m.s -1 is the L/S front velocity, k = 0.9 the non-equilibrium segregation coefficient and m = 6.25 × 10 -21• C.cm 3 [START_REF] Mostafa | Binary Phase Diagrams and Thermodynamic Properties of Silicon and Essential Doping Elements (Al, As, B, Bi, Ga, In, N, P, Sb and Tl)[END_REF] is the temperature to concentration gradient obtained from the phase diagram. Taking G l = 10 8 K.cm -1 , then C i ∼ 10 21 cm -3 . The high uncertainties on the variables do not allow to validate precisely a value of C i that should range between 10 20 cm -3 and 10 22 cm -3 and fall on the range of concentrations obtained on Si:B for by PLME. However, it is probable that such phenomena can occur in our doped layers. At t = t 3 , The instability that appears on the melting front expands, the more so for important constitutional undercooling. Since the solidifying instability is pushed by the undercooling at speeds greater than D l , the excess impurity will instead be swept to the sides of the instability. The excess of impurity in the troughs (point B) acts to depress the melting point and thereby slows their solidification. At the end (t = t 4 ), because this process feeds itself as the instability progresses, the resulting crystallized layer consists of elongated filaments poorer in solute surrounded by zones richer in solute.

Strain and plastic relaxation

Finally, it is noteworthy that the great amount of dopants obtained by GILD can significantly change the mechanical properties of the initial substrate. In semiconductors, because of the covalent nature of the atomic bonds, the substitution of host atoms by impurities induces mechanical stress. The covalent radius of the introduced impurity determines whether the stress is compressive or tensile. For example, because the boron atom is smaller than silicon, it tensily strains the layer and lowers its original lattice parameter. In epitaxial growth, the synthesized layers are grown on a reference substrate and preserve its lateral inter-atomic distance. This is referred as a pseudomorphic growth. This accommodation gives rise to a competition between the work provided by the reference substrate with that of the layer which tends to find an equilibrium crystalline lattice. Therefore, for large dopant concentration, when the lattice mismatch between the substrate and the epitaxial layer is too large, dislocations may form at the interface between the substrate and the epitaxial layer. One can distinguish two kind of dislocations: screw and edge dislocations. An edge dislocation is a type of crystal lattice defect in which an extra half-plane of atoms is inserted parallel to the lattice plane, and that distorts the nearby planes. A screw dislocation is a type of crystal lattice defect in which an extra half-plane of atoms is inserted at an angle to the lattice plane, causing a planar defect in the crystal structure. Both types of dislocations can cause plastic deformation in materials, and can have significant effects on the mechanical properties of the material. An example is provided in Figure 1.7 [START_REF] Mcnamara | How do eclogites deform in subduction and collision zones? An Alpine study[END_REF]. At first, the UV pulses are emitted by the XeCl excimer laser, which complex mixture allows the output temporal profile to be stable and quasi-gaussian (see Section 1.2.3.1). At the output, the UV pulse is initially redirected by 99.5% reflecting mirror behind which a photodiode detects a small fraction of the 0.5% nonreflected beam and triggers the data acquisition process (section 1.2.3.1) (UV) and Section 1.2.3.2 (TRR)). On its way, the UV pulse passes through an optical homogenizer and a converging lense block (see Section 1.2.3.4) in order to focus the beam as homogeneously as possible on a square surface of 2 × 2mm 2 . The beam is then redirected toward the UHV chamber by a final mirror and crosses a 96% transparent window located at the top of the chamber. This window is inclined by 4 • and reflects a small fraction of the beam which is then redirected towards an integrating sphere (see dashed blue arrow). Reflectivity measurement at 675nm (see red arrows) is established to perform in situ control of the melting and crystallisation processes (see Section 1.2.3.2), and is carefully inclined for the 675nm beam to fall exactly on the center of the focused UV pulse. A pulsed pipe is located in the UHV chamber just above the sample to ensure the injection between each laser shot of the minimal pressure of BCl 3 to saturate the chemisorbtion sites. Thus, the amount of dopants injected into the liquid is the same for each shot. A glass slide attenuate is used to control the energy of the UV pulse.

The reproducibility of the doping, the characterization of the doped layers and the realization of devices strongly rely on our ability to retrieve the doping properties, i.e. the amount of dopants injected in the liquid as well as the melted depth, from the experimental conditions (e.g. the incident energy of the laser pulse, the number of shots applied ...). Therefore, a set of control systems is employed, as shown in Figure 1.8.

As the studied processes are based on threshold phenomena, the quality of the doping relies heavily on the spatial and temporal properties of the laser pulse. Typically, the areal density of UV energy is homogenized and controlled (see Section 1.2.3.4) in order to synthesize homogeneous samples in depth and concentration. The temporal profile is also a critical parameter as it informs about the stability of the UV pulse and informs about the existence or not of two successive pulses in time that strongly affect the melted depth as well as the speed of the L/S front (see Section 1.2.3.1). It is also necessary to monitor the melting and crystallization process. Because of the short time scales involved (of the order of a few ns) the requirement to carry out control measurements under UHV and without contact, a Time Resolved Reflectvity (TRR) is employed (see Section 1.2.3.2).

In the present section, the UV temporal profile, the TRR measurements and the homogeneizing system are successively presented.

Laser pulse temporal profile

Excimer lasers are UV-lasers that use a rare gas (typically Xe, Ar or Kr) mixed with an halogen (F, Br, Cl, I), allowing the emission of laser pulses with λ ∈ [108; 350]nm. Their operating principle is based on the formation of excimers (or exciplexes), rare gas dimers (or a molecular complexes of a rare gaz with a halogen) that are only stable in an excited state. Such excimers only form under energetic stimulation (usually an electrical discharge) and fall back to their fundamental and dissociative state by emitting spontaneous or stimulated electromagnetic radiation with a specific wavelength. Since the temporarily created dimers/molecules do not exist in the ground state, population inversion is easily achieved, and excimer lasers provide powerful emissions.

In this study, we used a XeCl excimer laser 1 emitting laser pulses of wavelength λ = 308nm and pulse duration t pulse = 25ns with a shooting frequency of f = 2Hz. Buffer and inert gases (Ne,H 2 , He) are added to the mixture to improve the emission process. In the standard mixture, a systematic second peak re-emission delayed from a first main intensity peak appears. This is shown in Figure 1.9 where an example of UV temporal profile of two XeCl excimer lasers, one standard (with the conventional mixture) and one with optimised gas mixture (where the gases are the same but in different proportions) are shown. The yellow UV profile comes from a laser with conventional mixture2 [START_REF] Kerrien | Etude du traitement laser du silicium appliqué a la réalisation de couches dopées nanométriques pour la microélectronique[END_REF][START_REF] Bonnet | Mesures résonantes des propriétés hautes fréquences du silicium supraconducteur ultra-dopé au bore par laser[END_REF][START_REF] Hernandez | Procédé laser de réalisation de jonctions ultra-minces pour la microélectronique silicium: étude expérimentale, modélisation et tests de faisabilité[END_REF] and the black curve comes from our actual laser with an optimized mixture. The two laser pulses are composed of a main gaussianlike peak in intensity reaching a common energy density E U V = 1000mJ.cm -2 and appear nearly identical. The only difference is the appearance of a second pulse in intensity for the convention laser, delayed by 35ns with lower fluence energy E 2 ≃ 250mJ.cm -2 . Because increasing inert gases in the chamber allows to reduce the re-excitation moderated by atomic collisions, no re-emission is observed for the optimised laser provided that the electrical discharge HV is sufficiently low. However, this reduces the emission yield by a factor 5 to 10. Still, the emitted laser pulse is sufficiently energetic to melt layers of a few hundreds of nm in Si.

Figure 1.9 -Nanosecond XeCl excimer laser temporal profiles of both conventional and optimized laser. Image taken from ref [START_REF] Bonnet | Mesures résonantes des propriétés hautes fréquences du silicium supraconducteur ultra-dopé au bore par laser[END_REF]. The temporal profile of the laser pulse is probed by an integrating sphere, located at the end of the optical circuit (see Figure 1.8) which provides the power density of the incident beam, which can be directly converted into energy density since t pulse >> τ ph , with τ ph ∼ 10 -12s the characteristic time of energy conversion from photons to phonons [START_REF] Yoffa | Dynamics of dense laser-induced plasmas[END_REF].

The presence of these second re-emissions may have strong impacts on the doping and crystallisation processes. Also, the crystalline properties, such as relaxation processes, change significantly from one discharge condition to another. Therefore, these may have drastic effects on the doped layers, in terms of dopant activation, structural properties and superconducting properties. In this work, all samples have been synthesized with an average second pulse E 2 /E 1 ≃ 4% in order to minimize the second pulse effect and to synthesize sufficiently thick samples, up to 300nm. The UV laser temporal profile was systematically measured for each laser shot by collecting the small reflection of the beam from the window, inclined by 4 • , with an integrating sphere. The energy is calibrated through the comparison, made in-situ and before each experiment, with the reference melting energy of a Si monocrystalline (100) undoped substrate placed near the samples.

Time Resolved Reflectivity (TRR)

When silicon goes into the liquid phase (l-Si), it becomes metallic and its electrical, optical and thermodynamic properties change drastically. In particular, its reflectivity at 675nm is multiplied by a factor of 2 compared to its crystalline phase (c-Si), with R c-Si (λ = 675nm, T = 300K) ≃ 0.34 [START_REF] Aspnes | Dielectric functions and optical parameters of Si, Ge, GaP, GaAs, GaSb, InP, InAs, and InSb from 1.5 to 6.0 eV[END_REF] and with R l-Si (λ = 675nm, T = 1683K) ≃ 0.74 [START_REF] Jellison | Chapter 3 Optical and Electrical Properties of Pulsed Laser-Annealed Silicon[END_REF], which makes it a good probing tool in the context of a vacuum doping process that occurs on very small time scales (∼ ns). In this study, we probed the PLME process by measuring the time-resolved reflectivity (TRR)provided by means of a 675nm emitter and sensor with ns time resolution. As shown in Figure 1.8, the red beam, which is of approximately 300µm of diameter, is adequately directed on the sample surface so that it falls in the center of the area where the UV pulse is focused. The beam reflected by the silicon passes through the window and is detected by a probe filtered for 675nm detection with ns resolution. The acquisition time is controlled by the trigger photodiode located at the exit of the laser which perceives a fraction of the UV pulse (∼ 0.5%) transmitted through the first mirror. Thus, the emitting red laser is lighted a few µs before the laser shot and detection is recorded from a few tens of nanoseconds before the laser shot (in order to record the solid state reflectivity before the laser treatment) and during a few hundreds of nanoseconds. At t < t 0 = 12ns, the substrate has not yet been subjected to any pulse and R Si = R c-Si (300K). For t 0 < t < dof +t 0 the UV pulse is absorbed and instantaneously converted in heat. The surface is either in the solid phase (curves A and B) or in its liquid phase (curves C to E). The dof is empirically determined as the time elapsed between the two passages of the reflectivity at R = 1.5 × R c-Si (300K). At t > dof + t 0 , Si has fully crystallized but remains at high temperatures and its reflectivity progressively tends to R c-Si (300K). b) Fusion test dof (E 1 ), where E 1 is the maximum of the main UV peak. The solid black line represents the fit for dof < 55ns. The fusion threshold is determined as the intercept between this fit and the abscissa. The UV signal U V max can be converted into surface energy by the Si melting energy, 600 mJcm -2 . The capital letters identify the points corresponding to the graph a)

Figure 1.10 a) shows in a single graph the measured TRR signal (top graph) and its respective UV pulse (bottom graph) for various UV pulse energies. Note that the UV has almost no second peak (20kV , E 2 /E 1 ≲ 10%). Before the laser pulse hits the surface (t < 12ns), the reflected red signal is simply the reflectivity of c-Si at 300K. As soon as the pulse is absorbed, it increases the temperature of the c-Si and its reflectivity increases with the energy of the UV pulse (signals A and B). It takes a few tens of nanoseconds for the heated c-Si to gradually recover its original temperature and reflectivity. As the UV pulse reaches a minimum fluence energy E U V ≃ 600mJ.cm -2 (signal C), the Si begins to melt (l-Si) which manifests in the reflectivity as an abrupt rise of the signal compared to that of the c-Si at the same temperature. As E U V is increased, the duration of the melted phase, which accounts for both melting and solidification durations, broadens in time and its maximum reflectivity increases up to a maximum value R max ≳ 2 × R 300K . The liquid phase behaves like a thin layer on a solid silicon substrate which causes interference between the beams reflected from the face of the two diopters and the signal at 675nm increases with the depth of the melted phase. But because of the strong absorption in l-Si, the red beam is practically all absorbed for a thickness of about 20nm and the reflectivity saturates at R = R max [START_REF] Kerrien | Etude du traitement laser du silicium appliqué a la réalisation de couches dopées nanométriques pour la microélectronique[END_REF] (signal D). For higher energies (signal E), while R remains fixed, the total duration of the melting, also called duration of fusion (dof ), keeps growing. For Si, the dof is evaluated as the TTR width at height R = 1.5 × R solid . Due to the electronic signal noise, an error of ±2ns is associated to the dof . The evolution of the dof with respect to E U V is shown in Figure 1.10 b). The respective curves of Figure 1.10 a) are depicted on the graph as back dots. Before the melting occurs (point A and B), no signal is measured and dof = 0ns. Si melting is distinguished by a steep rise in dof (point C). The dof then grows linearly with E U V with a slope of ∼ 0.06ns/(mJ.cm -2 ). The fusion threshold is determined as the intercept between this linear dependence and the horizontal axis, for dof = 0. The UV signal U V max is converted into surface energy by identifying the fusion threshold to 600 mJcm -2 , a value determined experimentally on our laser and characteristic of the pulse temporal profile. In the absence of a second peak, the trend should conserve the same linearity at higher energies [START_REF] Bonnet | Mesures résonantes des propriétés hautes fréquences du silicium supraconducteur ultra-dopé au bore par laser[END_REF][START_REF] Vanwaveren | The effect of the temporal profile of the laser on highly laser-doped superconducting Si:B[END_REF]. However, the presence of a second peak, albeit very small, extends the melting time either by slowing down the crystallization front or by a prolongation of the melt, and is apparent as an increase in the slope of dof (E).

Calibration of the depth

Despite the change in the SiB thermodynamic properties with doping, it was shown that a fixed dof corresponds to a fixed doped thickness d of the layer [START_REF] Kerrien | Etude du traitement laser du silicium appliqué a la réalisation de couches dopées nanométriques pour la microélectronique[END_REF]. Hence, by keeping the dof constant during the doping process the overall thickness remains constant. Because the optical absorption increases by increasing the total amount of dopants, it is necessary to reduce progressively the intensity of the main peak while the doping increases. This is achieved by the means of a variable angle optical attenuator that partially filters the beam according to its angle of incidence (see Figure 1.8).

Several methods have been used in order to measure the depth of doped layers : X-Ray Diffraction (XRD), Transmission Electron Microscopy (TEM) and Scanning Electron Microscopy (SEM). These techniques are based on different physical phenomena. Therefore, the estimated depths and their meaning may change from one method to another. In this section, we will only discuss the nature and uncertainties of the depths estimated by each of these methods. Except for SEM imaging which will be presented here, each of these methods will be described in depth in specific sections.

• TEM (see Chapter 2) : TEM measures the transmission of an electron beam through a thin layer (typically hundreds of nm thick). Cross-section images of the layer can provide information about the overall thickness as well as the crystalline quality of the layer. The layer / substrate is well defined and accurate estimation of the layer's depth with nanometric resolution can be obtained;

• XRD (see Chapter 3): By probing the diffraction angles of an incident X-ray beam of a crystalline layer, it is possible to trace its crystalline properties. Assuming a doped layer with a specific crystalline lattice is located on the top of crystalline substrate, interferences, called fringes, will occur the same way that light reflections in an optical cavity interfere. The depth of the crystal layer can be extracted through these fringes. However, it is sensitive to lattice constant variations as well as the abruptness and the roughness oh the layer / substrate interface. Hence this technique tends to minimize the thickness;

• SEM: To determine the depth of a doped SiB layer, the sample is first cleaved and then chemically etched with potassium hydroxide (KOH) during 45 s. This process has the property to be very selective with silicon doped with holes. KOH etching is then followed by SEM imaging of the etched hanging side of the sample. An example of a B doped SOI subtrate (silicon on insulator) is shown in Figure 1.11 a). Because of the sharp and straight interfaces obtained by GILD (see Section 2.2), the etched surface is rather flat and facilitates the measurement of the doped layer's depth with a few nm resolution. Although this method is straightforward and easy to perform, it is not entirely reliable. In particular, since the layers are extremely strained, a too long etching time can allow the hanging SiB to bend, thus increasing the section observed under normal incidence SEM. Even though we kept the etching time very short to avoid such effect, the values obtained this way may overstimate the thickness of the doped layer. ) reports a series of depth points d measured by TEM, SEM and XRD methods according to the melting time at which the layers were doped. Samples measured by SEM and XRD have been doped with a total of 30 to 40 laser shots, a relatively low number of shots in order to obtain fully strained homogeneously doped layers. Samples analysed by TEM analysis were doped with higher boron content of the order of 2 × 10 21 cm -3 . Starting from dof = 20ns ↔ d = 30nm and above, d evolves linearly with the dof with a slope of 3.3nm.ns -1 . For dof > 25ns ↔ d > 47nm, the depths obtained by SEM are higher than those measured by XRD on average by 15nm. While one provides the depth of the full incorporation of B, the other informs about the depth over which the layer is crystalline. Hence, it is not clear which of the XRD or SEM d is the best suited to know what is the depth participating to conduction and superconductivity. A few additional points measured by TEM with dof = 30ns ↔ d = 65nm and dof = 60ns ↔ d = 175nm seem to be in good agreement with SEM measurement. Hence, in the following work, we will work with depths measured by SEM if TEM data are unavailable. As we will discuss later, several structural and electrical characterisations have been performed on different depth series. Table 1.2 reports the dof and d of each of these depth series.

dof (ns) 20 [START_REF] Aspnes | Dielectric functions and optical parameters of Si, Ge, GaP, GaAs, GaSb, InP, InAs, and InSb from 1.5 to 6.0 eV[END_REF] 

Homogeneity of the focused UV

Because laser processing is a threshold phenomenon, inhomogeneities of the surface energy distribution of the laser beam may induce large variations of the melted depth for layers of few tens of nm. At the output of the excimer laser, the UV pulse is actually quite inhomogeneous and requires optical treatment to homogeneize and to cover a predefined surface once focused on the sample. This is achieved by means of a fly eye homogeneizer and a focusing optical block, as shown in Figure 1.8. Cylindrical lenses are lenses that focus the image on a plane and crossed cylindrical lenses are composed of a series of two cylindric lenses arrays oriented by 90 • with respect to each other so that the beam focuses in a single point, equivalently to a rectangular spherical lens. The size of the microlenses has been chosen to be significantly larger than the characteristic coherence dimensions of the beam in order to avoid interference effects, as speckle. The quasi-punctual source incident to M 1 is then divided in 121 sub-beams that constitute quasi-punctual laser sources in the focal plane of M 1 . These are subsequently redirected to focal plane by M 2 and a spherical lens L 1 of f L1 = 300mm. The homogeneization results of the incoherent superposition of low intensity regions of the beam with high intensity ones when the image is created on the image plane. In order to achieve sufficiently high fluence energy E >> 600mJ.cm -2 at the surface of the sample, it is required to lower the dimension of the image. Therefore, the focusing block, composed of two spherical lenses L 2 and L 3 with f L2 = 500mm and f L3 = 300mm are employed to create an image at the sample plane of 2 × 2mm 2 which allows to reach energy densities greater than 1J.cm 2 (see Figure 1.10 b)).

The spatial homogeneity of the beam after the optical treatments discussed above can be measured in two ways. First, one can deviate the beam towards a UV fluorescent ceramic coupled to a CCD camera, placed from the focusing block at a distance equivalent to that of the sample. In this way, one can access the surface distribution of the intensity deposited on the sample and measure the lateral deviations, as shown in Figure 1.13 a). Slight misorientations of the matrices may also affect significantly the final homogeneity. Finally, a second control realized within the UHV chamber before doping is usually performed on pre-implanted amorphous SiB grown layers on SOI. When the amorphous SiB is crystallised by laser melting, the color of the layer substantially changes and allows to observe local inhomogeneities of the focused laser pulse. Chapter 2

Analysis of crystalline quality and doping distribution

The properties of the normal and superconducting state of the SiB layers, that will be discussed in Chapter 3 and 4, depend greatly on the quality of the doping, i.e. the distribution of the dopants in the layer, the presence of crystalline defects such as dislocations and stacking faults, or the presence of dopant defects such as aggregates. Although the experimental conditions, such as the focused laser homogeneity, are carefully controlled, phenomena related to the crystallization process or to the high concentrations of B that are injected into the doped layers may occur.

In this chapter, we therefore provide a study of the doping quality of the epitaxial layers of 175nm of thickness at various doping conditions. In Section 2.2, we study the quality of the distribution of the B atoms in our layers. Thanks to the concentration profiles of total and active dopants obtained by Secondary Ion Mass Spectroscopy (SIMS) and Electrochemical Capacitance Voltage (ECV) measurements, almost perfect box-shaped doped layers are revealed. In Section 2.3, we provide a complete analysis of the same doped layers by means of TEM imaging and the various measurement modes (see Section 2.1 for a complete description of the experimental tools). With this study, we can trace the deformation profile of the doped layers relative to the substrate, in the plane of the c-Si/SiB interface and out of the plane. This study allows us to highlight the appearance of stress relaxations accompanied by dislocations that propagate along the layers from a certain concentration threshold C r ≃ 3 × 10 21 cm -3 . This relaxation is accompanied by localized doping inhomogeneities, which we interpret as the result of constitutional supercooling. At even higher concentration regimes, round-shaped aggregates of B appear at the bottom of the layer.

Experimental tools

Secondary Ion Mass Spectrometry (SIMS)

SIMS consists in slowly sputtering the surface atoms of a sample, atomic layer by atomic layer, with a primary ion beam and collecting the ionized pulverized atoms (the secondary ions) with a mass spectrometer. In this way, it is possible to identify the species of the sample and to reconstruct the concentration profile of a specific species, the depth calibration being carried out by a mechanical profilometer with nanometric resolution. This method does not tell apart the substitutional atoms from interstitial atom or aggregates. Thus, the measured concentration is related to the total amount of B atoms, electrically active and non-active,

C B = n B + C N A .
For dilute systems, i.e. with impurity concentration ¡1at% in the case of Si:B, the concentration is conventionally obtained from the Relative Sensitivity Factor (RSF) which reveals the I D,M /C D,M ratio yield of an impurity D (here boron) with respect a matrix M (here silicon), with I D,M the intensity of each of the species measured by the spectrometer and C D,M the actual concentration in the layer. The RSF is a parameter only depending on the experimental conditions (angle of incidence of the primary ions, bombardment energy, bombarded surface) and must be systematically determined before each measurement, generally by means of a pre-implanted layer with a known dose, and remains constant in the dilute regime 1 . However, when the dopant concentration exceeds a limit, which is C B > 1at% in the case of SiB, the concentration of dopants affects, typically, the sputtering yield [START_REF] Deline | Mechanism of the SIMS matrix effect[END_REF] and the ionization probability [START_REF] Yu | Secondary ion emission from binary alloy systems. Part I: O+2 bombardment[END_REF][START_REF] Yu | Secondary ion emission from binary alloy systems. Part II: Ar1 bombardment with O2 absorption[END_REF], so that the relationship between the measured intensity and the actual concentration can no longer be described by a linear relationship. This is called the matrix effect. In the case of heavily doped Si:B, two options can be adopted. One can reconstruct a non-linear RSF, or Extended Relative Sensibility Factor Method (ERSFM) (see [START_REF] Dubois | Quantitative SIMS measurement of high concentration of boron in silicon (up to 20at.) using an isotopic comparative method[END_REF][START_REF] Dubois | The isotopic comparative method (ICM) for SIMS quantification of boron in silicon up to 40 at.%[END_REF] for the case of SiB) or measure exclusively the high energy secondary ions which are less sensitive to the chemical surrounding. The latter method was used for the analysis of heavily doped SiB 2 by probing only

1. I M C M = RSF × I D C D with C M = 5 × 10 22 cm -3 for Si.
2. In our case, measurements were commissioned to Probion Analysis facilities on a 4F Cameca system equipped with a magnetic mass spectrometer and using an oxygen primary beam. Boron concentration is obtained by comparison with a standard from the National Institute of Standards (NIST). Depth calibration is obtained with a mechanical profilometer and the sputter rate difference between the doped layer and the silicon substrate was also considered.

secondary ions at high energy (¿ 100 eV) and by employing an oxygen primary beam for which matrix effects affect equally the ionisation of Si and B, allowing to correct the matrix effect by comparing the B and Si signal and using the Relative Sensibility Factor (RSF) [START_REF] Dubois | Quantitative SIMS measurement of high concentration of boron in silicon (up to 20at.) using an isotopic comparative method[END_REF].

Electrochemical Capacitance Voltage (ECV)

3 ECV measurement is a C(V) profiling technique which uses a electrolyte as one of the two capacitance contacts, and which forms a Schottky contact with the semiconductor. By applying a reverse-bias voltage, a depletion region at the electrolytesemiconductors interface forms. In this regime, the capacitance-voltage relation is given by : 1

C 2 = 2(ϕ -V ) n B qϵ 0 ϵ r A 2 (2.1)
Where ϕ is the built-in polarisation voltage, n B the carrier concentration (or ionized impurity), q the charge of the electron and A the area of the electrolyte-semiconductor contact. ϵ 0 and ϵ r are respectively the permittivity of free space and of the sample. The interest of using an electrolyte rather than a solid is the possibility of dissolving the semiconductor electrolytically : in the case of a p-doped semiconductor, the electrolytic etching is achieved by forward biasing the electrolyte-semiconductor junction. The measurement is carried out successively between concentration and etching measurement steps. At the end of the etch, it is possible to recover the active-dopant n B to depth profile.

Transmission Electron Microscopy (TEM)

TEM 4 is a microscopy technique employing an electron beam as an imaging medium, where the electrons are emitted from a source (electron gun) by an electric field and are directed by a magnetic lens system to cross a thin sample, the thickness of which is of the order of 100-150nm. In the conventional TEM measurements a whole block of electrons (delimited by a diaphragm) is transmitted through the sample. However, it is also possible to focus electrons on the surface of the sample and to program a scan to acquire the complete image of a surface. This technique is referred as Scanning Transmission Electron Microscopy (STEM) and is known to provide better resolution because of the reduction of aberrations. The strength of this experimental technique lies in the diversity of measurement modes it can operate and makes it an ideal tool for the characterisation of the materials properties such as impurity identification, defect imaging, deformation measurement and concentration profiling. Among them, the following measurement techniques were performed :

• Bright Field (BF) & Dark Field (DF): BF imaging mode consists in detecting the transmission electrons across the thin sample. The measured signal images the "voids" of the sample through which the electrons could travel. The resulting image provides a contrast with nanometeric or atomic resolution which depends on the species present in the layer, their location in the crystalline lattice (i.e. interstitial or substitutional), the presence of strain and of defects (i.e. structural dislocation, dopant segregation ...). In the case of conventional TEM measurement, in order to avoid diffracted signals, a diaphragm is positioned in the focal plane and selects only the beam transmitted in a straight line by the sample.

It is also possible to collect only the diffracted signal by positioning an objective aperture on the focal plane. This is the DF imaging mode. By detecting the electrons that propagates in specific directions because of the sample scattering, one is more sensitive to any elements deviating the trajectory of the particles, such as crystal defects;

• High Angular Annular Dark Fielf (HAADF) : On the other hand, because STEM imaging mode focuses the electron beam on the surface of the sample, the scattered electrons do not need to be separated from the transmission beam. Instead, STEM employs a ring detector; hence its acronym HAADF. More specifically, HAADF technique measures the Rutherford scattering of (incoherent) electrons, i.e. the elastic scattering of charged particles by Coulombian interactions. Therefore, the contrast image is directly linked to the nuclear charge of the species in the sample :

I SiB ∝ (1 -x)Z Si 1.7 + xZ B 1.7 (2.2)
where Z is the nuclear charge of a specific atom, x is the concentration fraction in %. Thus, it is possible to identify the species of a sample, identify the nature of defects and possibly reconstruct the concentration profile of the layer;

• Electron Diffraction / Fast Fourier Transform (FFT) : In TEM imaging mode, a large directional electron beam is sent through the layer and a transmission signal can be detected. Also, because of the wave-particle duality of electrons, wave-like phenomenon can occur. The wavelength of incident electrons can be chosen to be much smaller than the spacing between atoms leading to coherent-diffraction, or Bragg scattering. The diffracted beam is subsequently deflected by a magnetic lens and parallel beams fall on the same point in the focal plane forming a plane of bright spots, i.e. the diffraction pattern. Each of the points correspond to a specific propagation direction of the diffracted beams and therefore are associated with a specific wave-vector. The crystalline orientation of the top surface will define the resulting pattern.

• Geometric Phase Analysis (GPA) : GPA is a numerical method that extracts the crystallographic properties such as the lattice spacing and deformation of a layer from a High-resolution transmission electron microscopy (HRTEM) or a HAADF map. It is based on a Fourier Transform of the input image, i.e. its reciprocal space. By knowing the direction in the input image, and comparing the extracted reciprocal lattice of the substrate and the layer, the software can extract a map of the in-plane and out-of-plane deformations of the layer relative to the substrate;

• Energy-dispersive X-ray spectroscopy (EDX) : EDX is a spectroscopic technology that probes the X-ray emissions of a sample pre-excited by an electron or X-ray beam. When an atom is excited by an external source, its valence electrons can be expelled form their ground state, out-of the orbitals. If the excited electrons were sited sufficiently deep in the core of the atom, electrons with higher energy can relax towards this free energy level, provided that they release their excess energy. EDX set-up is equipped with a energy-dispersive spectrometer that probes the number and the energy of X-ray emissions emitted from this de-excitation process. EDX can be used to determine which chemical elements are present in a sample, and can be used to estimate their relative abundance. For a given specie, several peaks in intensity corresponding to the different orbitals of the atoms can be detected. In our case, we will focus on the study of α signals that correspond to the relaxations of electrons from the L orbital towards the K orbital.

Box-shaped dopant distribution

One of the great benefits of laser doped SiB layers is the homogeneity of the resulting doping and the sharp and flat SiB / Si epitaxial interface. Because of the large diffusion coefficient of the boron atoms in the liquid as compared to the solid phase of silicon (D Si,l ∼ 4×10 -4 cm 2 /s [START_REF] Kodera | Diffusion Coefficients of Impurities in Silicon Melt[END_REF][START_REF] Wood | Macroscopic theory of pulsedlaser annealing. II. Dopant diffusion and segregation[END_REF] and D Si,c ∼ 4×10 -11 cm 2 /s), diffusion of boron atoms in the substrate is avoided so that the doping will remain within the layer that has been melted. Moreover, this large diffusion coefficient in the liquid phase associated to a segregation coefficient k ∈ [0.9; 1] [81] ensures a homogeneous distribution of the dopants in the melted phase and in the crystallised layer. However, diffusion is not instantaneous, and some time is required for the B to diffuse from the surface to the bottom of the thicker layers. For instance, one requires at least about five pulsed laser shots for the incorporated boron to be homogeneously distributed in a layer 80nm thick [START_REF] Bhaduri | Optical and electrical properties of laser doped Si:B in the alloy range[END_REF].

Figure 2.1a) depicts a series of SIMS concentration profiles performed on four 175nm deep layers with different concentrations (i.e. different number of shots). One can see that the total concentration of dopants C B increases with the number shots. The first ten nanometers of the layer are not displayed here because they are subject to various phenomena, such as surface oxidation (which modifies the matrix), or implantation of primary ions (which can affect the sputtering and ionization yield). In the bulk, the profiles reveal flat concentrations with a slight increase with depth (δC B /C B < 5%), except for the layer at N=200 laser shots condition whose concentration increases by δC B /C B ∼ 19%. Small excesses of concentration, 1 -4 × 10 20 cm -3 , are visible close to the interface and are more prominent as the number of shots increases. The origin of this excess of dopants is due to the specific front dynamics and will be further discussed in Section 2.3.2. This excellent homogeneity is also visible in Transmission Electron Microscopy (TEM) Bright Field (BF) images, as shown in Figure 2.1b). The top image gives an entire view of the layer and confirms the reference depth, as we measure d = 176nm. The BF imaging mode is sensitive to spatial inhomogeneities caused by chemical and structural defects. Here, the BF image clearly reveals quite a homogeneous contrast within the layer and confirms the good distribution of dopants observed by SIMS. The bottom image gives a closer view on the sharp and straight Si:B / Si interface. In addition to being very sharp, these interfaces are flat all along the doped area. This is in agreement with the SEM cross-section view of the layer that has been introduced in Figure 1.11 a) of Section 1.2.3.3. The thickness of the interfaces can be quantified from SIMS concentration profiles and ranges from 3nm to 10nm per concentration decade, depending on the number of shots. Surprisingly, the interface sharpness decreases from N=200 to N=350 shots, and then progressively recovers for an increasing number of shots . This change in the interface evolution with the number of shots can be associated to a change in the solidification regime caused by constitutional super-cooling, occurring at high speed regrowth and impurity concentrations. A detailed discussion on this crystallisation regime will be addressed in Section 2.3.2.

SIMS and ECV concentration profiles were compared, as shown in 2.1c) for a layer of 175nm and N = 350 laser shots. For this doping condition, the SIMS profile (blue circles) is relatively homogeneous with a slight increase of C B with depth (δC B /C B ∼ 1%) evaluated before the excess of concentration observed at 135nm (excess of about 6%). The concentration of the ECV profile (black circles) is less constant with a decrease of active concentration of 17% with increasing depth. Both depict a sharp interface of ≃ 7nm per concentration decade, and both curves overlap above 150nm. Overall, the ECV profile of the active dopants concentration, and the SIMS profile of the total B concentration are roughly equal, suggesting a full activation of dopants. However, at these concentration levels the layer is subjected to structural dislocations along the [START_REF] Brian | An experimental and theoretical study of the relation between magnetic field and current in a superconductor[END_REF] axis (over the first 135 nm, see Section 2.3.1) where electrochemical etching preferentially occurs. Consequently, the surface roughness increases, and with it the working surface leading to the overestimation of the concentration. Still, the ECV average concentration (integrated profile divided by 175nm) ≃ 2.98 × 10 21 cm -3 , is in good agreement with the Hall concentration (see Chapter 3) n B ≃ 2.64 × 10 21 cm -3 and is approximately equal to the SIMS average total concentration (integrated profile divided by 175nm) ∼ 3 × 10 21 cm -3 .

Finally, the dependency of the SIMS concentration C B with the number of laser shots N has been reported in Figure 2 . Each series shows a perfect linear dependence of C B with N . Since the same dose is chemisorbed on the surface between two laser shots, so is the same dose injected in the melted layer. Slopes of 2.2 × 10 19 cm -3 /shot and 9.2 × 10 18 cm -3 /shot were found respectively for d = 65nm and d = 175nm. The corresponding increases in the dose (surface concentration) are of 1.4 ± 0.1 × 10 14 cm -2 /shots and 1.6 ± 0.05 × 10 14 cm -2 /shots. As the surface density of the chemisorbtion sites is ∼ 6.78 × 10 14 cm -2 , this corresponds to an average injection efficiency of 22 ± 1.5% which is in reasonably good agreement with [START_REF] Bourguignon | Laser modifications of Si(100) : Cl surfaces induced by surface melting: etching and cleaning[END_REF]. Moreover, the small variation between the two series of the dopant surface density incorporated by laser shot seems to indicate that the segregation coefficient k is unchanged with C B in our working range, even for a maximum concentration value reaching 15at.%.

Scanning Transmission Electron Microscopy (STEM) analysis: evolution of the structural properties with doping

We have seen in the previous section that SiB layers synthesized by GILD technique result in box-shaped like layers, i.e. homogeneous in concentration with abrupt and straight interfaces. In particular, the SIMS data highlighted this for all samples, independently of the total concentration C B . However, these data do not inform on the presence of possible structural defects, such as the presence of dislocations, and also lack in providing information on the lateral concentration inhomogeneity. In order to access such information, TEM imaging must be performed. TEM revealed that the epitaxial layers with "low" doping conditions (N ≤ 200 laser shots, e.g. C B < 2 × 10 21 cm -3 ) were not subject to the presence of such defects, which however appeared for increased concentrations .

In this section, we are interested in the evolution of the crystalline quality with doping. In particular, we use the different TEM and STEM measurement modesas described in Section 2.1 -for series of 175nm deep layers with different numbers of shots (see Table 2.1) and show the simultaneous appearance of crystalline and doping defects, for N > 350 laser shots. Section 2.3.1 focuses on the description of the global evolution of the bi-axial strain with doping, by combining BF imaging with SIMS and GPA measurements. In Section 2.3.2, we study in particular the nature of the defects and we propose a possible scenario for the conditions of their appearance.

N 200 350 450 700 950 C B (×10 21 cm -3 ) 1.9 3.3 4.3 6.7 9.1 BF images (1 st row) have been taken on 255 × 255nm 2 surfaces, except for the doping condition N=200 where a rectangular cross section of 255 × 75nm 2 is shown (a closer view on the interface was also presented in Figure 2.1 b)). The doped layer is located on the left of the cross section image, and the substrate on the right. High to low contrasts are depicted from white to black. SIMS concentration profiles C B (d) (yellow circles) were carefully superimposed on BF images and the depth and concentration scales are common for each doping condition. A FFT image was added to the BF image for the N=200 doping condition.

GPA inter-planar distance maps are shown on the 2 nd and 3 rd rows, respectively in the out-of-plane direction (ϵ ⊥ ) -perpendicular to the the Si/SiB interface-and in-plane (ϵ // ) -parallel to the interface. The reference (i.e. the substrate) is systematically shown in red/orange. The strongest (negative) deformation is in green. GPA maps of the doping conditions N = 200 and N = 350 (Figure 2.2) are on the same scale with BF images. The GPA maps of the doping conditions at N = 450 and N = 700 (Figure 2.3) are zoomed in at the Si/SiB interface over an area of about 100 × 100µm 2 and an open black frame shows on the BF images where the GPA study has been applied with respect to the interface. Although the BF and GPA images of both Figures 2.2 and 2.3 were taken on different locations of the sample, their comparison allows us to have a qualitative overview of the physical phenomena occurring at each of the doping conditions. Additionally, the raw deformation profiles (white curve, in %) averaged on the whole area are plotted on each of the map with the deformation of the substrate always set to 0%. 

Evolution of the bi-axial strain with C B

Fully strained regime : N = 200 laser shots

As we pointed out in Figure 2.1, the layer for N = 200 shots shows up as a box-shaped layer : homogeneously distributed, with sharp straight interfaces. This confirms that at this doping condition, the epitaxy on silicon substrate was successful and no crystal defects or impurities are observed. This is consistent with the diffraction map of the doped layer which reveals diffraction intensities identical to that of the silicon substrate. The BF contrast of the doped layer is significantly darker than that of the substrate, indicating limited electron transmission through the layer. This is at first sight counter-intuitive since boron is a smaller atom than silicon and more electrons should be able to cross the layer. However, because of its smaller size, substitutional boron atoms strain the silicon lattice, as already mentioned in Section 1.2.2.4. As a result, the strain induced reduction of the out-of-plane lattice parameter limits the transmission of electrons.

This interpretation is further evidenced by GPA analysis : the out-of-plane deformation map reveals two distinct lattice spacing between the layer and the substrate (respectively green and orange areas). A clear transversal downsizing of the lattice (ϵ ⊥ = -1.16 ± 0.5%) is visible at N = 200 shots (white curve) and supports our previous observations. The Si/SiB interfaces observed in GPA and SIMS appear to fall exactly on top of each other, indicating that this deformation is induced by the boron content. Furthermore, the lattice deformation (slightly) increases linearly when approaching the interface (from 0.9 ± 0.3% to 1.5 ± 0.3%) with the slight increase in SIMS concentration (C B = 1.9×10 21 cm -3 to C B = 2.3×10 21 cm -3 ). Finally, as shown in the GPA in-plane map, there is no in-plane lattice difference between the substrate and the doped layer, indicating a fully bi-axial strained layer on the substrate.

At higher shot numbers, the substitutional B content increases. This results in a darkening of the BF contrast of the SiB layer with respect to the Si substrate and in an increase of the perpendicular deformation with C B , which progressively reaches ϵ ⊥ = -2.5% at C B = 9×10 21 cm -3 . One can also note from the GPA maps in Figures 2.2 and 2.3 that the evolution of ϵ ⊥ is consistent with that of C B : ϵ ⊥ systematically decreases with increasing C B . Quantitative values of both C B and ϵ ⊥ at different depth positions from the SiB surface (d = 160nm, 100nm and 10nm when available) are reported in Table 2 

.2. 160nm 100nm 10nm N=200 C B × 10 21 cm -3 ϵ ⊥ ± 0.5% ϵ // % 2.3 -1.35 0 2 -1.2 0 1.9 -0.89 0 N=350 C B ϵ ⊥ ± 0.5 ϵ // ± 0.07 3.4 -1.55 -0.47 3.3 -1.25 -0.68 3.2 -1.1 -0.79 N=450 C B ϵ ⊥ ± 0.7 ϵ // ± 0.01 4.4 -1.8 -0.9 4.4 -1.45 -0.9 - - - 160nm 100nm N=700 C B ϵ ⊥ ± 0.6 ϵ // ± 0.05 6.9 -3.4 -2.1 6.2 -2 -2.3 N=950 C B ϵ ⊥ ± 0.5 ϵ // ± 0.02 9 -2.6 -1.9 9 -1.6 -2.1 Table 2.2 -SIMS concentration C B ,

Relaxation regime : N > 350 laser shots

From N = 350 laser shots and above, defects appear simultaneously in BF and GPA images. For instance, inhomogeneities in concentration which manifest as column-shaped regions spanning up to the thickness of the layer (BF) as well as stress inhomogeneities (GPA). Structural defects are also present : one can observe zones not exploited by the GPA analysis method (see blue arrows) and which potentially reveal a change in the crystallinity of the doped layer, such as amorphization and B segregation. Also, the appearance of dislocations along the [START_REF] Brian | An experimental and theoretical study of the relation between magnetic field and current in a superconductor[END_REF] directions are clearly visible on the GPA maps i.e. for N = 350 and N = 450 laser shots. In the framework of highly strained epitaxial layers , the proliferation of dislocations are the signature of plastic relaxation, which is clearly evidenced in GPA maps along the in-plane direction (3 rd row) by a change of contrast between the layer and the substrate. The stress relaxation is accompanied in particular by the formation of sub-layers within the SiB layer. In particular, from the GPA images for N=350 laser shots, we can distinguish a partially relaxed sub-layer, 125nm thick, overlying a fully strained layer of 50nm, located near the SiB/Si interface. The SIMS concentration profile is consistent with the values of deformation of the layer. Within the 50 first nm (from the SiB/Si interface), the deformation continuously decreases from 0% (the substrate) down to ∼ -1.55%. In the same area, the C B increases continuously, and participates to the contraction of the lattice, up to its maximum value ∼ 3.5 × 10 21 cm -3 , concentration at which the relaxation occurs. Also, the deformation ϵ ⊥ seems to be the densest at the maximum of concentrations, where the inhomogeneities in BF are also visible. We shall discuss the nature of these defects later on in the Chapter. Above the thickness of the fully strained layer, C B remains constant, with a slight increase of ϵ ⊥ by 25%, accompanied by a decrease of 60% from ϵ // = -0.47% at 125nm from the surface. The same pattern is repeated for each doping condition.

At higher concentration,i.e. C B = 6.2 × 10 21 cm -3 ↔ N = 700, we observe that most of the defects present around the relaxation onset have disappeared, and we recover a good crystalline quality in the doped layer, similar to that of the untreated substrate (Fig. 2.3, last column). The SiB layer has thus well accommodated its lattice on the substrate by plastic deformation. Resulting from this better and better accomodation, we observe a progressively reduced relative difference between ϵ // and ϵ ⊥ as the layer tends from the partial relaxation regime towards a fully relaxed regime (where

ϵ // = ϵ ⊥ ). Indeed, ϵ ⊥ /ϵ // decreases from ∼ 3 for N = 350 (C B = 3.3 × 10 21 cm -3 ) to ∼ 1.3 for N = 950 (C B = 9.1 × 10 21 cm -3 ).
GPA analysis allows thus to highlight, through the measure of ϵ // and ϵ ⊥ , the fully strained regime (N ≤ 200), with ϵ // = 0 and ϵ ⊥ increasing with the doping level; the onset of partial relaxation (200 < N < 350), with the appearance of an in-plane deformation when the dopant concentration profile exceeds C B ∼ 3 × 10 21 cm -3 ; and finally the evolution from a partial relaxation regime towards the fully relaxed regime where ϵ // = ϵ ⊥ . The deformations values and evolution with doping will be quantitatively further discussed in Chapter 3 and compared to the results of X-ray Diffraction measurements. 

Identification of the defects

We have seen in the previous section that at certain concentration ranges, although the doped layers keep their box-like properties, defects appear: crystalline defects, in the form of dislocations and plastic relaxations, or compositional defects, showing-up as elongated defects (from N = 350 laser shots) in depth. At the highest concentration levels studied (N = 950) we observe furthermore the appearance of round-shaped defects of 15 ± 10nm of diameter, which are mainly localized at the SiB/Si interface, as shown in both BF and HAADF images in Figure 2. [START_REF] Duvauchelle | Silicon superconducting quantum interference device[END_REF].

In this section, we focus on the identification of all the pre-cited defects.

Boron precipitates

.4 reveals the formation of round-shaped defects mostly localized at the Si/SiB interface. These defects are expected to be associated to B segregation, as they appear brighter in BF (better transmission through B) and darker in HAADF (lower Z contrast) than the substrate, denoting a B-rich phase. To test this assumption, two analyses are performed. On one side, the sample shown in Fig. 2.4 was analysed by EDX, revealing a larger amount of B in the round-shaped defects. On the other, we measured the SIMS and ECV profiles of a 65nm thick layer, of concentration C B = 7.6 × 10 21 cm -3 , a sample presenting the same type of defects. In this sample, we highlighted the electrically non-active B excess at the edges of the doped layer.

EDX analysis

EDX measurements were performed on different locations of the SiB layer, as represented by blue squares on the HAADF in Figure 2.5 b) : on the Si c substrate, here located on the left of the image; within the layer, but excluding defects from the measurement area; and finally on a zoomed area on one of these defects. The resulting spectra are shown in Figure 2.5 a). Overall, many peaks can be observed. O Kα signal observed at 0.5keV and C Kα at 0.3keV are due to surface contamination of respectively oxygen and carbon of the lamella's surface. Ga Lα peak observed at ∼ 1.2keV corresponds to Ga atoms remaining from the Ga + Focus Ion Beam (FIB) cut of the lamella. The presence of the Cu Lα peak at 0.9keV is due to the fluorescence on the TEM grid. B and Si signals respectively sit at ∼ 0.13keV and 0.19keV . Because of their close location, quantitative analysis is not reliable but still one can observe the evolution of these two peaks. EDX analyses of Si c pure substrate is represented in black and no signal is detected at 0.19keV . EDX analysis on the overall layer reveals signals with higher intensity for the B Kα line that does not vary much between N = 700 and N = 950 laser shots. However, by localizing the EDX analysis on one of the rounded defects, one can clearly identify it as an excess of boron atoms as represented in purple in the EDX spectra. From a scan of EDX spectroscopy we can reconstruct a map for each species present on a given surface. It seems that for such B contents, one reaches a maximum of solubility. However, it is difficult to conclude on the nature of these defects. So far, it could be aggregates of B as it is usually observed beyond the thresholds of solubility, or of another crystalline phase different from that of Si, such as silicon boride that can be achieved for concentrations above a few at.%. Experiments such as Rutherford backscattering spectrometry (RBS) or Nuclear reaction analysis (NRA) are currently being considered to determine the nature of these defects. The SIMS concentration profile reveals remarkable differences compared to the SIMS profiles studied in Section 2.2 for lower concentrations C B . The concentration profile is no longer flat and reveals large inhomogeneities with two peaks in concentration located at the edges of the layer and characterized by maxima in concentrations of C B = 1 × 10 22 cm -3 and C B = 1.3 × 10 22 cm -3 that respectively fall at 10nm and 49nm. These two maxima are actually larger by 43% and 86% than the concentration in the middle of the layer, C B = 7 × 10 21 cm -3 .

Excess of B at the interfaces

The behavior of the SIMS concentration is drastically different from that of ECV, which shows the concentration profile of active dopants n B . We can see that the ECV concentration profile is constant over a wide range of depths with n B = 2.9 ± 0.15 × 10 21 cm -3 from d=12nm to 45nm. This value actually corresponds well to the Hall concentration (see Chapter 3 for a detailed discussion of the Hall measurements) for which a concentration of 2.86 × 10 21 cm -3 has been measured. At the edges of the layer, the active concentration decreases linearly with slopes of 2.2 × 10 20 cm -3 /nm at the top surface and of 1.5 × 10 20 cm -3 /nm at the SiB/Si interface.

As the concentrations reached in the SIMS profile are much larger than those measured with ECV, a large amount of non-active dopants (of concentration C N A ) is present in such layer. The concentration profile, calculated as C N A = C B,SIM Sn B,ECV is shown in blue in Figure 2.8. One can see that there are more non-active that active dopants, with a minimum of C N A at the center of the layer at 4.2 × 10 21 cm -3 , where C N A ∼ 60%C B and n B ∼ 40%C B , while near the SiB/Si interface we find up to C N A ∼ 85%C B and n B ∼ 15%C B . The nature of these non-active dopants (i.e. interstitial, B substitutional pairs ...) will be discussed more in depth in Chapter 3. Still, it is interesting to compare this profile to the large defects observed in the TEM images, as shown in Figure 2.6 b). We can recognize the large round-shaped defects discuss in the previous section, that appear bright in the BF imaging mode and dark in the HAADF imaging mode and are associated to a large amount of B atoms. These defects actually appear at 47nm from the top surface, position which corresponds to a maximum in the non-active concentration, with C N A ∼ 10 22 cm -3 . When the inactive concentration decreases towards the center of the sample and reaches its minimum value, the density of round-shaped vanishes. When C N A increases back towards the SiB top surface at 7.5 × 10 21 cm -3 , we find again these areas dark in HAADF and clear in BF. Thus these defects, mainly composed of B atoms, are electrically inactive and no longer in substitutional locations.

In the same way as the 175nm layers, the 65nm layer is broken down into several sublayers. The main layer that we discussed above is located on the first 47nm of the total layer. This layer corresponds in particular to the relaxed thickness. Beyond this depth, we observe a steep decrease of the SIMS and ECV concentrations until 55nm, where the layer reaches its maximum depth. This in-between area correpsonds to a zone where the layer is completely strained. Surprisingly, the total thickness for this high doping condition is lower than that measured, also by TEM, at a lower doping (d=65nm for N = 100). 5 . The same observation was done for the 175nm thick layer, for which a new total layer depth of 137nm was observed in Figure 2.4 6 . One hypothesis to explain such a change is that the structures formed within the layer are no longer just boron-doped Si diamond but a complex of SiB with silicon boride SiB n , which are light ceramic compounds formed between silicon and boron, and where the number of boron n can commonly take the values n = {3, 4, 6}. It is known that such complexes have higher melting point (see for instance in Appendix A.2) and eventually change the melting / crystallisation process while the dof was maintained fixed during the doping process. 6. it should be emphasized that for this specific doping, slight of second peak in the temporal profile of the laser pulse of the order of 10% of intensity of the main peak was observed. It is actually knwown that is second peak can also affects the totale depth of the layer. ECV concentration is compared to the Hall concentration (red dashed line) and reveals good agreement between the two measurements. b) BF (left) and HAADF (right) images of the SiB layer, with the c-Si substrate on the bottom of the image and the doped layer on the top. The concentration profile of the inactive dopants superimposed to the BF image, and white lines highlight the different characteristic depth : 65nm is known to be the full thickness of the layer at low concentrations; 55nm is the actual full thickness of the layer for this specific doping condition; 44nm is the point at which relaxation occurs and at which the rounded-defects first appear. [START_REF] Brian | An experimental and theoretical study of the relation between magnetic field and current in a superconductor[END_REF] direction are formed and in-plane strain relaxations occur. Close-up HAADF analysis revealed the formation of dislocations starting at oriented dark zones corresponding to small precipitates which can be more or less circular and a few nm long and are identified by their Burger vector (1/2) × a Si [START_REF] Shim | Superconducting-Semiconductor Quantum Devices: From Qubits to Particle Detectors[END_REF] (Lomer loops) [START_REF] Hallais | STEM analysis of deformation and B distribution in nanosecond laser ultra-doped Si 1-x B x[END_REF]. 7 An example is provided in Figure 2.7 a). These dislocations also appear in the inset FFT pattern as tilted lines connecting the diffraction spots. Such defects have been mainly observed in N = 350 and N = 450 doping conditions. It was shown that dislocations disappear progressively as the content of dopants increases up to N = 700 [START_REF] Hallais | STEM analysis of deformation and B distribution in nanosecond laser ultra-doped Si 1-x B x[END_REF]. As doping increases in the relaxed regime, Si:B accomodates more efficiently on the Si c substrate by plastic deformation.

Dislocations

Layers with N = 950 do not exhibit dislocations but show large stacking fault areas elongated along the ¡111¿ directions and emerging from the round-shaped defect described in Section 2.3.2.1, as shown in Figure 2.7 b). Their signature is also visible on the FFT pattern as extra points connecting the diffraction spots.

Morphological cells

As we saw in Figure 2.2 and 2.3, the onset of relaxation coincides with the appearance of elongated defects, taking the form of filaments (or chimneys) that extend from the starting point of the relaxation towards the surface of the sample. Also, quite surprisingly, these defects evolve when increasing the number of shots, being less and less inclined and more and more delineated. This change is still poorly understood, and further studies such as APT could elucidate some aspects, such as the content of these defects. In the present section, we propose a possible scenario to explain the nature of these defects and a mechanism for the relaxation for the doping condition N = 350 laser shots. Figure 2.8 shows a big picture of the N = 350 laser doping condition of both BF and HAADF images with SiB on the top of the image and Si c substrate on the bottom. The defects appear dark in BF and bright in HAADF. The BF contrast is sensitive to the transmission of electrons and can be darkened either by the effects of strain that reduces the volume of passage, or by the presence of abundant species more voluminous, in our case Si, since only B and Si are being present (as verified also by EDX). On the other hand, HAADF is sensitive to the atomic number of the species that diffract the electron beam. Therefore, similar to the description in Section 2.3.2.1, a dark contrast in BF coupled with a bright contrast in HAADF seems to indicate that the filaments are actually Si rich. It can be noted that these defects only start from the relaxation starting point at d = 135nm, in contrast to the dislocations which can extend all along both the fully strained and relaxed layers. On the other hand, independently of the number of shots, these defects seem to appear at the bumps in concentration of the SIMS concentration profile. This is clearly visible in both Figure 2.2 and 2.3 where SIMS concentration profiles are superimposed to BF contrasts as yellow curves. It can be seen that in the fully strained region, C B progressively increases to a maximum value, showing-up as a bump or excess in concentration, as it has been described in Section 2.2. The progressive increase in concentration is consistent with the evolution of the deformation which tends also to increase (in absolute value) compared to that of the substrate. This fully strained region appears also brighter in BF, indicating a lightly doped region with sufficiently low strain that it appears bright in BF. Conversely, it is darker in HAADF indicating lower Z contrast, hence "poor" in Si. Comparing the SIMS concentration profile and the starting point of these defects, it can be seen that these occur systematically at C B ∼ 3 × 10 21 cm -3 , which is also the concentration value at which one could expect relaxation. This seems to indicate that both phenomenon are related by a common physical process.

In recent work, J.A.Johnson II et al. suggested that quasi-cellular solidification of PLME grown SiGe layers leads to lateral Ge segregation, creating nm scale localized regions of Ge pile-up and localized stress concentration causing strain relaxations with dislocation half-loop [START_REF] Johnson | Pulsed laser melting of implant amorphized Si1-xGex thin films[END_REF][START_REF] Johnson | Strain and Defect Evolution of Si1-xGex/Si Heterostructures Grown by Pulsed Laser Induced Epitaxy[END_REF]. Based on their observations, we propose a similar scenario for the N = 350 laser doping condition. Figure 2.9 a) shows a magnified view of the HAADF image of Figure 2.8 with an increased contrast to highlight the defects. The black dashed line shows the location of a [START_REF] Brian | An experimental and theoretical study of the relation between magnetic field and current in a superconductor[END_REF] dislocation visible in both figures. The continuous black line shows the starting point of the defects. Looking at one of these defects from its starting point, we can observe that it is not straight, but inclined with an angle of ∼ 55 • as the inclination of the (111) plane of Si c (see gray arrows). Moreover, two neighbouring defects growing in opposite directions cross at ∼ 65nm above d relax (the distance of relaxation point from the top surface). After two defects cross, they propagate with a straighter direction towards the surface. Such an inclination of defect propagation seems to suggest that they are driven by growth on the (111) planes of silicon, as observed experimentally in equilibrium solidifications [START_REF] Fujiwara | Crystal growth behaviors of silicon during melt growth processes[END_REF] or by simulation for non-equilibrium growths [START_REF] Landman | Molecular-dynamics simulations of epitaxial crystal growth from the melt. I. Si(100)[END_REF]. Also, we already showed in Section 1.2.2.4 that the concentration for which instability at the L/S interface overcomes the thermal undercooling is described by equation 1.1

C i > G l • D i v • m • k (1 -k)
and estimated with reasonable parameters C i ∼ 10 21 cm -3 ≃ C thresh def ects = 3 × 10 21 cm -3 . Therefore, such phenomena can be expected to occur, especially on the (111) facets of silicon where the propagation speed is less important than that of the overall (100) front direction [START_REF] Fujiwara | Crystal growth behaviors of silicon during melt growth processes[END_REF][START_REF] Celler | Faceted Melting and Superheating of Crystalline Si Irradiated with Incoherent Light[END_REF]. Figure 2.9 b) represents such a scenario. Two [START_REF] Brian | An experimental and theoretical study of the relation between magnetic field and current in a superconductor[END_REF] microfacets face each other and instability caused by constitutional undercooling grow on each of these. Because B tends to be rejected towards the side of the propagating interface, two B rich regions form : one on the external side of the instability and one on the inner side, within the trough of the zig-zag shaped-front. As the two instabilities grow and cross, their propagation direction should align vertically towards the surface provided that the two instability velocities are equal. It is also possible to imagine that one of the instabilities could take over and that a more gently sloping front results from their crossing. By comparing 2.9 a) and b), it is possible to recognize similar patterns, with the corresponding Si or B rich regions (the latter indicated by crosses in both figures). While a convincing qualitative agreement is reached, in order to confirm such a scenario, complementary experiments should be conducted. Typically, Atom probe tomography (APT) could analyse the content of the filaments or provide more details on the defects of other concentrations conditions, where this simple picture can be limited in terms of interpretation.

Conclusion

To conclude, we have seen that the doped layers realized by GILD technique allow to obtain total B concentrations of several 10 21 cm -3 by continuously incorporating the same amount of B for each laser shot. Up to concentrations ∼ 3 × 10 21 cm -3 , the layers are homogeneous with flat and abrupt interfaces, showing a perfectly concentrated box-like shape.

Beyond this concentration, plastic relaxation processes combined with constitutional defects that propagates along the layer appear. We propose a scenario where these two phenomena are two facets of the same process : at this concentration, constitutional undercooling causes the formation of morphological cells. The consequence of such a phenomenon is the emergence of boron richer zones causing dislocations, which are responsible for plastic relaxation. As we will see in the Chapter 4, this process is essential for superconductivity, and further work on this topic could be the basis for further developments of superconductivity on SiB.

At very high concentrations, for N=950 laser shots for a 175nm deep layer for example, other B-rich defects form at the Si/SiB interface. The nature of these defects is not yet known, but the formation of amorphous or silicon boride phases are now expected and remain to be explored.

Chapter 3 Electrical and structural properties of heavily doped SiB

In its pure form, Si, as a semiconductor, is insulating at low temperature but exhibits conductive properties as soon as the semiconductor is exposed to thermal or electromagnetic excitations. These properties arise from the fact the Fermi level µ F sits within the energy gap E g = 1.1eV between the valence and the conduction band, as shown in Figure 3.1 a). When doped with chemical impurities, localized states within the gap form. Donor centres with states located close to the conduction band, of ionisation energy E d , can be easily excited to the conduction band and participate to conductivity. Similarly, acceptor centres, with states located close to the valence band, of ionisation energy E a , can be easily filled with an electron from the valence band. Acceptor levels are formed when a dopant with one less outer electron than the host semiconductor is introduced into the material. Group-III atoms in group IV materials, such as B in Si, fall in this case. When a B atom substitutes a Si atom in the cristalline lattice, its three outer electrons covalently link with its neighbouring Si atoms but must necessarily leave out the fourth surrounding Si atom. This lack of electrons can be easily filled by another electron from the core atoms. Hence, a "hole" is left in the valence band, that can be described as a positively charged particle of effective mass m * h that propagates in the opposite direction of the conduction electron [START_REF] Kittel | Introduction to solid state physics[END_REF]. At low carrier concentration, the dopants form localized states and the doped semiconductor remains an insulator. At higher doping, the electronic states associated with the impurities interact and form the impurity bands. As the concentration increases, for concentrations greater than the Metal-Insulator transition n M IT ∼ 10 18 cm -3 , these bands collapse together and eventually lie within the valence band. Because the Fermi level lies within this band, the electrons may freely move to the empty states, and the doped semiconductor behaves like a metal. Doping at very high impurity concentrations therefore strongly affects the electrical, optical and mechanical properties. The concentrations reached by the GILD doping method allow to reach orders of magnitude greater than the metal-insulator transition, the ultra-doped SiB has a metallic behaviour, although poor in charge carriers as compared to standard metals. In this chapter, we study the electrical and structural properties that characterise our layers as a function of doping in this ultra-doped, metallic, regime.

In Section 3.1, we study the evolution of the active concentration of dopants n B with the doping parameters, i.e. the fraction of dopants in substitutional positions, replacing a Si atom in the lattice, and that actually provide conduction holes. We show that a simple probabilistic model can describe the evolution n B with the increasing total doping. Section 3.2 focuses on the study of the deformation probed by X-ray Diffraction. Finally, Section 3.3 deals with the electrical transport property of the SiB layers and on the identification and quantification of the disorder induced by the doping.

Active dopant concentration n B

In chapter 2, we have highlighted the effect of doping on the crystalline properties of Si, resulting in an increasing bi-axial strain, and inducing plastic relaxation above the total concentration threshold C r ≃ 2-3 × 10 21 cm -3 . However, many electrical, optical and structural properties do not depend on the total concentration of dopants, but on the amount of dopants that form covalent bonds with other atoms in the crystal lattice. In fact, among the total amount of dopants injected, it is quite likely that part of it is inactive, e.g. individual atoms that are not included in the lattice, also called interstitials, or aggregates of impurities, which actually appear in the case of the 175nm thick layer at N=950 laser shots or the 65 nm layer at N=350 shots.

The active B concentration n B refers to dopants that are electrically active, i.e. that provide holes in the valence band. Because one B atom included in the lattice, surrounded by four Si atoms, provides one hole, a measurement of the hole concentration p allows both to trace the amount of charge carriers, used in particular for the study of conductivity and superconducting properties, and the active B concentration n B .

p can be found via Hall measurements. This technique measures a voltage V H (called Hall voltage) perpendicular to a current I flowing across the sample and reflects the redistribution of electric charges caused by a magnetic field B ⊥ (perpendicular both to I and V H ) due to Lorentz force. This phenomenon is described by:

p = γB ⊥ ed(V H /I) = n B (3.1)
where e and d are respectively the elementary charge and the depth of the doped layer. The incident current was fixed at I = 200µA and a sufficiently large magnetic field scan ranging between B ⊥ ∈ [-2; 2]T was systematically performed. Such high magnetic fields are important as V H is relatively small, due to the large carrier concentrations involved. γ = 0.75 is the Hall factor which is defined as γ = µ H /µ c , the ratio between the Hall mobility and the conductivity mobility, µ c = τ • e/m * . This factor is related to the non-parabolicity and the warping of the bands involved (light holes and heavy holes, plus the spin-obit band). Taking into account these valence bands, Lin et al. [START_REF] Lin | Theoretical analysis of hall factor and hall mobility in p-type silicon[END_REF] have calculated that γ decreases slightly with the increase of hole concentration and that it is nearly constant above 10 18 cm -3 and equal to 0.75. The experimental value of γ at high boron doping level depends on the measured mobility [START_REF] Sasaki | A new experimental determination of the relationship between the Hall mobility and the hole concentration in heavily doped p-type silicon[END_REF] : γ = 0.7 is found by Thurber et al. [START_REF] Thurber | Resistivity-Dopant Density Relationship for Phosphorus-Doped Silicon[END_REF] and γ = 0.8 by Irvin [START_REF] Irvin | Resistivity of Bulk Silicon and of Diffused Layers in Silicon[END_REF]. 

V H = V H + -V H
-is measured perpendicularly to current polarization main direction. A central square of 300 × 300µm 2 allows to probe the properties of the layer where the doping is the most homogeneous. This central probed area is surrounded by 50µm large etched lines of 500nm depth > d Si:B in order to electrically isolate the electrical contacts from the doped area. The Si substrate is non-intrisecally doped, has a resistivity ρ > 80Ω.cm and is therefore insulating, protecting from leakages between the contacts through the substrate. Ti/Au contacts (15nm of Ti and 200nm of Au) are deposited as supports for micro-bonding. Indeed, micro-bonding can cause cleavages along the crystalline lines of the highly stressed layers.

In this manuscript, we adopt γ = 0.75, an average value which corresponds to Lin et al. estimation [START_REF] Lin | Theoretical analysis of hall factor and hall mobility in p-type silicon[END_REF]. The validity of the Hall measurements was checked on two different Hall measuring devices and revealed a good agreement between the two measurements, with an average error of 3%.

In this section, we are interested in the evolution of the active doping with the doping parameters such as the number of laser shots, i.e. the number of doping process repetitions which determines the total concentration C B , and the thickness of the layers. Hall measurements were systematically performed on a series of layers of varied depth d ∈ [30; 175]nm and concentration C B ∈ [10 20 ; 10 22 ]cm -3 . We reveal the appearance of three regimes in active concentration : the linear regime, the quadratic regime and the saturation regime which will be respectively discussed in depth in Section 3.1.1.1, 3.1.1.2 and 3.1.1.3. In particular, we show that the high B concentrations involved require necessarily the formation of B pairs, substitutionally incorporated in the lattice but electrically inactive, as well as larger B complexes as C B increases. A systematic behavior in the evolution of the active dose is apparent for each of the depth series, that can be denoted in three stages:

The three doping regimes

• 1) At first, for a low number of shots, i.e. N ≲ 100, D B grows linearly with increasing N , the slope being roughly common for all depths. The linear dependence is highlighted by a common linear black curve of ∼ 1.6 × 10 14 cm -2 /shot slope. Such a linearity between D B and N indicates that the same amount of dopants is activated for each shot. The concentration range for which this linearity between the dose and the number of shots occurs refers to the linear regime;

• 2) Then, beyond a certain number of shots, which increases with increasing depth, the dose of active dopants gradually deviates from its linearity towards a saturation dose. Such a decrease of the active dose/shot actually indicates the formation of non-active dopants. This is the quadratic regime;

• 3) The dose then saturates, and no more activation is achieved. The number of shots for the dose saturation and the maximum values of the dose increase with the depth. By increasing further the number of shots above the saturation level one can observe a slight decrease of the dose. For example, one can observe a reduction from 9.8 × 10 15 cm -2 to 8.7 × 10 15 cm -2 of the dose of the d=30nm layer between N = 300 and 600 laser shots. We define the saturation regime for the concentrations above which this saturation first occurs.

In Figure 3 The SIMS total dose is directly proportional to the number of shots N (as already seen in Figure 2.1), showing that a constant B dose is incorporated per shot, given by the slope, and is overall independent on the linear, quadratic or saturation regime. Surprisingly, the active Hall dose and the total SIMS dose form a coherent picture (see also Figure 3.4), and are described by a common linear dependence. This suggests that in the linear regime, n B = C B , and a perfect activation rate is obtained, where all the incorporated B is substitutional and electrically active.

In order to compare series of different depths together, it is more convenient to study the evolution of the concentration rather than the dose. We plot in Figure 3 total concentration clearly indicates the presence of non-active dopants, which we will identify in Section 3.1.1.2. However, in this regime the experimental data fall still together, independently of the depth, which indicates that the addition of nonactive B is purely defined by the concentration C B , and that possible effects related to the doping, such as the laser surface energy or the velocity of the L/S front, are of little significance. The quadratic regime ends at C B = C sat , above which n B saturates at n sat (see Table 3.1) and then progressively decreases with C B . In contrast to the other regimes, both C sat and n sat change with the thickness of the layer but remain relatively close with C sat = 5.5 ± 1.3 × 10 21 cm -3 and n sat = 3.5 ± 0.5 × 10 

The Linear regime

The linear regime is defined as the regime where D B ∝ N . We find that in this regime, full activation is achieved, i.e. n B = C B . Thus, all the B incorporated is activated. A constant total incorporated concentration per shot is expected. Indeed, the Si substrate's surface is constantly saturated between each laser shot of the Si substrate's surface with the BCl 3 chemisorbed molecules that form a monolayer of density 6.78 × 10 14 cm -2 [START_REF] Bourguignon | Laser modifications of Si(100) : Cl surfaces induced by surface melting: etching and cleaning[END_REF]. Consequently, the same amount of B is injected in the l-Si, with a degree of efficiency, of the order of 30% (∼ 2.03 × 10 14 cm -2 ). This results from the desorption of BCl 3 molecules that are either excited by photo-absorption at 308nm or by thermal excitation caused by the heat increase of the c-Si surface before it becomes liquid. Therefore, it can be expected that the power of the laser pulse may affect the injection efficiency of BCl 3 molecules into the liquid layer. Knowing that d ∝ E U V , a change in the injection efficiency should manifest through the evolution of the slope of D B (N ) for each of the depth series. Figure 3.4 a) shows the active dose falling in the linear regime (N ≲ 150 laser shots) for two layer thicknesses d=175nm and d=65nm. The linear trend for each of the depth series is extended for higher laser shots, as shown in dashed lines, with the linear extraction that is confirmed by the total dopant dose extracted from SIMS measurements. The two linear extensions differ from each other by 22% and indicate a better injection efficiency for the thicker layer, synthesized with higher pulse fluency. The values ∂D B /∂N for each each depth series are reported in Table 3.1 and their dependence with respect to d is shown in Figure 3.5 a). We can observe a continuous growth of the B incorporation/shot with respect to d, from 1.25 to 1.76×10 14 cm -2 /shot, that behaves as ∂D B /∂N ∝ d 0.15 (see the dashed blue line). This indicates that the higher is incident energy of the pulse the better is the injection efficiency. The enhancement of the injection efficiency with the energy can be understood as the result of the reduction of the thermal desorption from hot c-Si: the higher the incident power of the pulse, the sooner the melt will start, and the shorter is the exposition of the BCl 3 to a hot solid Si substrate. This is actually shown in Figure 3.4 b) where the time ∆t between the beginning of the UV pulse and the beginning of the melting is depicted with respect to the depth (and fluency energy on the top axis). An example of the extraction of ∆t for a 121nm deep layer is shown in inset. ∆t continuously decreases by 70% from 11ns for the thinner layer d = 30nm down to 3ns for d = 315nm. Although this trend is consistent with our interpretation, a more complete study should be addressed to confirm our claim. The thickness dependence of ∂D B /∂N was taken into account when calculating C B from ∂D B /∂N d (see discussion in the previous section). Naturally, in the linear regime, the number of inactive dopants is zero and starts to increase at the beginning of the quadratic regime, when C B ∼ 10 21 cm -3 . In the quadratic regime, the decrease of the activation rate n B /C B is then translated into a continuous rise of C N A which appears with a quadratic trend (see the red curve). We can nevertheless underline some deviation from this quadratic trend as soon as the saturation regime is reached. We can also underline the fact that the quantity of non-active B exceeds that of active B within the saturation regime. In particular, it can be noted that at the saturation point (see numerical values in Table 3.1), the non-active B represent 40% of the total dopants, with slightly lower values for the thinner layers where we find ∼ 25% to 35% of non-actives. As all depth series have a common n B (C B ) dependence, so is C N A (C B ) common. At first sight, this independence of the thickness of the layers, suggests that the inactive formation mechanism is completely determined by C B . Furthermore, the fact that these non-active B atoms appear at very high concentrations, on the order of 10 21 cm -3 (2at.%), and which evolve in a quadratic way, suggest the formation of inactive B-B complexes. G. Glass et al. [START_REF] Glass | Ultrahigh B doping during Si(001) gas-source molecular-beam epitaxy: B incorporation, electrical activation, and hole transport[END_REF] reported similar observations on heavily doped SiB grown by Gas-Source Molecular Beam Epitaxy (GS-MBE). Their results are shown in Figure 3.7 a) where Hall concentration N B vs. SIMS concentration C B dependency is traced. The total boron concentration ranges from 1 × 10 17 cm -3 to 1.2 × 10 22 cm -3 and full activation of dopants was achieved up to 2.5×10 20 cm -3 . Above this concentration, a progressive lowering of the n B concentration is measured. The maximum n B reaches a value of 1.3 × 10 21 cm -3 and exceeds the solubility limit. These ultrahigh n B concentrations have been connected to the passivation of the surface by the hydrogen atoms used in the source gas B 2 H 6 and Si 2 H 6 [START_REF] Luo | Understanding Ultrahigh Doping: The Case of Boron in Silicon[END_REF]. The ratio n B /C B is reported in the bottom inset of 3.7 a) and emphasizes the full activation (n B /C B = 1) followed by an activation decrease n B /C B ∝ C B 2 which evidences a power-law increase of non-active dopants. Subsequently, the same research group reported an investigation on the identification of these inactive borons by High-resolution X-ray diffraction (HR-XRD) and Near Edge X-ray Absorption Fine Structure (NEXAFS) [START_REF] Vailionis | Electrically Active and Inactive B Lattice Sites in Ultrahighly B Doped Si(001): An X-Ray Near-Edge Absorption Fine-Structure and High-Resolution Diffraction Study[END_REF] which is an absorption spectroscopy technique which exploits the photo-absorption of the core electrons of atoms to trace back information about the orientation and bonding of the atoms in the sample. Based on their results, they concluded that a single type defect was at the origin of the inactive B: sp 2 -bonded, trigonally coordinated, B pairs in substitutional Si sites (see the schematic representation in the top inset of Figure 3.7 a)). Based on these results, X. Luo et al. [START_REF] Luo | Understanding Ultrahigh Doping: The Case of Boron in Silicon[END_REF] performed first-principles calculations and determined the energy formation of various B complexes, that are reported in Figure 3.7 b). According to their results, a B singlet in substitution of a silicon atom (a), presents the most favorable energy with E = 0.9eV . On the other hand, the formation of interstitial B (b), whose formation energy E = 4.2eV is higher than any other type of B complexes, is excluded. We denote the formation of three possible types of complexes that involve two B atoms:

• (c) (B-B) split which corresponds to two boron atoms located on the same substitutional site. Each B shares only three covalent bonds with their neighbours. Consequently, these kind of complexes are electrically inactive as it was confirmed in ref [START_REF] Luo | Understanding Ultrahigh Doping: The Case of Boron in Silicon[END_REF]. Their formation energy, is E = 2.5eV and is second lowest possible formation energy, shared with B Si -B Si complexes and triplets ; • (d) the inactive interstital-substitutional B pairs B Si -B i were also investigated and were found to be slightly less favorable than other complexes, with E = 2.7eV ; • (e) B Si -B Si corresponds to the formation of two neighbouring pairs each located in neighbouring substitution locations. They have an energy formation equal to that of B-B split and are both electrically active.

We can also mention the formation of triplets with E = 2.5eV , a complex which provides a single conduction hole. It was shown that such complexes could contribute to the conduction, but only for very high C B .

From their model, X. • the B atoms are homogeneously distributed in the doped layer. This assumption is reasonable, as we saw in Chapter 2, as in SIMS concentration profiles C B is reasonably constant through the layer depth; • activation limitations, such as the concentration solubility are not considered. This is reasonably assumed since the crystallization process takes place far from the equilibrium; • the probability of finding B pairs, such as B Si -B Si or (B-B) split are the same and the only difference lies in the degree of activation that each of these types of B-complexes provide. The same hypothesis is also extended to complexes including a larger number of B atoms; • The atomic density of the SiB is the same as the initial Si diamond structural lattice, independently of the quantity of B injected into the system with n SiB = n Si = 5 × 10 22 cm -3 . At most, this should induce a few percent error, as the SiB volume is a few percent smaller than that of Si. It is however possible to take it into account, as a further refinement of this simple model.

To calculate the concentration of B complexes, we consider a single B atom and calculate the probability P j to have j boron atoms, and (4-j) silicon atoms in the 4 sites surrounding the initial B atom. The concentration of the complexes is then be given by :

B j = C B × P j (3.2)
We start by calculating the concentration of B singlets, B atoms surrounded by 4 Si atoms. The probability of picking a B atom between the available B and Si atoms is given by the ratio of the number of B atoms and the total number of atoms, or equivalently (respective to the volume) by C B /n SiB . The probability of picking a Si atom is (1 -C B /n SiB ). Thus, given a fixed B atom, the probability that it is surrounded by 4 Si atoms is given by

P 1 = (1 - C B n SiB ) 4 (3.3)
and the singlet concentration is given by

B 1 = C B × (1 - C B n SiB ) 4 (3.4)
We can see from this equation that the active concentration B 1 ≃ C B when C B ≪ n SiB . This corresponds to the linear regime. However, for C B as large as a few percent of n SiB , the singlet concentration B 1 is already visibly affected, and n B starts saturating, as we have experimentally observed.

We now consider the B doublet concentration. Given a fixed B atom, we consider the probability of surrounding it with 1 B atom and 3 Si atoms. As we have 4 possible positions for 1 B atom, the concentration of B doublets is given by:

B 2 = C B × 4 3 × C B n SiB × (1 - C B n SiB ) 3 (3.5)
with the usual notation

h k = h! k!(h-k)! .
Similarly, it is possible to calculate the concentration of triplets, where the central B atom is surrounded by 2 B atoms and 2 Si atoms:

B 3 = C B × 4 2 × ( C B n SiB ) 2 × (1 - C B n SiB ) 2 (3.6)
The concentration of quadruplets, one B atoms surrounded by 3 other B atoms and 1 Si atom, is given by: And finally the complete filling with 5 substitutional B atoms gives:

B 4 = C B × 4 3 × ( C B n SiB ) 3 × (1 - C B n SiB ) (3.7)
B 5 = C B × 4 4 × ( C B n SiB ) 4 (3.8)
The results of each of the calculations are shown in Figure 3.8. It can be seen that the calculation of B 1 , shown in blue, is very similar to that of n B , where, as mentioned above, the increment of the singlet concentration decreases with increasing C B . Also, it can be observed that the maximum concentration of singlets reach a value of B 1 = 4.1 × 10 21 cm -3 for C B ≃ 1 × 10 22 cm -3 , which is equal to the saturation level of the 175nm deep layer whose saturation concentration is also n sat = 4.1×10 21 cm -3 but that appears sooner at C B ≃ 6.7×10 21 cm -3 . This strongly suggests that the singlets are the configuration that predominantly participates to the ionization of B atoms. The calculation of the doublet configuration (purple) is also in good agreement with experimental data if we consider the doublet electrically inactive, as in a (B-B) split configuration. For instance, it can be seen from Figure 3.6 that C N A ≃ 2 × 10 21 cm -3 at C B = 6 × 10 21 cm -3 , in extremely good agreement with the calculated B 2 concentration, suggesting that the doublet configurations are the main inactive B contribution in the quadratic regime as proposed in ref [START_REF] Vailionis | Electrically Active and Inactive B Lattice Sites in Ultrahighly B Doped Si(001): An X-Ray Near-Edge Absorption Fine-Structure and High-Resolution Diffraction Study[END_REF][START_REF] Luo | Understanding Ultrahigh Doping: The Case of Boron in Silicon[END_REF]. From the work of X. Luo et al. [START_REF] Luo | Understanding Ultrahigh Doping: The Case of Boron in Silicon[END_REF] and A. Vailionis et al. [START_REF] Vailionis | Electrically Active and Inactive B Lattice Sites in Ultrahighly B Doped Si(001): An X-Ray Near-Edge Absorption Fine-Structure and High-Resolution Diffraction Study[END_REF], we define the active concentration as follows :

n B = B 1 + 1 3 B 3 (3.9)
where 1 3 B 3 accounts for the single hole provided by the triplets complexes. The non-active concentration is then given by :

C N A = B 2 + 2 3 B 3 + B 4 + B 5 (3.10)
Because of lack of information, we assumed that both quadruplets and quintuplets configuration of B do not provide additional holes in the system. However, as can be seen in Figure 3.10 b), the impact of B 4 and B 5 is limited on the total C N A .

The results of both calculations are shown in Figure 3.9 a) and b). Overall, there is a very good reproduction of the experimental n B by Eq 3.9. At very low concentrations, we find the full activation (n B = C B ) observed in the linear regime and n B quadratic curvature in the quadratic regime. In particular, the curve reproduces well the curvature of the thickest layers up to their saturation point. We can see that the level of saturation produced by the curve, n sat ≃ 5 × 10 21 cm -3 is slightly higher than that of the d = 121nm layer by 20%. The lack of data at 175nm at higher C B currently prevents us from validating this maximum saturation concentration. Still, the very good agreement between the experiment and the theory at lower concentrations seems to indicate that other physical phenomena would be at the origin of the limitation of the saturation level of our doped layers. We shall discuss this aspect in Section 3.1.1.3. The C N A to C B dependency for concentrations falling in both the linear and the quadratic regimes is shown in Figure 3.9 b). The theory also reproduces correctly the trend of the experimental values, especially for the thicker layers. For the lower C B , e.g. C B = 9.5 × 10 20 cm -3 , a deviation of 20% is observed from the experimental C N A = 5.6 × 10 19 cm -3 of the 175nm thick layer. The agreement gets progressively better at the highest concentration, with a deviation of 5% reported at C B = 6.7 × 10 21 cm -3 . For the thickest depths, i.e. d =175nm and 121nm, the theoretical curve falls close within the error bars of the experimental values. However, for the thinnest layers, d=30, 47 and 65nm, the comparison of the theoretical curve with the experimental data is less convincing. For example, at C B = 1.7 × 10 21 cm -3 , the theoretical C N A = 1.9 × 10 20 cm -3 value deviates by 75% from the experimental C N A ∼ 4.7 × 10 19 cm -3 . We can nevertheless underline the fact that the error bars of the experimental values are quite large due to the uncertainty of 5nm estimated on the depth, of larger relative importance in these thin layers. As we progress to higher C B , the theoretical C N A values progressively are in better agreement with the experimental curve until falling perfectly on it just before saturation (C sat = 4.2×10 21 cm -3 for the thin layers) at C B ≃ 3 × 10 21 cm -3 . The discrepancies that are observed could be related to the doping process, where effects related to the thickness and the proximity of the edges on the crystallisation process could become significant, especially for the thinner layers. A more complete study on the evolution of the epitaxy mechanisms at play with the depth would thus be necessary to explain the observed discrepancies. Nevertheless, the results are quantitatively satisfactory and provide a clear qualitative explanation as to the reason for the decrease of the activation rate with the total dopant concentration, and will be of use for the interpretation of the next sections.

The saturation regime

The saturation regime manifests by an abrupt transition from the slow continuous increase of n B in the quadratic regime to a quasi-fixed value n sat . Moreover, the value of this saturation and its appearance concentration C sat differ from one depth series to another (see Table 3.1), contrary to the other regimes where all experimental data (almost) collapse together, independently of the depth. In particular the thinner layers, i.e. d ∈ [30; 65]nm, saturate around n sat = 3 × 10 21 cm -3 while the thickest layers, d=121nm and d=175nm, saturate at n sat = 4 × 10 21 cm -3 . Moreover, the saturation is not reproduced by the the probabilistic model developed in the previous section, which shows saturation at n sat = 5 × 10 21 cm -3 and for C B = 1 × 10 22 cm -3 . In this section, we attempt to provide answers as to the nature of this regime and the characteristic concentrations that define it. 3.1, seems to evolve linearly with a slope of 3.4±0.6×10 21 cm -3 (see the dashed lines) that corresponds to the mean n sat value with a precision of 20%. The value of n sat is also reported in Figure 3.10 b). The plausibility of a fixed saturation concentration, although reasonable in a first approximation, could actually be untrue. In particular, we observe a slight increasing trend of n sat with d, which can be approximated by a linear law (see red line) with a slope of 8.5 × 10 18 cm -3 /nm. This increase in saturation concentration could be caused by a higher applied energy for the thicker layers that would result in a increase of the speed of the crystallisation front. Because for higher front speed, more B atoms can be effectively trapped in the crystal lattice, one could expect an increase of n sat . Still, such an interpretation remains hypothetical and requires simulations coupled to more data for thicker and thinner layers in order to extract a real trend of the saturation concentration with the depth and verify if the increase in front speed can quantitatively account for a n sat increase.

We also wonder about the nature of the dopants within this saturated regime. To provide some answers, two types of analysis are provided in Figure 3.11. Figure 3.11 a) depicts the experimental non-active concentration C N A that has been extended to the saturation regime, compared to the theoretical C N A , plotted as a black line. The saturation regime starts approximately at C sat ∼ 5 ± 1 × 10 21 cm -3 . The measured data that fall into this regime are for the most part data measured on thin layers of 30 and 47nm, whose concentration extends, according to the linear extrapolation of C B , to about 2.5 × 10 22 cm -3 . It must be noted that these high concentrations achieved still have to be confirmed experimentally by SIMS. The data concerned by this uncertainty are located here in the shaded area. Nevertheless, the beginning of the saturation regime falls into the concentration range where C B is known, and we can observe a good agreement between the experimental data and the theoretical curve, which then continues in the shaded area. In this range, the activated dopants are overestimated by the model (Figure 3.9 a)), and the derived inactive C N A is underes-timated, with a small deviation of the order of 15% between theory and experiments, which tends to decrease as C B increases and lowers to 10% for C B = 2.5 × 10 22 cm -3 . In order to know how large are the complexes B n involved at these concentration level, the B 2 (red), B 3 (green), B 4 (blue) and B 5 (purple) B-complex concentrations are compared to both experimental and theoretical C N A . We can see that up to concentrations C B = 2 × 10 22 cm -3 , it is the B 2 type complexes that are the majority. B 3 becomes dominant from C B = 2 × 10 22 cm -3 to C B = 3 × 10 22 cm -3 , and B 4 are dominant from C B = 3 × 10 22 cm -3 to C B = 4 × 10 22 cm -3 . However, the sum of all these contributions is insufficient to account for the experimental C N A observed, which is steadily larger than the probabilistic model expectations.

A possible explanation of this excess of inactive B atoms can be searched for in the B-rich defects observed at the edges of the heavily doped layers (see the discussion in Chapter 2), and Figures 2.6 and 2.5. To do so, we correlate the SIMS and ECV concentration profiles, and the Hall measurement (Figure 3.11) with the model's results for a d = 65nm layer of concentration C B = 7.6 × 10 21 cm -3 , in the saturation regime. From Figure 3.11 a), the majority of complexes within the layer are B 2 (2.8 × 10 21 cm -3 ), with a minority of B 3 (∼ 7.8 × 10 20 cm -3 ) and B 4 (1 × 10 20 cm -3 ), for a total of 3.4 × 10 21 cm -3 (Figure 3.11 a)). The total inactive B dose expected theoretically is thus D N A,model = 2.2 × 10 16 cm -2 . Experimentally, the average active dose is either measured by Hall effect (D Hall = 1.86 × 10 16 cm -2 ), or by integrating the ECV curve which provides the profile of active B (D ECV = 1.45 × 10 16 cm -2 ). As can be seen in Figure 3.11 b), these two techniques are in very good agreement in the central part of the layer, roughly between 10 nm and 45 nm, while a decrease of active B is observed at the surface and at the Si/SiB interface in the ECV profile. ECV results at the surface may be affected by the native SiO 2 oxide layer, which e.g. could vary the etching rate. We expect the ∼ 20% difference between Hall and ECV results is due on one side to the extraction of quantitative information from the ECV curve in ultra-doped samples, and on the other on the impact of the thickness uncertainty in the determination of the Hall concentration from the dose. In the following discussion, we will give dose ranges whose extremes are determined by the Hall and ECV values. The total inactive dose is then estimated, as usual, by the difference between the SIMS total dose (integral of the SIMS profile), D SIM S = 4.8 × 10 16 cm -2 , and the active dose. In this case, we find D N A = 2.94 × 10 16 cm -2 -3.35 × 10 16 cm -2 , a much larger value than the model expectation D N A,model = 2.2 × 10 16 cm -2 , with an excess inactive B dose of D N A,excess = 0.74 × 10 16 cm -2 -1.15 × 10 16 cm -2 . Our hypothesis is that such excess inactive B is located in the B rounded aggregates that form at the bottom of the layer. To verify this hypothesis, we have traced the inactive B profile in Figure 3.11 b), by subtracting the SIMS and ECV profiles. We have then calculated the amount of B present in the peaks at the surface and at the Si/SiB interface (corresponding to the blue shaded area in Figure 3.11 b)). We find a B dose of D N A,peaks = 0.91 × 10 16 cm -2 , in excellent agreement with the excess inactive B dose unexplained by the model, D N A,excess = 0.74 × 10 16 cm -2 -1.15 × 10 16 cm -2 . Thus, in the bulk of the layer, the decrease of activation is still associated with the formation of inactive B doublets and triplets as predicted by the model, even in the saturation regime. However, a supplementary contribution to the inactive B amount is given by B precipitates at the surface and Si/SiB interface. 

D N A,

Structural properties : lattice deformation and relaxation

We have seen in chapter 2 that doping is responsible for changes in the structural properties of the SiB layers. In particular the increase of the total concentration of B in the layer is responsible for an increase of the bi-axial strain of the epitaxied SiB layer. In the fully strained regime, we observe deformations as large as -1.2%, which correspond to strain values of σ = Eϵ = 150GP a, with E = 125GP a the Young modulus of Si. We have also demonstrated the appearance of strain relaxation for C r ∼ 2-3 × 10 21 cm -3 , which is accompanied by dislocations propagating in the whole layer. These structural properties can have a consequent impact on the transport properties, where the reduction of the lattice volume and the presence of dislocations can affect the mobility of the holes, as well as the superconducting properties where the electron-phonon interaction potential, sensitive to such properties, plays a key role. In this section, we propose to study in detail the evolution of these structural properties with doping.

Probing crystals by means of X-Ray Diffraction (XRD) is one of the most convenient ways to access information on the structural properties such as the lattice deformation and crystalline quality. It is based on Rayleigh scattering process, in which monochromatic electromagnetic waves with wavelength larger than the atomic radius are re-emitted as spherical waves due to the collective motion of the core electrons submitted to the electromagnetic radiation. Therefore, a system composed of a collection of atoms periodically arranged in a crystal lattice acts as a series of spherical electromagnetic wave sources. If the wavelength of the re-emitted spherical waves are of the order of the inter-atomic distance, constructive and destructive interferences occur. Hence, the resulting signal will depend on the wavelength of the X-ray source, the distance between atoms and the angle at which the diffracted signal is collected. It is described by Bragg's law :

2d hkl sin θ = nλ (3.11)
where λ is the wavelength of the source, n is the diffraction order, which takes integer values, d hkl is the interplanar distance between planes with (hkl) Miller indices, and θ is the angle of incidence of the electromagnetic wave with the surface of the substrate (see Figure 3.12 ). This law can be used to calculate the angle for which the greater signal for a given d hkl will be received. In the case of diamond cubic Bravais lattice, allowed reflections occur for h+k+l = 4n. For a pure silicon substrate with lattice parameter a = 0.543071nm, Eq 3.11 results in 2θ = 69.1334 • -2θ being the angle between the incident beam and the diffracted beam. The main peak in Figure 3.13 a) and 3.13 b) thus results from the Si substrate. The signal related to the SiB layer is less intense and appears at higher angles than that of the silicon substrate. This shift towards higher angles is related to the reduction of the lattice distance in the [001] direction caused by the smaller size of boron atoms. In Figure 3.13 a), one can see that the greater the concentration, the higher the shift. The same conclusion can be made from Figure 3.13 b) where the most shifted signals correspond to the thinner and most concentrated layers.

In Section 3.2.1, we discuss the effect of the concentration on the XRD intensity and width at half height of the SiB peaks. In Section 3.2.2, we derive from the peaks 2θ positions the deformation of the layers with respect to the concentration C B .

1. Measurements were performed on a XPert XRD PANalytical which provides angle resolution of ±0.0025 • over long scan ranges and uses a source that emits monochromatic waves with λ = 0.15405980nm along the [004] direction. 

Intensity and FWHM

The XRD signals are sensitive to the crystalline quality of the doped layers: i.e. the periodicity of the dopants in the layer, the homogeneity of the doped layers, and the presence of crystal defects such as dislocations or stacking faults. Therefore, the study of the intensity of the peaks and their full width at half maximum (FWHM) with the concentration and the depth of the doped layers allows us to discuss qualitatively the crystallinity of our layers. Figure 3.14 shows both the normalized intensity I SiB /I Si and FWHM of the SiB peaks of a 175nm thick layers at various doping conditions C B , extracted from Figure 3.13 a), and Figure 3.14 b) plots the same parameters with respect to d, extracted from Figure 3.13 b). Since we saw in Section 3.1 that all the dopants, although not necessarily electrically active, are located in substitutional sites for concentrations ranging in the linear and quadratic regimes, the XRD data will be analysed in respect to C B . Indeed, all atoms present in the lattice affect the deformation, not only the active ones.

When doping with PLME techniques, due to the fact that B atoms diffuse rapidly into the liquid phase, the system is macroscopically ordered. However, the local positioning of B atoms during crystallization is random, and the system is locally disordered. Therefore, one could expect that the greater the concentration C B , the greater the disorder. The presence of scattering centers and the variations in the local crystal structure, which increases with increasing disorder, causes variations in the diffraction angle and broadens the XRD signals. This is clearly visible in Figure 3.14 b) where we can observe an increase of the FWHM from ∼ 1 • down to 0.06 • for lower d (higher C B ). In this specific sample series, phenomena such as plastic relaxation and the appearance of dislocations are not present. Indeed, such phenomena appear for larger concentrations than those attained for N=30 laser shots even in films as thin as 20 nm (C B ∼ 1.8 × 10 21 < C r ∼ 2 -3 × 10 21 ). Hence, in the present case, the decrease of the FWHM with increasing d can be entirely attributed to the increase of the disorder associated to the random position of B atoms in the lattice. Furthermore, we can underline the fact that FWHM ∝ 1/d. Since C B = N × (∂D B /∂N )/d, and the incorporated dose/shot is roughly constant, C B ∼ 1/d at a fixed N, suggesting for Figure 3.14 b) a linear increase of the broadening of the XRD peaks with C B . This trend of the FWHM with C B is also consistent with Figure 3.14 a) where the FWHM increases linearly from 0.07 • to 0.26 • with a slope of 1.4 × 10 -22 • cm 3 , in the concentration range where the SiB layer is fully strained. There is a clear change in the behavior of the FWHM for the concentrations at which relaxation is expected, i.e. C B ∼ 2-3 × 10 21 cm -3 , as represented in the gray area. The FWHM varies first between 0.12 • and 0.56 • , as the layer undergoes plastic relaxation, before recovering a linear trend from C B ≃ 5 × 10 21 cm -3 , rising from 0.38 to 0.66 with a slope of 7.3 × 10 -23 • cm 3 , which is actually twice lower than that in the fully strained regime. As we know from Chapter 2 and the study of G. Hallais et al. [START_REF] Hallais | STEM analysis of deformation and B distribution in nanosecond laser ultra-doped Si 1-x B x[END_REF], after relaxation, the layers recover back their crystallinity as the number of shots increases and less and less dislocations and crystalline defects are visible. We can therefore expect that these large abrupt variations in FWHM can be caused by the appearance of crystal defects such as dislocations, before returning to a linear dependence with C B , associated to the disorder given by B random position, as these defects disappear. More comprehensive studies of the impact of deformation on these peak widths remain to be studied.

The effect of concentration on the peak intensity of the SiB layer can be understood similarly that of the FWHM. While the disorder tends to broaden the SiB peaks, the emitted intensity should be lowered. This is what is actually observed in Figure 3.14 a), where a continuous decrease of the normalized intensity I SiB /I Si from 0.8 × 10 -3 to ∼ 10 -4 is observed. The trend to the decrease of I SiB /I Si (C B ) is similar to that of FWHM(d) with I SiB /I Si ∝ 1/C B , as depicted by the black line. The effect of the relaxation is also noticed in the intensity with a rise in intensity from 7.8 ∼ 10 -4 to 9 ∼ 10 -4 , before falling back to 2 ∼ 10 -4 and recovering its 1/C B trend. On the other hand, I SiB /I Si continuously increases with the depth in Figure 3.14 a), from 2.5 × 10 -5 to a maximum value at 2.3 × 10 -2 , indicating an enhancement of the emitted peak as the layer volume increases and disorder decreases. Thus, both I SiB /I Si and the FWHM give a coherent picture of the evolution of crystalline and disorder quality of the layers with doping. Indeed, even in perfectly crystalline, fully strained layers without defects, the effect of disorder related to the random position of the B atoms can be observed. To it is added the contribution of the crystalline defects that arises from plastic relaxations. This contribution to the disorder associated to the B content will be specifically studied in the context of the evolution of transport properties with concentration in section 3.3. On the other hand, the sole attribution of disorder to the random position of B atoms is probably erroneous, since modulations of C B within the layer imply modulations in the deformation of the lattice that also contributes to the evolution of the FWHM and I SiB /I Si .

Deformation of the lattice

Calculation of the deformation

The deformation ϵ is defined as :

ϵ = a SiB -a Si a Si (3.12)
with a SiB the lattice parameter of the SiB layer and a Si that of the Si substrate. The deformation can be traced from Eq 3.11, where the positions of the SiB peaks 2θ are directly extracted from the XRD data as in Figure 3.13. The measurements performed in Figure 3.13 were performed along the [004] direction of the substrate, which allows to trace back the out-of-plane deformation ϵ ⊥ = a ⊥ -a Si a Si , with a ⊥ the out-of-plane lattice parameter perpendicular to the layer surface. In the fully strained regime, such measurements are sufficient to record the entirety of the information of the layers, as the in-plane lattice parameter is equal to that of the Si substrate. However, as soon as the layer relaxes, it is necessary to measure directly the in-plane deformation ϵ // = a // -a Si a Si .

Calculation of ϵ ⊥

By deriving equation 3.11 and combining it with 3.12, it is possible to develop the relative deformation for small thickness (and angle) variations as:

ϵ ⊥ = -cot θ Si • (θ Si:B -θ Si ) (3.13)
where 2θ Si and 2θ Si:B are respectively the angles of the substrate and layer signals in radians. This expression allows to express the out-of-plane deformation as a function of the angle difference between the SiB and Si peaks, and is thus less affected by the angle calibration.

Measurement of a // : reciprocal maps

In order to probe the in-plane deformation, maps2 of the reciprocal space along both the [004] and [224] directions have been performed. Reciprocal maps consist in a series of scan (ω, 2θ) by varying ω, the angle between the detector and the sample between two scans in 2θ. In order to calculate a ⊥ and a // , we use the following relation : 

d SiB 004 = a ⊥ √ h 2 + k 2 + l 2 (3.
∆ SiB hkl = d SiBexp hkl -d Siexp hkl d Siexp hkl = 1 Q SiB -1 Q Si 1 Q Si (3.17)
with |Q| the norm of the -→ Q vectors -which are the vectors of the reciprocal space normalized by the wavelength λ × 2π -in the reciprocal space

|Q| = Q // 2 + Q ⊥ 2 ,
with Q // and Q ⊥ referring to the wave-vectors respectively in the in-plane and outof-plane directions. Because the scans along the [004] direction do not probe the Q // directions but only those out-of-plane, both bright spots are visible at the same value of Q // = 0.0328nm -1 . Because the B atoms deform the lattice distance out-of-plane, the substrate and the layers are respectively defined by their own

Q ⊥ with Q Si ⊥ = 7.3601nm -1 and Q SiB ⊥ = 7.5255nm -1
. The greater Q is, the shorter is the inter-planar distance, as expected. Using the equations discussed above, the lattice parameter in the out-ofplane direction of the SiB can be calculated and we find a SiB ⊥ = 5.312 Å with a resolution of ±0.002 Å. The slight spread along the Q ⊥ axis reveals the non-homogeneity of the deformation along the depth of the layer which here can be approximated as 15% from the main peak, and is actually close to the 20% of spread of ϵ ⊥ observed in the deformation profiles from GPA, which was discussed in Chapter 2. The low intensity between the layer's and substrate's signal is consistent with the abrupt interface observed in SIMS concentration profiles and BF TEM images.

Since the SiB layer at N = 200 is fully strained, no shifts in the Q // direction should be observed in the [224] reciprocal map. As for the [004] reciprocal map, the two bright spots correspond the substrate (bottom spot) and the layer (top spot) diffraction intensities and are respectively located at (Q // , Q ⊥ ) Si = (5.2391, 7.3421)nm -1 and (Q // , Q ⊥ ) SiB = (5.2392, 7.5061)nm -1 . The lattice parameter out-of-plane can be calculated and we find a SiB ⊥ = 5.35147 Å, which is reasonable, but leads to an underestimation of the deformation of 0.5% compared to the [004] reciprocal maps. This estimation is indeed less accurate than in [004] since [224] is aligned with other crystal directions. In order to calculate a // both [004] and [224] reciprocal maps are necessary as indicated in Eq 3. [START_REF] Boeisenko | Steady-state solubility of substitutional impurities in silicon[END_REF]. We obtain a // = 5.4334 Å ± 0.002 ≃ a si . This is in good agreement with the fact that the signal of the doped layer is completely localized along Q ⊥ which indicates that no changes of the lattice in the plane has occurred.

Reciprocal map : N = 350

Along the [004] direction, the reciprocal map for the N=350 laser shots doping condition is quite similar to that of the N=200 laser shots : two intensity peaks corresponding to the substrate and the doped layer stand out from the rest of the map respectively at (Q // , Q ⊥ ) Si = (-0.03, 7.3623)nm -1 and (Q // , Q ⊥ ) Si:B = (-0.031, 7.5767)nm -1 with a low intensity connecting the two areas corresponding to the abrupt interface between the substrate and the layer. The resulting lattice parameter in the out of plane direction is a ⊥ = 5.2773 Å, which is lower that the one calculated for the N = 200 doping condition, and reveals a larger deformation of the lattice when more B is injected into the system. We can also note the presence of a second less intense peak whose coordinates in reciprocal space are (Q // , Q ⊥ ) peak2 = (-0.029, 7.6154)nm -1 and which reveals the presence of a second layer even more strained with a ⊥ = 5.2505 Å. The presence of two sub-layers was observed in TEM and GPA images, where a completely strained sub-layer underlayed a partially relaxed sub-layer. These two sub-layers are clearly identified in the reciprocal map along the [224] direction. Here, two distinct bright spots constitute the SiB layer : a first fully strained bright spot with (Q // , Q ⊥ ) peak1 = (5.1827; 7.6344)nm -1 and a second spot corresponding to a relaxed layer with (Q // , Q ⊥ ) peak2 = (5.2181; 7.6002)nm -1 . The first peak has higher Q ⊥ than the second and corresponds to a sub-layer subjected to higher out-of-plane deformations. Also, while the first peak remains at the same Q // than that of the substrate (Q // , Q ⊥ ) Si = (5.1768; 7.3866)nm -1 , the second peak deviates significantly in the in-plane direction, as a result of the relaxation process. This is actually in good agreement with the TEM and GPA analysis, where the top relaxed sub-layer was less strained that the underlying fully strained sub-layer. The resulting a // of the second peak has been determined as 5.3889 Å. 

Dependence of the deformation with C B

By accessing the lattice parameter a ⊥ from XRD scans in the [004] direction, as in Figure 3.13, as well as a // from the [004] and [224] reciprocal maps, it is possible to compare the evolution of the deformations ϵ ⊥ and ϵ // with respect to C B and to compare them with the deformation estimated from the GPA measurements that have already been discussed in Chapter 2. The list of the samples that have been measured, their thickness, number of shots N, and the respective technique that have been performed are listed below: Case of the thin layers : d = 47nm Figure 3.17 a) depicts the evolution of the deformation with C B measured on a 47nm thick layer. As mentioned in Section 3.2.1, since all dopants are supposed to be in substitution, even though not entirely electrically active, the structural properties are studied as a function of C B (instead of n B ). Our analysis is thus limited to both the linear and quadratic regimes, and the analysis within the saturation regime should be taken with care. However, as we will see, this won't change the qualitative picture of our analysis.

The out-of-plane deformation (green stars) is detected as soon as some B atoms are injected in the lattice. Because B tends to lower the inter-atomic lattice distance, the deformation ϵ ⊥ takes negative values and decreases linearly down to -3.76% at C B = 2.6 × 10 21 cm -3 with a slope of -1.2 × 10 -21 %.cm 3 . For this range of concentration, we can see that ϵ // = 0% (black triangles), indicating that the layers are completey strained. In the context of dislocation-free pseudomorphic growth, it is common to find such a linear relationship between the deformation and the concentration of substitutional dopants. Indeed, in a binary compound, the lattice parameter is directly related to the composition by the Vegard's law :

a SiB = a Si 1-x Bx = a B x + a Si (1 -x) (3.18)
with x = C B n Si the percentage of substitutional dopants in the SiB layer and n Si = 5 × 10 -22 cm-3 the atomic density of a pure c-Si substrate. The lattice parameter of an ideal diamond-cubic B crystal ranges in the literature between a B = 0.378nm [START_REF] Bisognin | Substitutional B in Si: Accurate lattice parameter determination[END_REF] and a B = 0.4084nm [START_REF] Glass | Ultrahigh B doping during Si(001) gas-source molecular-beam epitaxy: B incorporation, electrical activation, and hole transport[END_REF].

Moreover, in an isotropic material, the out-of-plane deformation is related to the in-plane deformation by the Poisson coefficient :

a ⊥ -a SiB a SiB = K a // -a SiB a SiB (3.19) 
with K = -2ν 1-ν = 0.77 for ν = ν Si = 0.278 the Poisson coefficient of pure Si and with a // = a Si in the fully strained regime. Then, by injecting Eq 3.18 in Eq 3. [START_REF] Boureau | Lattice contraction due to boron doping in silicon[END_REF] and knowing that ϵ ⊥ = a ⊥ -a Si a Si , it is possible to express ϵ ⊥ with x:

ϵ ⊥ = β × x (3.20)
with the strain rate coefficient β :

β = 1 + ν 1 -ν (a B -a Si ) a Si (3.21)
which gives typical values of β = -1.08 × 10 -23 cm 3 in the case of ν = ν Si , and is in agreement with the experimental β found in ref [START_REF] Glass | Ultrahigh B doping during Si(001) gas-source molecular-beam epitaxy: B incorporation, electrical activation, and hole transport[END_REF] but is actually twice bigger than the one found in ref [START_REF] Boureau | Lattice contraction due to boron doping in silicon[END_REF] and [START_REF] Lee | Structural, bonding, and elastic properties of Si:X (X = B, Al, and Ga): a theoretical study[END_REF]. The theoretical ϵ ⊥ (C B ) can be then computed and compared to the data and is plotted for a B = 0.378nm on Figure 3.17 a) as a red curve. A reasonable agreement between the experimental data and the theoretical curve can be found. We can nevertheless underline a slight overestimation of the deformation compared to the experimental data of approximately 11%. Several parameters can affect this disparity. For example, the parameter a B , though experimentally determined by G. Bisognin et al. [START_REF] Bisognin | Substitutional B in Si: Accurate lattice parameter determination[END_REF], is an hypothetical value for an all-B compound in a diamond-like structure, which does not actually exist in its natural form. Then, it is expected that the uncertainties on the determination of its value would lead to changes in the slope of the theoretical ϵ ⊥ (C B ) curve of about ∼ 10%. Additionally, because of the high C B involved, the value of ν could actually evolve with the content of B. S. Ikhmayies et al. [START_REF] Ikhmayies | The Influence of Boron Dopant on the Structural and Mechanical Properties of Silicon: First Principles Study[END_REF] investigated this latter point with ab-initio calculations. The results of their investigation are shown in Figure 3.17 . Hence, the computed theoretical ϵ ⊥ = β × x can be calculated by considering the evolution of ν with C B and is shown as a black curve in Figure 3.17 a). The change with or without the consideration of the C B (ν) dependence is not tremendous, but still provides a better match of the theoretical curve with the experimental data, where a maximum deviation of 10% is observed. The choice of a B = 0.378nm provides the best reproduction of the data and confirms the work of ref [START_REF] Bisognin | Substitutional B in Si: Accurate lattice parameter determination[END_REF]. The value of a B = 0.4084nm, which comes from the average of the covalent radii of B and Si, underestimates slope of ϵ ⊥ (C B ).

For C B > 2.6 × 10 21 cm -3 , ϵ ⊥ starts to curve and reaches a minimum value at -3.75% ± 0.15 around which it saturates. In this range of concentration, two sets of measurement have been performed, on different XRD experimental set-ups and on samples synthesized separately but with identical depth d=47nm. The good correspondence from one doping series to the other highlights the good reproducibility of the doping by GILD technique. The point at which ϵ ⊥ deviates from its linear trend hallmarks the beginning of the relaxation process where a small lattice in-plane deformation ϵ // = -0.1% has been measured at C B = 3.76 × 10 21 cm -3 . At higher concentrations, ϵ // increases and reaches a maximum value at ∼ -1.9% before it saturates around -1.7 ± 0.2%. Additional data with other depth series will allow us to study the rise of ϵ // with C B . The concentration at which both ϵ ⊥ and ϵ // saturate corresponds to the point at which n B saturates and suggests that the maximum values of ϵ reached are limited by the appearance of the round-shaped B precipitates observed at the bottom of the layer. The lack of quantitative information on the nature of the incorporation of dopants at these concentration levels does not currently allow us to conclude on the saturation of ϵ. Still, its saturation, as well as the abrupt saturation in n B , seems to suggest that there are no more additional substitutional B atoms, active or inactive, in this regime. However, such a claim remains to be proven and requires further study.

It is also worth noting that the deformation values observed in XRD are larger when compared to those obtained by the GPA studies on the 175nm depth series, discussed in Chapter 2. These data had revealed that a maximum strain of ∼ -2.5% was achieved, which is 50% to 60% lower than what we observe for the case of the 47nm depth serie. In the next paragraph, we discuss the evolution of ϵ ⊥ and ϵ // obtained by both XRD and STEM analysis achieved on 175nm thick layers.

Comparison between XRD and GPA analysis. Case of a d=175nm thick layer The results are very similar to those obtained from the measurements carried out on the 47nm layer : there is first a linear decrease of ϵ ⊥ with C B down to ϵ ⊥ = -3% at C B ≃ 2.9 × 10 21 cm -3 , which falls perfectly well on the ϵ ⊥ (C B ) dependency calculated from Eq 3.20 and 3.21 for ν = ν Si (and is underestimated by 10% when including ν(C B )). The main difference occurs during the relaxation process for C B ∈ [3.3; 6.7] × 10 21 cm -3 , where ϵ // that grows progressively from 0 to -3.1% at C B = 6.7×10 21 cm -3 . At these concentrations, we observe a jump in the out-of-plane deformation, with a rise from -3.1% to -2.9% as soon as the layer relaxes, before it gradually decreases down to -3.6%. We find the same saturation pattern, when the saturation regime is reached for C B > 5.7 × 10 21 cm -3 with ϵ ⊥ = -3.53 ± 0.13% and ϵ // = -2.05 ± 0.05%. As we already mentioned, the deformation obtained from XRD measurements provides higher values of ϵ ⊥ than those obtained from the GPA analysis. This is illustrated in Figure 3.18 b), where the results of both techniques are compared.

The differences in ϵ ⊥ between the two types of measurement is striking. There is a shift from one measurement to another of about 60%. In contrast, the measurements of the deformation in the plane are in good agreement where the XRD data fall at worst on the uncertainty bars of the GPA measurements.

We attribute these differences in the out-of-plane strain measurements to the geometry of the thin cut lamella used for the TEM measurement. When the thickness of the strained layer, here 175nm, is greater than, or equal to, the thickness of the thin lamella (of the order of 100 -150nm) an elastic relaxation through the flanks occurs and reduces the out-of-plane strain. In order to verify the veracity of this hypothesis, we are currently preparing doped spots physically etched with series of 150nm thick sections with a pitch of 150nm on the whole depth of the doped layer (d > 150nm) which will be subsequently measured by XRD.

All the results of the series of measurement that are listed at the beginning of this section are gathered in Figure 3.19 a). We can see that the curves follow a common trend: in the fully strained regime, all the ϵ ⊥ decrease linearly with C B with a slope of the order of β ≃ -1±0.15×10 -23 cm 3 (see the black curve) down to the relaxation concentration C r ≃ 3±0.5×10 21 cm -3 . For C B > C r , relaxation occurs and ϵ // gradually increases, with a roughly common behavior independently of the thickness of the layers, towards its saturation value ϵ // ∼ -1.8% at C B = C sat ∈ [5; 6.7] × 10 21 cm -3 . Within the relaxation regime, the thickest layers with d > 100nm behave similarly with the appearance of a bump in ϵ ⊥ right after C r , that increases by ∼ 20% before it decreases progressively towards its saturation value -3.7 ± 0.2% for C > C sat . The thin layers, i.e. d = 47nm behave differently in the relaxation regime as ϵ ⊥ already reached ∼ ϵ sat at C r and remains approximately constant as C B increases towards

C sat .
Although the deformation of the layers seems at first sight to be entirely driven by C B , slight dependencies of β, C sat and C r with d can be actually observed. In the fully strained regime, the slope of ϵ ⊥ (C B ) of the thinnest layers (e.g. the series at d=47nm and that at N=30) appears to be systematically larger than that of larger thicknesses by 20%. Also, as shown in Figure 3.19 b), C r decreases linearly with d, from 4.3 × 10 21 cm -3 at d = 47nm to 2.6 × 10 21 cm -3 at d = 315nm with a slope of -6.3 × 10 18 cm -3 /nm. This decreasing trend of C r with d, can be understood from an energy balance point of view. Indeed, it is energetically harder at a fixed concentration to build a thicker, fully strained, layer. The area strain energy density is given by E st = 2Gϵ 2 1-ν 1+ν d [START_REF] People | Calculation of critical layer thickness versus lattice mismatch for Ge x Si1-x/Si strained-layer heterostructures[END_REF] with G the shear modulus and ϵ ∝ C B the deformation of the lattice from Vegard's law 3.18. Then, for a fixed concentration C B , E r , the energy required for the epitaxy for a fully strained layers will linearly increase with d, and will be more and more energetically unfavourable. By comparing the evolution of C r with that of C sat , it possible to build a phase diagram with the distinctive doping regimes area. To complete the characterisation of the normal state properties of the SiB layers, DC transport properties have been performed by means of 4-probe measurements on a Hall-cross geometry (see Figure 3.20). This method provides the average resistance across a central measurement area of a conductive layer with electrical contacts connected to the square corners. The measurement can be straightforwardly related to the square resistance provided that the electrical resistance is isotropic within the probed area [START_REF] Leo | A method of measuring the resistivity and Hall coefficient on lamellae of arbitrary shape[END_REF]:

R □ = πR ln 2 (3.22)
with R and R □ are the resistance and the square resistance in Ω. The square resistance is a parameter which provides the resistance of a square of equal width and length and can be used to calculate the resistance of a doped layer of any planar geometry / shape by R = N □ × R □ with N □ the number of squares in series that constitute the shape of the sample. The square resistance is related to the resistivity of the layer ρ by :

R □ = ρ d (3.23)
DC transport measurements have been systematically performed on each of the series of different depth. In Section 3.3.1, we study the conductive properties at 300K of the doped layers, namely resistivity and charge carrier mobility, and discuss them as a function of doping and strain regimes. We then present in Section 3.3.2 the temperature measurements of the Hall concentration and resistivity. These measurements allow us to focus our attention on disorder. that is electrically isolated from the substrate by dry RIE etching (d etch ∼ 500nm). The Si substrates have an intrinsic resistivity ρ > 80Ω.cm, large enough to suppress leakage currents between contacts passing through the substrate. The probed area is connected to four Ti (20 nm)/Au (300 nm) metallic contacts. Measurements have been realized with a bias current ranging from a few µA to ∼ 100µA. The resistance was probed by rotating the current and voltage contacts over all the contact pads and revealed a maximum relative error of the order of a few percent, indicating isotropic layers. show the resistivity with respect to the active concentration and the total concentration respectively. For all depth series, ρ follows a common behavior, independent of the layer thickness. ρ decreases first from ρ = 4×10 -2 Ω.cm at n B = C B ≃ 5 × 10 19 cm -3 to its minimum value ρ ≃ 1 × 10 -4 Ω.cm at n B ≃ 2.7 ± 0.3 × 10 21 cm -3 and C B ≃ 3.2 ± 0.6 × 10 21 cm -3 . As the layer gets richer in B atoms that are mainly active dopants, over this concentration interval, it becomes more and more conductive. Also, these resistivity values reveal that, although SiB behaves like a metal and conducts electricity, it remains poorly metallic compared to usual metals whose resistivity are of the order of 10 -6 Ω.cm. Moreover, we can see that this decrease in resistivity continues as long as we remain in the completely strained regime. Indeed, the resistivity minimum (see Table 3.3 for a compilation of the experimental data) seems to appear for concentrations just before the relaxation thresholds n r and C r . The decay of ρ within the fully strained regime seems also to behave differently according to the doping regime. Within the linear regime, which ends at n B = C B = 1.5 ± 0.6 × 10 21 cm -3 , the resistivity seems to be inversely proportional to C B , as highlighted by the empirical red line. This leads to a relatively fixed mobility µ ≃ 40 cm 2 .(V.s) -1 , according to the Drude model where : However, close to the quadratic regime (which we recall corresponds to the formation of B inactive substitutional pairs), ρ starts to deviate from its 1/C B dependency , slows down, and reaches its minimum value ρ min . The mobility of the layer is not fixed in this regime, and decreases with the concentration.

Transport properties at 300K

µ = 1 ρn B e (3.
Within the relaxed regime, ρ(n B ) increases with the concentration up to n sat where multiple data points are superposed (Figure 3.21 a)), while in ρ(C B ) a continuous increase of the resistivity can be observed with respect to C B . ρ first increases rapidly towards ρ sat ≃ 1.65 ± 0.35 × 10 -4 Ω.cm at C B ∼ 6.3 ± 0.3 × 10 21 cm -3 (see Table 3.3) before increasing linearly with a slope of 5.5±1×10 -24 Ω.cm/cm -3 . This is especially visible for the thinnest layers, i.e. 30nm and 47nm, where a saturation plateau in resistivity at ρ sat until C B ∼ 10 22 cm -3 appears. The concentration at which ρ sat is reached appears right after the beginning of the saturation regime (see Table 3.1 for the comparison) and seems to indicate that this increase of the resistivity is caused by the appearance of the large aggregates and / or the large stacking faults that occur around these defects. The increase of ρ < ρ sat also points-out the role of disorder when relaxation occurs. Indeed, the emergence of dislocations could be at the origin of this increase of ρ.

Study of µ with n B

From the measurements of the active concentration and the resistivity, it is possible to trace the mobility of charge carriers, as shown by the Eq 3.24. Figure 3.22 a) and b) shows the calculated mobility with respect to n B . The properties of B doped Si are well known, thanks to the extensive studies that have been carried out for decades. In particular, the pioneering work of W. R. Thurber et al. [START_REF] Thurber | Resistivity-Dopant Density Relationship for Phosphorus-Doped Silicon[END_REF] and G. Masetti et al. [START_REF] Masetti | Modeling of carrier mobility against carrier concentration in arsenic-, phosphorus-, and boron-doped silicon[END_REF] provided an empirical extensive study of mobility and resistivity as a function of doping and are now references for the electrical properties of SiB. W. R. Thurber et al. first provided an empirical equation of the mobility valid over concentration ranges up to 10 20 cm -3 :

µ = µ 0 exp -p c p + µ max 1 + p pr α (3.25)
with p = n B the hole density and the rest of the variables a set of constant values that are reported in Table 3.4. The result of this equation is depicted in Figure 3.22 as a black curves. The curve decays from the low concentrations almost exponentially and saturates towards a minimum value of mobility ∼ µ 0 (see the extended dashed line).

The computed mobility actually differs significantly from our data. For instance, we observe a rise of the mobility from 25 cm 2 (V.s) -1 at n B = 5.3 × 10 18 cm -3 to 42.6 cm 2 (V.s) -1 at n B = 9.5 × 10 19 cm -3 rather than a decrease as expected by the empirical fit of Eq 3.25. This anomalous increase of µ is attributed to the homogeneity of the layer. Indeed, a few laser shots are necessary for the B to diffuse towards the bottom of the melted layer. For example, 5-10 shots are necessary for an 80nm thick layer [START_REF] Bhaduri | Optical and electrical properties of laser doped Si:B in the alloy range[END_REF]. In our data, the first three points of increasing mobility observed for the 175nm layer have indeed N¡10 laser shots. For concentrations n B > 10 20 cm -3 , Eq 3.25 fails to reproduce µ at higher concentrations, where a decrease in mobility down to 20 cm 2 .(V.s) -1 was observed at n B = 10 21 cm -3 [START_REF] Masetti | Modeling of carrier mobility against carrier concentration in arsenic-, phosphorus-, and boron-doped silicon[END_REF]. G. Masetti et al. extended Eq.3.25 with an additional term :

µ = µ 0 exp -p c p + µ max 1 + p pr α - µ 1 1 + p S p β (3.26)
where the third term of the equation allows to model a decrease of the mobility that then saturates at ∼ 16 cm 2 .(V.s) -1 for concentrations of the order of a few 10 21 cm -3 . The resulting curve is presented in Figure 3.22 a) in red. The theoretical fit was actually applied to SiB layers with a maximum of active concentration of n B ≃ 10 21 cm -3 . Although Eq 3.26 provides a better fit with our experimental data than Eq 3.25, there are still significant differences. At n B = 2.4 × 10 20 cm -3 , where the doped layer is expected to be completely homogenized, the theoretical curve is close to our experimental data, although a reasonable difference of 3 cm 2 .(V.s) -1 (6%) can be noted. At higher concentrations, the decrease of the theoretical curve is steeper than that of our data. We can observe a deviation of 25% at n B = 10 21 cm -3 , the maximum for which the theory has been compared to the experiment in ref [START_REF] Masetti | Modeling of carrier mobility against carrier concentration in arsenic-, phosphorus-, and boron-doped silicon[END_REF]. These differences could be due to the lack of experimental data in the work of ref [START_REF] Masetti | Modeling of carrier mobility against carrier concentration in arsenic-, phosphorus-, and boron-doped silicon[END_REF], compared to the concentrations completed in this thesis. On the other hand, in order to reach concentrations of the order of 10 21 cm -3 , G. Masetti et al. realized doped SiB by laser annealing. The laser used (ruby laser, E = 1.9J/cm 2 ) is different from ours. This difference in the conditions of realization of the doped layers can induce modifications in their properties. For example, the duration of the laser pulse (not specified in the article), the presence or not of several intensity peaks in the temporal profile of the laser pulse, the wavelength used can affect the fusion and crystallization mechanisms. Also, the way B atoms are incorporated in the c-Si crystal, i.e. pre-implanted B vs precursor gas chemisorption -could play a role in the differences observed. Therefore, in order to reproduce our experimental data with Eq 3.26, we performed the same fit and allowed a change of the constants of the third term of the equation in order to preserve the dependence at the lowest concentrations. The resulting curve is shown in yellow, with the fit parameters given in Table 3.4, and an excellent fit with the experimental data for concentrations higher than 5 × 10 21 cm -3 is obtained. Figure 3.22 shows the measured µ of all depth series with respect to n B . All the data collapse together and can be well reproduced by Eq 3.26 with the adjusted fitting parameters. The data that deviate from the universal behavior of µ are actually points with low number of shots, and are probably non-homogeneous in depth. The mobility continuously decreases from ∼ 40cm 2 .(V.s) -1 to ∼ 10cm 2 .(V.s) -1 with the concentration of dopants and its behavior do nor seem to be affected by the different regimes, except the saturation regime for which the mobility remains approximately constant at its lower value (as visible for the thinner series). Since µ seems to be unaffected by the relaxation of the layer, it could be expected that the appearance of dislocations does not affect much the electrical properties of the layer, and that the main contribution to the disorder comes from impurity scattering, as µ is entirely determined by the concentration.
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Low temperature measurements and quantification of the disorder

The quantification of disorder is of crucial importance as it affects the performance of normal and superconducting properties of doped layers. In particular, we know that our layers are prone to disorder, as we have already seen in this chapter. The very nature of doping is at the origin of disorder in our layers. On the one hand, the incorporation of B dopants in the crystal, and their ionization are sources of scattering that affects the mobility of charge carriers; on the other hand, the random positioning of dopants within the crystal lattice affects the periodicity of the crystal potential and thus increases the disordered character of the doped layer. We also know that the doped layers are subject to stress relaxation beyond C r , and thus to the presence of dislocations and/or stacking faults in the crystal. Finally, we have identified in the saturated regime the emergence of large compositional defects, electrically inactive and rich in B. Therefore, in this section, we perform a series of experimental measurements to quantify this parameter.

One way to quantify disorder is to study the properties of the doped layers with the temperature. This method allows to discriminate the effect of phonons present at high temperatures, but not very effective at low temperatures, from those of the various scattering centers mentioned above. Moreover, this study allows us to access the doping parameters at low temperatures, that will be used for the study of the dependence of the superconducting properties with the doping in Chapter 4.

Cryogenic measurements were performed in a Physical Properties Measurement System 3 (PPMS) that probes the magnetic, thermodynamic and electrical transport properties. It is made of a 4 He bath reservoir in which is situated a vacuum chamber containing the sample. A circulating He system, whose pressure is controlled and whose temperature can be brought down to 1.8K, is coupled through a cold finger to the sample holder. The system is also equipped with a superconducting coil allowing characterisations under perpendicular and parallel magnetic field that can reach 9T . A current source and and nanovoltmeter are available to measure the DC resistance with high resolution. Thanks to its fast cooling speed and the availability of various characterisation methods, this experimental device offers much flexibility and was used for many of the characterizations at low temperature.

Hall measurement in temperature

We performed Hall measurements in temperature on a 65nm deep layer for a number of shots varying from N = 100 to N = 400, i.e. from n B = 5 × 10 20 cm -3 at the end of the linear regime to n B ∼ n sat = 2.8 × 10 21 cm -3 right after saturation. Figure 3.23 a) depicts the measured concentration with respect to the temperature, from 300K down to 10K. Overall, it can be observed that n B decreases weakly with decreasing T by 6.3 ± 0.3% for N = {100, 125, 150} laser shot conditions. In general, several phenomena can contribute to a decrease of the charge density at lower temperatures like a change of the Fermi level, an increase of the energy gap [START_REF] Varshni | Temperature dependence of the energy gap in semiconductors[END_REF] as well as the contribution of the temperature on the ionization of B impurities (especially at lower doping concentrations). Figure 3.23 shows the dependence of n B (T )/C B of each of the doping condition with the temperature. C B , being the total injected amount of dopants in each layer, doesn't change in temperature. As we get into the quadratic regime n B /C B < 1. We can see that each of the n B /C B dependencies curves the same way with T and can be empirically described by :

n B (T ) C B = n 0 C B + α × T 2 (3.27)
with n 0 = n B (T = 10K) ≃ n B (T = 0K), α = 7.2 × 10 -7 K -2 a constant value for doping conditions falling in both the linear and quadratic regime (see dashed black lines) and equal to α = 4 × 10 -7 K -2 as we get into the saturation regime ( N ≥ 350 laser shots, see dashed red lines). Hence, by knowing the value of n B at room temperature, it is possible to trace the active concentration at any temperature for each of the depth series. Moreover, because the active concentration n B and the overall properties of the layers, such as ρ and ϵ, for concentration ranges falling in both the linear and the quadratic regimes, are completely governed by the total concentration C B independently of the thickness of the layer, establishing a dependence of the normalized concentration n B /C B with temperature allow us to trace back to the temperature dependence of n B for each of the depth series in the linear and quadratic regimes.

R(T) and quantification of disorder

R(T ) measurements in the normal state allow to access two parameters that characterize the disorder in a metal: the mobility µ at low temperature and the Resistance Residual Ratio (RRR), which corresponds to the resistance ratio at room temperature and at low temperatures (T ≃ 4K in our case) RRR = R 300K /R 4K . Figure 3.24 shows a series of R(T ) dependencies of 47nm deep layers with various number of shots, ranging from 150 to 500 laser shots. The R(T ) evolution reveals the metallic nature of the SiB layers with a continuous decrease of the resistance of the order of 25 -30% between 300K and 4K. The decrease of R has several stages with different slopes. It first decreases steeply at the higher temperatures (step 1) from T 0 = 300K to T 1 ∈ [137; 180]K with an average slope of 55 ± 5mΩ.K -1 . Below T 1 , down to T 2 ∈ [60; 90]K (step 2), the decrease in R lowers to ∂R/∂T ∈ [10; 40]mΩ.K -1 and finally R saturates for T > T 2 (step 3). T 1 , T 2 and ∂R/∂T increase with increasing doping and suggest an evolution of the scattering processes with the concentration.

The RRR weights the different scattering processes that affect the conduction of the material. In particular, it highlights the importance of impurities and defects against thermal scattering. Indeed, a weak temperature dependence of the resistance, i.e. RRR ∼ 1, would point towards the dominant presence of impurities and / or defects, whose scattering effects do not depend on the temperature. On the contrary, the effect of the phonons on conduction depends greatly on the temperature. Then, a pure material, whose scattering is dominated by the phonons, will show a large dependence of the resistance with the temperature and large RRR (RRR ∼ a few tens in metals).

We are therefore interested in the evolution of this parameter with doping. Figure 3.25 shows the values of RRR measured for all depth series vs. C B . The RRR tends to decrease from ∼ 1.5 to ∼ 1.2 with increasing C B , indicating the presence of scattering effects that overcomes thermal scattering. Almost all the RRR data fall in the concentration range where plastic relaxation has occurred, and an overall decay of the RRR ∝ 1/C B can be observed. This is similar to our discussion about the effect of the disorder on the XRD measurements (see Section 3.2). Indeed, both the intensity and the FWHM of the diffracted peaks of the SiB layers, that are sensitive to the crystalline quality of the doped layers, decrease as 1/C B .

Hence, disorder induced by structural defects such as dislocations or stacking faults, as well as disorder induced by the impurities themselves because of scattering of the ionized impurity or because of the random positioning of the impurities could be at play. Moreover, it is known that the B atoms form pairs and larger B n complexes, with n the number of B atoms, that also participate to the scattering. The wide range of possibilities makes difficult the identification of the major contributors for disorder. Still, some observations allow to discriminate between certain possibilities, and more particularly the effect of crystalline defects seem to be negligible. To do this, we are interested in the mobility of charge carriers. Indeed, the mobility depends on both the conductive properties and the amount of carriers within the layer, which makes it a potential candidate for the study of disorder. This hypothesis is confirmed by Figure 3.26, where a clear linearity between the RRR and µ (mobility at low temperature) is visible. The mobility grows with a slope of 118 cm 2 .(V.s) -1 between µ = 11 cm 2 .(V.s) -1 and RRR = 1.25 to µ = 32.6 cm 2 .(V.s) -1 for RRR = 1.5. A maximum deviation of ∼ 10% between the experimental data and the empirical curve is observed. Therefore, the study of mobility with the doping can serve as a probing tool for disorder. For example, as already discussed in Section 3.3.1.2 (see for example Figure 3.22), the evolution of the mobility with C B is continuous, and no apparent changes of the behavior of µ are apparent from the fully strained regime to the relaxed regimes. Hence, it is reasonable to assume that the structural defects we have observed do not affect much the electrical properties, compared to the defects associated to doping. In the saturation regimes, we also know that the resistivity increases while µ remains relatively constant. Indeed, in this regime, no more additional active dopants are incorporated into the system and the only cause to the increase of the disorder can be attributed to the large aggregates that form at the edges of the layer.

Chapter 4

Superconductivity and cryogenic measurements

Superconductivity in silicon and in semiconductors in general is not recent. In particular, studies dating back to the 1960s already dealt experimentally with the superconductivity of SrTiO3 [START_REF] Schooley | Superconductivity in Semiconducting SrTiO 3[END_REF] and it was already expected from a theoretical point of view that Si and Ge could become superconductors by doping and under high pressure [START_REF] Marvin | Superconductivity in Many-Valley Semiconductors and in Semimetals[END_REF]. Superconductivity under high pressure was demonstrated experimentally a few years later by J Wittig [START_REF] Wittig | Zur supraleitung von germanium und silizium unter hohem druck[END_REF] for Ge, with T c = 5.35K at 10GP a and for Si with T c = 6.7K at 12GP a (and T c ∼ 8K at 15GP a [START_REF] Mignot | High pressure superconductivity of silicon[END_REF]).

However, the low T c obtained did not arouse much interest in the scientific community. It is the discovery of high T c in MgB2, reaching 39K [START_REF] Nagamatsu | Superconductivity at 39 K in magnesium diboride[END_REF], that revived the research of superconductivity in semiconductors. The (possible) high T c in semiconductors arouse from the direct axial superposition of atomic orbitals in covalent systems that makes them very sensitive to atomic vibrations and leads to high electron-phonon coupling constants. Then, the strategy to reach the superconducting phase is either to "bring" the Fermi level into the σ-band (which serves the strong covalent bond) in the case of 2D systems or, in the case of a 3D system, to dope the system with impurities in order for the Fermi level to be located in the valence or conduction bands [START_REF] Blase | Superconducting group-IV semiconductors[END_REF]. It is notably in this way that superconducting phases have been observed in C : B (10K) [START_REF] Ishizaka | Observation of a Superconducting Gap in Boron-Doped Diamond by Laser-Excited Photoemission Spectroscopy[END_REF], Si : B (0.7K) [START_REF] Grockowiak | Thickness dependence of the superconducting critical temperature in heavily doped Si:B epilayers[END_REF] and SiC : B (1.4K) [START_REF] Ren | Superconductivity in boron-doped SiC[END_REF].

Studies of the superconducting phase in SiB fabricated by GILD doping technique have revealed a BCS superconductivity of type II due to the disorder. The conduction holes brought by the B atoms constitute the Cooper pairs [START_REF] Bustarret | Superconductivity in doped cubic silicon[END_REF][START_REF] Dahlem | Subkelvin tunneling spectroscopy showing Bardeen-Cooper-Schrieffer superconductivity in heavily boron-doped silicon epilayers[END_REF][START_REF] Grockowiak | Supraconductivité et propriétés physiques du silicium très fortement dopé[END_REF]. However, the dependence of T c on the doping properties was not consistent with the theory and was attributed to the presence of multi-layer structures in the SiB layer, possibly induced by the presence of the second peak in the temporal profile of the laser pulse [START_REF] Grockowiak | Thickness dependence of the superconducting critical temperature in heavily doped Si:B epilayers[END_REF]. This work is therefore introduced in the context of a better understanding of superconductivity in SiB, by means of a laser doping whose laser pulse consists of a single intensity peak in its time profile. In this Chapter, we first recall the essential theoretical elements of superconductivity that apply to SiB as well as the experimental tools and types of measurements employed to probe the superconducting phase. We then conclude with an analysis of the effect of the doping properties on the superconducting phase, and in particular, its T c .

SiB superconductivity

Superconductivity is a phase of matter which exhibits perfect electrical conductivity (R = 0Ω) and perfect diamagnetism (χ = -1). It is usually observed at low temperatures and is defined by a phase transition from a normal non-superconducting state (N) with a non-zero electrical resistance value and with χ > -1 to a superconducting state (S) below a temperature called critical temperature and noted T c . It was demonstrated experimentally in 1911, par H.K. Onnes and G. Holst who observed for the first time the non-resistive state of Mercury at T c ≃ 4.2K [START_REF] Kamerlingh | The superconductivity of mercury[END_REF] ; later on in 1933, W. Meissner and R. Ochsenfeld revealed the perfect diamagnetism characteristic of superconductors by measuring the distribution of the magnetic field outside superconducting samples of tin and lead [START_REF] Meissner | Ein neuer effekt bei eintritt der supraleitfähigkeit[END_REF]. However, superconductivity is destroyed beyond the critical field, noted H c . Superconductivity in Si induced by chemical doping with B atoms and synthesized by GILD technique was experimentally observed in 2006 [START_REF] Bustarret | Superconductivity in doped cubic silicon[END_REF][START_REF] Marcenat | Low-temperature transition to a superconducting phase in boron-doped silicon films grown on (001)-oriented silicon wafers[END_REF]. The superconducting transition of both the magnetic susceptibility and the normalized electrical resistance R/R n -with R n the resistance of the normal state before the transitionare shown in Figure 4.1 a). The critical temperature for which χ decreases towards χ = -1 is taken as T c = 340mK. The critical field H c of this sample is reported in Figure 4.1 b) as filled symbols with H c ≃ 0.4T and is compared to a second sample with better homogeneity, inducing a lower H c = 0.1T and higher T c = 0.6K. To date, the highest reported critical temperature is T c ≃ 700mK [START_REF] Grockowiak | Thickness dependence of the superconducting critical temperature in heavily doped Si:B epilayers[END_REF], while a maximum T c = 900mK has been achieved in this work. Several theoretical models have been developed since the experimental discoveries of superconductivity. The theories we refer to in this thesis are the London theory [START_REF] London | The electromagnetic equations of the supraconductor[END_REF], the Ginzburg-Landau theory (GL) [START_REF] Vitaly | On the theory of superconductivity[END_REF] and the Badeen Cooper Schrieffer theory (BCS) [START_REF] Bardeen | Theory of Superconductivity[END_REF]. While BCS theory has a full microscopic description of low-T superconductors (including Si), useful phenomenological theories are still currently used : the London theory is based on an electrodynamics approach and describes the magnetic field screening by perfectly conducting currents, with a penetration of the field at the surface of the superconductor, over the London penetration length λ L . The GL theory is a phenomenological theory of superconductivity based on Landau theory of second order phase transitions. It is actually exact at T ∼ T c and is a limiting form of BCS theory, generalised to consider spatially varying problems. These models introduce several characteristic quantities of superconductivity, such as the field penetration length λ L , the coherence length ξ and the superconducting gap ∆. The validity of these models depends mainly on the temperature range, the degree of disorder of a superconductor, described by the ratio l h /ξ (i.e. the superconductor is disordered if l h /ξ ≪ 1) -with l h the mean free path of a holeand on the interactions involved in the electron-phonon coupling described by the coefficient λ e-ph .

London penetration depth λ L :

In their theory, H. and F. London brothers applied the Maxwell's equations to a perfect conductor, described as a system of free electrons of density n s in the absence of any friction and by imposing | -→ B | = 0 within the material. As a result, the screening of the magnetic field in the bulk of a superconductor is ensured by the presence of a non-dissipative surface current which exponentially reduces the penetration of the field at the edges of the superconductor by a characteristic length

λ L = m * µ 0 n s e 2 (4.1) 
where m * is the effective mass of particles (electrons or holes), µ 0 the vacuum permeability. This equation is actually valid in the clean limit. In the case of SiB, assuming n s = n B = 4 × 10 21 cm -3 [START_REF] Bustarret | Superconductivity in doped cubic silicon[END_REF][START_REF] Marcenat | Low-temperature transition to a superconducting phase in boron-doped silicon films grown on (001)-oriented silicon wafers[END_REF] and m * = 1.65m e with m e the mass of an electron [START_REF] Shim | Superconducting-Semiconductor Quantum Devices: From Qubits to Particle Detectors[END_REF] one can find λ L ≃ 125nm. A non-local generalization of the London equations was provided by Pippard [START_REF] Brian | An experimental and theoretical study of the relation between magnetic field and current in a superconductor[END_REF] who introduced the characteristic length ξ 0 which is the characteristic lengthscale of the superconducting wavefunction Assuming that only electrons with energy E = E F ± k B T c (with k B the Boltzmann constant) participate to superconductivity, and applying the Heisenberg uncertainty principle ∆x > ℏ/∆p ∼ k B T c /v F :

ξ 0 = a ℏv F k B T v (4.2)
with v F the velocity at the Fermi velocity and ℏ = h/(2π), h being the Planck constant. The pre-factor a is a numerical constant and was found to be a ∼ 0.15.

Taking T c ∼ 500mK [START_REF] Marcenat | Low-temperature transition to a superconducting phase in boron-doped silicon films grown on (001)-oriented silicon wafers[END_REF] and assuming a free electron model for

v F = (ℏk F )/m h ≃ 3.5 × 10 5 m.s -1 , with k F = (3π 2 n B ) 1/3 ∼ 5 × 10 9 m -1 , then ξ 0 ≃ 800nm > λ L .
The existence of this length and its expression are also found by the BCS theory (albeith with a prefactor a = 0.15.

GL theory : dirty limit

Ginzburg-Landau theory describes superconductivity through a thermodynamic point of view, based on the Landau's theory of second order phase transitions. The free energy of the system is described as a power expansion of a complex order parameter, that consists in a pseudo wavefunction given by the local superconducting electron density Ψ(x) =

√ n s e iθ , with θ the phase of the superconducting macroscopic wavefunction. The strength of this theory lies in its ability to deal with situations where n s varies in space (i.e. disordered materials) or with the field. Since its derivation is based on a power expansion in Ψ, the validity of this theory is limited to small Ψ, which corresponds to temperatures near the critical temperature as n s is exponentially small at T ∼ T c . GL theory re-introduces the characteristic length λ L and ξ, defined as the spatial scale on which Ψ can vary, and provides their expressions for T ∼ T c in both the pure (l h ≫ ξ 0 ) and dirty limits (l h ≪ ξ 0 ) [START_REF] Tinkham | Introduction to superconductivity[END_REF] as shown in Table 4.1, where t = T /T c .

pure limit (l h ≫ ξ) dirty limit (l h ≪ ξ) dirty SiB layers (l h ≃ 5nm) ξ(T ) = 0.74 ξ 0 √ 1 -t (4.3) ξ(T ) = 0.855 (ξ 0 l h ) √ 1 -t (4.4) ξ(T = 0K) ≃ 55nm ≪ ξ 0 λ(T ) = 0.707 λ L √ 1 -t (4.5) λ(T ) = 0.64 λ L √ 1 -t ( ξ 0 l h ) (4.6) λ(T = 0K) ≃ 1000nm ≫ λ L κ = lim t→1 λ(T ) ξ(T ) = 0.96 λ L ξ 0 (4.7) κ = 0.75 λ L l h (4.8) κ ≃ 20 ≫ 1 √ 2 
Table 4.1 -Characteristic parameters λ L , ξ and κ from Ginzburg-Landau theory in the cleam limit (left column) and the dirty limit (right column), with calculation applied to SiB that figures among the dirty superconductors.

These expressions are only valid for T ∼ T c . Still, they provide a good estimation of the order of magnitude of ξ and λ, especially in the dirty limit where the local approximation remains good [START_REF] Tinkham | Introduction to superconductivity[END_REF]. From the free electron model, the mean free path of holes is defined by l h = v F × τ , with τ the relaxation time and the Fermi velocity 

v F = ℏk F /m * h , with the Fermi wave-vector k F = (3π 2 n B ) 1/3
l h = (3π 2 ) 1/3 ℏ e 2 ρ n n B 2/3 ≃ 5nm ≪ ξ 0 ∼ 800nm (4.9)
with a hole density n B = 4 × 10 21 cm -3 , and resistivity of the normal state ρ n ≃ 100µΩ.cm. Here l h is much smaller than ξ 0 and points towards the disordered regime and only equations 4.4, 4.6 and 4.8 will be of use. Numerical estimations for low temperatures of the coherence length and penetration depth in the disordered regime have been calculated from BCS theory, and the numerical ξ 0 and λ L and are shown in Table 4.1. The estimate of ξ in the disordered regime is more than an order of magnitude lower than that in a pure system, while in contrast that of λ increases by an order of magnitude.

One can also define the ratio κ = λ/ξ which is a parameter that differentiates the type I superconductors and type II superconductors. It has been shown [START_REF] Abrikosov | On the magnetic properties of superconductors of the second group[END_REF] that if κ < 1/ √ 2, then the energy of an interface between normal and superconducting phase in the material is positive so that the phase cannot spontaneously occur and the full superconductivity is destroyed by an magnetic field H c1 . If κ > 1/ √ 2, then the interface energy becomes negative and a phase mixture of both normal and superconducting phase can occur provided that H c2 > H > H c1 . The normal phase within the superconductor manifests itself in the form of vortices in which the magnetic field lines can penetrate the material. As the magnetic field is increased, the number of vortices increases and the superconductor eventually fully transits in its normal phase at H = H c2 . For H < H c1 , the magnetic field is fully repelled and there are no vortices. For SiB superconductors, because of disorder, κ ≃ 20 and the superconductor is of type II. In particular, the existence of these vortices in SiB are expected to be a major source of losses in superconducting resonators [START_REF] Bonnet | Mesures résonantes des propriétés hautes fréquences du silicium supraconducteur ultra-dopé au bore par laser[END_REF].

BCS theory : microscopic description

In 1957, Bardeen Cooper and Schrieffer developed a microscopic model of superconductivity, the most complete predictive theory of superconductivity up to date as it reproduces the characteristic parameters of the London and GL phenomenological theories in addition to providing a microscopic model for the origin of superconductivity. This theory claims that electrons with opposite wave-vectors and spins -→ k ↑ and --→ k ↓ form bond states as pairs of electrons, called Cooper pairs, by the means of an attractive electron-phonon interaction that overcomes the Coulomb repulsive interactions. In this theory, electrons with an energy E = E F ± k B T c form Cooper pairs. BCS theory shows that it is energetically more favorable for these pairs to form a Bose-Einstein condensate, described by a macroscopic quantum coherent state Ψ(x) = |Ψ(x)|e iϕ of phase ϕ. The coherence length ξ 0 = ℏv F π∆ corresponds to the size of a Cooper pair in the clean limit, and was introduced by Eq 4.2. The condensate is characterised by the formation of an energy gap 2∆ in the excitation spectrum of the single particle Density of States N(E) around E F where the coherent phase of superconductivity localizes and where no fermionic quasiparticle states are present. In other words, 2∆ corresponds to the minimum energy required to break a Cooper pair into single quasi-particles. A schematic representation of the single particle N(E) is shown in Figure 4.2 a). The fermionic electronic states start to fill at energies greater than ∆ where a peak at E ≃ ∆ with relatively high density of states N (E) is present. The density of states then decreases with increasing E towards its value in the normal state N N , as a normal states is recovered.

The density of states can be accessed experimentally by probing the tunneling current between a metal and superconductor induced with a voltage V . F. Dahlem et al. performed scanning tunneling spectroscopy on heavily doped Si:B layers [START_REF] Dahlem | Subkelvin tunneling spectroscopy showing Bardeen-Cooper-Schrieffer superconductivity in heavily boron-doped silicon epilayers[END_REF]. The dI dV spectra of a doped layer with d = 130nm and N = 500 (n B ≃ 3 × 10 21 cm -3 [START_REF] Grockowiak | Supraconductivité et propriétés physiques du silicium très fortement dopé[END_REF]), is shown in Figure 4.2 b). The bottom spectra (black curves, T = 110mK) reveal typical density of states spectra of a superconductors with a gap 2∆ = 260mV with two peaks symmetric in energy. The dI/dV were made on two points of the layer separated by a distance of 1µm and were systematically reproduced, indicating the good homogeneity of the layer with a maximum deviations of ±10%. Unlike the ideal case shown in Figure 4.2 a), the gap is not as sharp and the peaks are weak at E = ∆. This behavior is ascribed to local disorder that may affect locally the phase ϕ of the microscopic coherent wave-function.

The evolution of the superconducting gap, evaluated from the STM spectroscopy, with respect to the temperature, with T c = 510mK, is shown in Figure 4.2 c). One can see the suppression of the superconducting state at T = 510mK (see the transition of the resistance in dotted lines) with the gap increasing with 0.5-like power tendency up to a maximum value ∆(T = 0K) ≃ 75µeV . The BCS fit shown as a continuous black line is in good agreement with the experimental data. Moreover on can find ∆(0) ≃ 77µeV from the BCS theoretical prediction :

∆(0) = 1.76k B T c (4.10)
The dependence between ∆(0) and T c is shown in Figure 4.2 d). Equation 4.10 is represented by the black line and the dotted lines correspond to deviations of 20%. BCS theory was developed in the framework of weak interaction between electron and phonons, defined by their coupling coefficient λ = V × N (E F ) with V the electron-phonon interaction potential, N (E F ) the density of states at the Fermi energy and λ ≪ 1. Under this condition, the critical temperature exponentially with µ c,0 the Coulomb repulsion parameter, ω e = 4πne 2 /m the plasma frequency and ω D the Debye frequency. In metals, the energy scale of the electrons, i.e. ℏω e ∼ E F is much greater than that of phonons, which is given by ℏω D = k B Θ D and E F k B Θ D ≃ 1000. This means that the retarded attraction mediated by phonons acts well after two electrons meet each other. This time delay is sufficient for two electrons to be separated by a relative distance, at which the Coulomb repulsion is small. Therefore, as long as

E F ≫ k B Θ D , µ * c ∼ 1 ln(E F /k B Θ D ) ≃ 0.
15. However, SiB remains a poor metal and

E F = ℏ 2 2m * (3π 2 n h ) 2/3 ≃ 5300K for n h = 3 × 10 21 cm -3 results in ln( E F k B Θ D ) ≃ 2.5 similar to C:B [119]. Still this doesn't change much the value of µ * c . For µ c,0 ∈ [0.2, 0.1] [10], µ * c ∈ [0.13, 0.08].
The McMillan equation is usually based on the assumption that E F >> k B Θ D and therefore deviations between Eq 4.13 and the experimental data could be expected. To date, no solution has been found to this problem [10], so we will still work on the basis of this equation.

In order to determine both α and F (ω), and subsequently T c , one needs to perform ab initio calculation for electrical, vibrational and electron-phonon coupling properties. Up to date, the following simulations applied to heavily doped SiB have been used :

• Virtual crystal approximation (VCA): this method consists in replacing the atoms of the matrix by a "virtual atoms mixture" (here Si by SiB) which atomic charge is weighted by the concentration of dopants : Z = (1 -x)Z Si + xZ B with x the proportion of boron atoms. Boeri et al. used this approach in C:B and Si:B [START_REF] Boeri | Three-Dimensional MgB 2 -Type Superconductivity in Hole-Doped Diamond[END_REF].

• Super Cell (SC) : this method produces a physical matrix of several unit cells and substitutes one of the host atoms (Si) by an impurity (B). It incorporates the crystal lattice nature of the host material (fcc), and considers structural effects like the lattice deformation of the host material. However, the process time increases with the number of cells, and consequently limits the dimension of the crystal. Thus, perfect periodicity is usually considered and low doping ranges are more difficult to analyse [START_REF] Grockowiak | Thickness dependence of the superconducting critical temperature in heavily doped Si:B epilayers[END_REF][START_REF] Bourgeois | Superconductivity in doped cubic silicon: An ab initio study[END_REF].

• Rigid band approximation (RBA) : This method considers that the bands of an alloy metal or semiconductor remains the same as impurities are incorporated in the system and that only the Fermi energy shifts with respect to the carrier concentration. [10] These studies combined with DFT have calculated the expected spectrum for the phonons involved in superconductivity, whose integral provides λ. One of the results of these ab-initio simulation is that doping induces a softening of the phonon optical modes of ∼ 60nm -1 from 520cm -1 (frequency of pristine Si) to ∼ 460cm -1 (for n B ∼ 3×10 21 cm -3 ), a frequency with which B atoms couple and which is responsible for the larger λ [START_REF] Boeri | Three-Dimensional MgB 2 -Type Superconductivity in Hole-Doped Diamond[END_REF]. The results of each of the calculations methods are reported in Table 4.2. The reported parameters λ, µ and T c found by these studies are in general agreement but differ slightly in their dependence with n B , as shown in Figure 4.3.

Common to each of the methods, lambda evolves progressively with the concentration with λ = 0 for n B = 0 and increases as a power law with increasing n B . As indicated in the work of K.Sano et al. [10], such a power law can be expected assuming the interaction potential V does not change much with doping and N (E F ) ∝ n β 1+β = n 0.5 with β ∼ 1 in the case of diamond. A similar result λ = N (E F ) × V ∝ n 0.5 could be expected for Si. RBA calculation have shown that λ Si = 0.12× n B 10 21 0.56 . This power law is shown in Figure 4.3 as small-dotted line and reveals a good agreement with the RBA calculation for concentrations up to 5 × 10 21 . By adjusting the prefactor, here denoted as a 0 and reported in Table 4.2, we could reproduce reasonably well the data for both SC and VCA calculations. 

Characterisation of the superconducting phase

We saw in the previous section that the T c of SiB superconductors is of the order of a few hundreds of mk, the highest value obtained to date being 900mK. Because the conventional PPMS set-up can reach at best 1.8K, complementary cryogenic tools are required to reach sub-Kelvin temperatures. In this Section, we first introduce the adiabatic demagnetization refrigeration (ADR) system which has been used to cool the sample down to a 100mK. Subsequently, we will present the different measurements performed -i.e. the transitions in resistance with and without field -as well as the different physical quantities that can be extracted.

Sub-Kelvin measurement in the PPMS

Adiabatic Demagnetization Refrigeration (ADR)

As mentioned in Section 4.1, the superconducting phase of SiB manifests at temperatures lower than 1K. Hence, the pumped 4 He system used in the PPMS which allows to reach at best 1.8K can't probe the superconducting phase of SiB. In order to achieve temperatures of the order of a few hundreds of mK, an additional ADR system is used within the sample chamber. The sample holder with the ADR is shown in Figure 4.4 a). On top, the sample is glued with silver lacque to a sample holder. The thermal connection between the sample holder and the paramagnetic salts box is ensured by a copper rod. Vespel rods, thermally insulating, are used at the base of the set-up to thermally disconnect the ADR from the PPMS at T=1.8K. The principle of magnetic refrigeration (or magneto-caloric effect) is presented in Figure 4.4 b) :

• (step 1) First the overall system is cooled down at ∼ 2K by the helium bath.

The magnetic salt is at thermal equilibrium and all the individual spins are non oriented.

• (step 2 & 3) By applying a constant external magnetic field (| - → B | = 4T
), the magnetic dipoles of the paramagnetic salt align and their temperature increases by ∆T ad . The system then thermalises (heat transfer -Q) due to the surrounding exchange via He gas. • (step 4) It is then possible to thermally isolate the cooled and polarized magnetic salt by pumping the cooling annulus with the inner vacuum tube down to P ∼ 10 -6 -10 -5 mbar. Consequently, a release of the magnetic field down to 0T (or either small fixed values of magnetic field), results in a quick misalignment of the individual spins and a decrease of temperature (down to ∼ 100mK) by conservation of entropy. • (step 5) The insulation isn't perfect and a slow increase of the temperature (up to the bath temperature) will then occur. This thermalisation process may take from 2 to 3 hours. The acquisition of R(T ) curves is done during the temperature rise in order to have enough data density at the transition. The sub-Kelvin temperature values are estimated from the temperature dependence of a RuO 3 resistor positioned between the sample and the paramagnetic salts. In order to confirm the veracity of the temperature values measured by the of RuO 3 resistor, and check if temperature differences are present between the sample and the thermometer positions, we measured the temperature of a cernox cx-1010 resistor over a temperature range of 100mK to 800mK mounted exactly as a SiB sample (same place and electrical connections) in the ADR/PPMS, and in a 4 He/ 3 He cryogenic dilution system. The calibration in temperature -i.e. the comparison of the temperatures measured on each of the two systems for a given range of resistance values of the same cernox thermometer -is presented in Figure 4.5 (black curves), with the temperatures measured in the dilution on the y-axis and those measured in the ADR/PPMS on the x-axis. We find a reasonable linear correspondence be- tween the two curves (red curve), with possibly a slight offset of 15mK (green dashed curve) on the first 450mK temperature range, corresponding to a small temperature difference between the sample holder and the thermometer positions. Temperature oscillations at higher temperatures can be observed, and correspond to instabilities of the dilution system. Overall, the temperatures match, the RuO 3 resistor is well calibrated, and no corrections are needed.

Effect of the non-filtered current on T c

The measurements that were made in the PPMS were made via unfiltered electrical connections and untwisted electrical wires. The value of T c being sensitive to the applied electric current, the T c measurements realized in the PPMS underestimate the actual true value of T c . To verify the possibility and extent of the effect of the current noise on the T c , 30nm thick layers at several concentration conditions have been measured on both a dilution refrigeration system and in the PPMS. The results obtained are presented in the Appendix B.3 and reveal a continuous shift of the measured T c by ∼ 90mK. In section 4.3, we will take into account in the Tc measurements this difference by applying this offset. Transitions of the resistance at temperatures T < 1K have been measured for all depth series and for various doping conditions. In general, the superconducting transitions appear for active dopant concentrations n B ≥ 2.7 × 10 21 cm -3 . This will be further discussed in Section 4.3. Figure 4.6 shows the superconducting transitions of a 175nm deep layer for concentrations C B falling in the quadratic doping regime (i.e. C B ∈ [ 3 ; 7 ] × 10 21 cm -3 ). In this regime, the resistance R □N increases with C B , as we already mentioned in Chapter 3. This is visible in Figure 4.6 where R □N increases from 4.5Ω/□ at C B = 4.8 × 10 21 cm -3 to 5.9Ω/□ at C B = 6.7 × 10 21 cm -3 . The T c also increases with the doping, from 420mK to 800mK for this specific doping condition. We shall discuss the evolution of T c with the doping in Section 4.3. The width of the transitions, which can be defined as the difference ∆T c between the value of the resistance at 90% and 10% of the transition, is of a few tens of mK and reveals a good homogeneity of the doping at the scale of the Hall crosses (300 × 300µm 2 ). It remains constant with the doping, as long as one falls in the quadratic doping regime. The behavior of the resistance as a function of the temperature under magnetic field was measured in our layers and an example is provided in Figure 4.7 for a 175nm deep layer with C B = 6.7×10 21 cm -3 . The resistance of the normal is R □N = 5.9Ω/□ as we already observed in Figure 4.6 and remains unchanged with B ⊥ . The critical temperature lowers with increasing B ⊥ , from 800mK at B ⊥ = 0G down to 480mK at B ⊥ = 700G, as it is expected for a type-II BCS superconductor. The width of the transition is also affected by B ⊥ and increases from 20mK at no field up to 60mK when B ⊥ = 700G. This indicates that the superconductivity is weakened with the rises to ξ = 186 at 2.3 × 10 22 cm -3 , corresponding to a decrease in T c for these most disordered conditions in the saturated regime where B precipitates are observed. As we will see in Section 4.3, declines in ξ correspond to rises in T c , and vice-versa.

Measurement of the superconducting state

Superconducting transitions

Transitions under magnetic and extraction of ξ

Influence of doping on superconductivity

The previous sections of this chapter introduced the different key elements required for the study of the superconducting phase of SiB, namely the electrical properties of the normal phase at low temperatures (T of the order of a few K), the type of superconductivity of SiB and the experimental means and measurements employed.

The effect of doping on the superconducting phase of SiB, namely T c , have already been studied in the framework of GILD doping with a "non-optimized " excimer laser for which the pulses's temporal profile is composed of two peaks in intensity : a first main peak of higher intensity which initiates the melting process followed by a second peak of lower intensity (E 2 /E 1 ≃ 25%) which is delayed by ≃ 35ns and that extends the melting process and possibly slows the crystallisation process [START_REF] Vanwaveren | The effect of the temporal profile of the laser on highly laser-doped superconducting Si:B[END_REF]. The resulting layers showed an unconventional behavior of T c . Although it is expected from ab-initio calculations that λ e-ph (hence T c ) should only depend on the active concentration of dopants n B , it was shown that T c was fully determined by the boron dose n B × d [START_REF] Grockowiak | Thickness dependence of the superconducting critical temperature in heavily doped Si:B epilayers[END_REF]. Such dependence was explained as the result of the formation of two sub-layers, possibly caused by the second peak, and resulting in a correction of λ e-ph into an effective coupling constant λ ef f that results from the proximity effects between the two sub-layers.

In the present work, the optimized excimer laser with a reduced second peak E 2 /E 1 ≃ 4% has been used. We will show that the dependence of T c on doping differs greatly from one laser to another and we will discuss the validity of the intermediate coupling theory (see in Section 4.1) on our data. We shall also show that the relaxation process is closely related to the emergence of superconductivity and strongly depends on the effect of the E 2 /E 1 ratio.

Superconductivity with the optimized laser

Figure 4.9 a) depicts the measured T c of each of the depth series with respect to the number of laser shots N . It can be observed that T c follows a general trend with N for each depth series with a dome shape. The T c first arises at a specific N c and increases towards a maximum value T max as the B content increases (see the triangles pointing upwards, with a black border). The values of N c and T max both increases with increasing thickness. Although we will further describe these two behaviors in this section, we can already note that the dose is no longer a discriminating parameter in contrast to the work of A. Grockowiak where the T c appeared at a fixed N c ≃ 30 ± 20 laser shots [START_REF] Grockowiak | Supraconductivité et propriétés physiques du silicium très fortement dopé[END_REF] as shown in Figure 4.9 b). Since BCl 3 saturates the chemisorption sites at each laser shot, the surface dose incorporated is proportional to N, with low influence of the laser energy (hence the thickness), as discussed in Chapter 3. The interval of N for which the T c rises continuously towards its maximum value actually corresponds to concentrations belonging to the quadratic regime. When the maximum concentration of the quadratic regime is reached, T c = T max . It can be noted that the maximum T c for the case of the thinner depths is roughly equivalent between the standard and the optimized laser, e.g. T max ≃ 475 ± 25mK for d = 30-35nm and T max ≃ 600±20mK for d = 65-70nm; while the thicker layers realized with the optimized laser display higher T c , e.g. T max-new = 660mK > T max-old = 550mK for d ≃ 120-130nm and T max-new = 880mK > T max-old = 640mK for d ≃ 160-175nm. In the saturation doping regime, T c first saturates around T max , fluctuating down to 0.1K around this value. As the B content increases further, T c decreases distinctly from its saturation level down to 0K for relatively large N (N > 1000 laser shots). This is particularly visible for the 33nm deep layer -for which one shot equals higher increments in concentrations than for thicker layers -where T c linearly decreases by 0.57 ± 0.06mK/N . This dome shape of the T c with N rises several questions, which we will try to address in this chapter, namely:

• What causes the onset of the superconduting phase?

• What governs the increase of T c and its maximum value ?

• What kills superconductivity ? 4.9) with respect to n B . T c seems to be ruled by a common trend for each of the depth series, with a maximum deviation of 30% in T c at a fixed concentration. This trend appears linear with a slope of 5 ± 1.5 × 10 -22 K.cm 3 . This overall linear dependency with n B indicates that the increase of T c is driven by the contribution of electric charges injected into the system, as expected by the conventional theories of superconductivity (for instance the BCS theory). Therefore, the fact that T c appears much later than the metal-insulator transition, at a critical concentration n c >> n M IT ∼ 10 18 cm -3 ) is surprising and suggests that a threshold phenomenon, related to other factors than simply the charge density n B , should occur. Despite the lack of data below 200mK -due to the limitations of the PPMS measurements (T min ∼ 100mK and non-filtered current), Figure 4.9 shows a clear apparition of the T c at high number of shots N c ≳ 100 laser shots. The increases of T c with N are steep and there is little doubt about the value of N c . Knowing that for a 50nm layer, 1 laser shot injects a concentration of B of 2.8 × 10 19 cm -3 , N c ∼ 100 corresponds to a concentration threshold n c of the order of 10 21 cm -3 . n c seems to be sensitive to the conditions under which the superconducting layers were made. A. Grockowiak [START_REF] Grockowiak | Supraconductivité et propriétés physiques du silicium très fortement dopé[END_REF] showed that the superconducting SiB layers synthesized with the standard laser were characterized by concentration onsets of the T c for low and fixed values of N (Figure 4.9). This results in values of n c that vary by an order of magnitude with the thickness of the layer, from n c = 4 × 10 20 cm -3 (d = 210nm) to n c = 2 × 10 21 cm -3 (d = 20nm) [START_REF] Grockowiak | Thickness dependence of the superconducting critical temperature in heavily doped Si:B epilayers[END_REF]. Such behavior is strickingly different from our current measurements and clearly demonstrates that n B is not the only parameter that affects superconductivity. To understand why n c appears so late in our samples, we compared the superconducting phase diagram T c vs. n B to the strain phase diagram showing different regimes discussed in Chapter 3. The concentration range for which we observe fully strained or relaxation regimes are highlighted in Figure 4.10 a) as light blue and light pink areas. Surprisingly, we can see that the last points at T c = 0K, just before the superconductivity threshold, appear close to the frontier between the two regimes. The actual comparison between n c and the concentration of the relaxation onset n r is shown in Figure 4.10 b). There is a very good agreement between the two data sets ! Similarly to the total concentration onset of the relaxation with d, discussed in Chapter 3, the active concentration onset for the relaxation n r decreases linearly with a slope of -3.2 × 10 -18 cm -3 /nm, from ∼ 3 × 10 21 cm -3 at d = 47nm to ∼ 2.2 × 10 21 cm -3 at d = 315nm. The values of n c match pretty well that of n r , especially for d = 175nm and d = 121nm where a perfect alignment is observed. The comparison at d = 47nm falls in the uncertainty of both n r and n c . We guess a decreasing trend in n c between d = 47nm and d = 175nm, with the same slope that n r . On the other hand, a small rise from 2.4 × 10 21 cm -3 to 2.9 × 10 21 cm -3 between 30nm and 65nm is noticeable. It should be emphasized that these points are subject to strong uncertainties because of the 5nm of thickness uncertainty (which is not taken into account in the error bars in the figure) and that an interpretation of the evolution of the concentration of these thin layers is delicate.

The appearance of superconductivity with plastic relaxation can be understood qualitatively by the fact that optical phonons of the c-Si lattice with which the B atoms couple must soften in order for the the spectra of the phonons F (ω) and of the electron-phonon interactions αF (ω), to overlap. Theoretical studies, obtained from the ab-initio calculations, either specifically simulated a perfectly relaxed crystal, for example with SC calculations [START_REF] Bourgeois | Superconductivity in doped cubic silicon: An ab initio study[END_REF], or did not take into account the structural properties of the lattice [START_REF] Boeri | Three-Dimensional MgB 2 -Type Superconductivity in Hole-Doped Diamond[END_REF]10]. Theoretical work considering the progressive relaxation of the layer with doping would be valuable. Also, additional points in n c and n r to fulfil this graph would be satisfactory and additional information on the evolution of n r with d could provide a better understanding on the behavior of the superconductivity. Typically, a detailed study of the critical thickness h c with the concentration, the thickness of the fully strained layer after relaxation, and its comparison to the superconducting depth d S , which can be determined via the dependence of the critical temperature with a parallel magnetic field, could supplement our results.

Phonon mediated coupling

We have established that n B is the driving concentration parameter of superconductivity. So far, studies of the superconducting phase of SiB always considered the SIMS concentrations, which partially explains the discrepancies with the McMillan equation [START_REF] Marcenat | Low-temperature transition to a superconducting phase in boron-doped silicon films grown on (001)-oriented silicon wafers[END_REF][START_REF] Grockowiak | Thickness dependence of the superconducting critical temperature in heavily doped Si:B epilayers[END_REF]. Knowing that the local STM N(E) spectroscopic measurements realized by Dahlem et al. revealed the BCS nature of the SiB layers, it is natural to reconsider the electron-phonon coupling model of Cooper pairs for the intermediate coupling regime, with λ ≲ 1, described by Eq 4.13. This equation can be simplified in the case where only one phonon mode is involved in the coupling, as it is the case of SiB [START_REF] Boeri | Three-Dimensional MgB 2 -Type Superconductivity in Hole-Doped Diamond[END_REF][START_REF] Bourgeois | Superconductivity in doped cubic silicon: An ab initio study[END_REF], and is written as :

T c = Θ D exp - (1 + λ) λ -µ c * (1 + λ) (4.16)
From Eq 4.16, three T c (n B ) dependencies have been reported and compared to the experimental data in 4.2). Large differences between one ab-initio calculation to another can be observed, where the smaller computed λ e-ph tend to delay the onset of superconductivity at higher n B with n c ≃ 1.8 × 10 21 cm -3 for the VCA method, n c ≃ 2.2 × 10 21 cm -3 for the SC method, n c ≃ 3.2 × 10 21 cm -3 for the RBA method. Also, the slopes of the calculated T c (n B ) have been estimated by applying a linear fit in the concentration ranges where T c ∈ [200; 900]mK. The slopes increase with increasing λ e-ph (λ V CA > λ SC > λ RBA for a given n B ) and deviate by +33% (VCA), +20% (SC) and -25% (RBA) from the empirical linear fit of Figure 4.10 (5 ± 1.5 × 10 -22 K.cm 3 ). We can nevertheless stress that the equations give the right trend of the experimental curve and a correction of the fit parameters is conceivable. We will discuss this aspect.

For µ c * = 0.1 and Θ D = 450K the VCA is the calculation method that works the best with the experimental data but slightly overestimates n c and its slope. These differences can be attributed in particular to the dependence of µ c * and Θ D with n B . Figure 4.11 b) shows three T c (n B ) dependencies calculated from VCA estimation of λ e-ph with µ c * fixed at 0.1 and with Θ D = {450K; 900K; 1800K}. By increasing this pre-factor, the exponential can match better without changing n c . However, its slope increases by 55% (Θ D = 900K) and 65% (Θ D = 1800K) with increasing Θ D compared to that of the empirical slope. Moreover, while the Θ D should be reasonably well estimated by ab-initio calculations, an increase of Θ D by a factor 2 at least is required for the theoretical curve to correctly fall within the overall experimental data. Therefore, we rule out a significant dependence of Θ D on the concentration. Since we do not expect large changes in Θ D , µ c * is the most likely factor responsible for the discrepancy. Indeed, µ c * cannot be easily estimated from first principle cal- culations and is usually used as a constant approximation. Here, we will address the influence of doping on µ c * from our experimental data. We can rewrite Eq 4.16:

µ c * = 1 + λ e-ph ln T C Θ D + 1 ln( T C Θ D )(1 + λ e-ph ) (4.17) 
The results computed for each of the ab-initio calculated λ and experimental T c with fixed Θ D = 450K are shown in Figure 4.12. Depending on the calculation method, µ c * varies from 0.036 ± 0.01 (RBA) to 0.073 ± 0.01 (SC) and 0.089 ± 0.01 (VCA). The extracted values of µ c * are in general lower than the expected theoretical values, whose range is shown as a colored area in Figure 4.12, in particular for RBA. Also, one can observe that µ c * increases with

n B like µ c * = a µ × ( n B -n M IT n Si ) x ∼ a µ × ( n B n Si )
x , where µ c * = 0 at the MIT transition [START_REF] Klein | Metal-insulator transition and superconductivity in borondoped diamond[END_REF]. Values of a µ and x are reported in Table 3.4. Both the prefactor a µ and the exponent x increase respectively from 0.36 to 0.6 and from 0.5 to 1 as λ increases. Similar increases of µ c * with n B have been reported in the literature in the context of superconductivity in semiconductors and to the internal stress induced by the small B atoms. In particular, the Coulomb repulsion increases as the relative distance between the nuclei is shortened, which hardens the phonon frequencies [START_REF] Costa | Theoretical investigation of superconductivity in diamond: Effects of doping and pressure[END_REF]. In order to really conclude on a possible µ pl * dependence with n B , further studies with doping properties including disorder and structural properties remain to be completed. However, the increase of µ pl * with the B concentration, deduced from our experimental data and the simulated λ, is in rough agreement with the literature present, and the deduced values of µ pl * are in good agreement with the expected µ pl * ∼ 0.1, especially for the VCA simulations. This supports our analysis in the context of intermediate BCS coupling and provides a theoretical framework which could be employed as a predictive tool.

Saturation and decrease of superconductivity

The studies we have just carried out in the previous sections focused on the quadratic doping regime where the appearance of superconductivity and the rise of T c occur. We now focus on the second doping regime, the saturation regime, known to be a highly disordered regime. In particular, it is characterized by an increase of the resistivity as C B is increased, while n B first saturates and then progressively decreases. Moreover, this doping regime is characterized by the formation of compositional defects rich in B localized on the edges of the doped layers (see Chapter 2). The present section therefore focuses on the study of the T c with disorder. Figure 4.13 depicts the evolution of T c with n B of two depth series, namely 30nm and 47nm, for which a large number of samples have been measured in the saturation regime. The points falling in the saturation regime are plotted as colored triangles pointing downwards, and those from the quadratic regime, showing the rise of the T c , are plotted as black markers. Overall, the data overlap relatively well : all the experimental data remain in the same range of n B and T c , with maximum deviations of n B at fixed T c of the order of 10%-15%, and a maximum deviations of T c at fixed n B of 25%. This good fit in the T c descents for different depth series, which at first glance agree well with the T c rises of the quadratic regime, suggests that the destruction of superconductivity by disorder is essentially governed by the deactivation of the active dopants as the total amount of dopants increases, as nonactive B-atom complexes form, as well as by the formation of the observed large, presumably non-active, aggregates. Eventually, as n B fluctuates around n sat , slight increases of the concentration in the saturation regime may result in the increase of the T c . For example, in the case of the 47nm thick layer, while the quadratic regime ends at n B = 2.85 × 10 21 cm -3 with T c = 485mK, increase of the T c at the beginning of the saturation regime can be observed between n B = 3.07 × 10 21 cm -3 with T c = 498mK to 3.25 × 10 21 cm -3 with T c = 594mK. Note the good adequacy of these points with the linear extrapolation of T c (n B ) from the quadratic regime (continuous black line) that was introduced in Figure 4.10. As the T c decreases in the saturation regime, the match between T c with respect to the increasing T c of the quadratic regime deviates slightly. This is particularly visible for the thinnest layer at 30nm, where the deviation between the experimental data increases from an average of 15% at n B = 2.8 × 10 21 cm -3 to 40% at n B = 2.35 × 10 21 cm -3 . Indeed, we can guess a slight difference in the slope of T c with n B from one regime to another. The dotted line shows the new empirical linear dependence observed for the measurements carried out in the saturation regime. This one is defined by a slope of 3.2 × 10 -22 K.cm 3 , 40% lower than the one evaluated in the quadratic regime. The blue area around the slope shows the accuracy of 20% of the linear fit. Moreover, the crossover point at T c = 0K is also lower, with n B = 1.4 × 10 21 cm -3 against the n B = 2.2 × 10 21 cm -3 evaluated in the quadratic regime. These slight differences observed may point the effect of disorder on the T c .

Comparison with the standard laser

The results presented in Section 4.3.1 are strikingly different from those obtained by SiB layers synthesized by means of a laser with "non optimized" gas mixture [START_REF] Marcenat | Low-temperature transition to a superconducting phase in boron-doped silicon films grown on (001)-oriented silicon wafers[END_REF][START_REF] Grockowiak | Thickness dependence of the superconducting critical temperature in heavily doped Si:B epilayers[END_REF]. For such standard laser doping, the temporal profile of the laser pulse consists in a first main peak in intensity followed by a second peak, with lower intensity and delayed by ∼ 35ns. Measurements carried out for layers with various depths and number of laser shots are reported from [START_REF] Marcenat | Low-temperature transition to a superconducting phase in boron-doped silicon films grown on (001)-oriented silicon wafers[END_REF][START_REF] Grockowiak | Thickness dependence of the superconducting critical temperature in heavily doped Si:B epilayers[END_REF] The T c (C B ) dependencies of the SiB layers made with the optimized laser (our results) are shown in Figure 4.14 c). A similar dome shape is visible. The superconductivity appears above a threshold concentration C s ∈ [2; 4] × 10 21 cm -3 , concentration from which the layer undergoes stress relaxations. T c then rises progressively until C sat , with relatively common rise for all depth series. Each of the depth series separates near their saturation concentration, where they reach the critical temperature T max , which increases with the depth of the layer. Beyond C sat , the T c first saturates and then decreases towards 0K. The decay occurs over concentration ranges that are not shown in this graph but have been discussed in Figure 4. To understand the dependence of T c on the boron dose, the authors proposed a bilayer model where either two superconductors (S/S') or a superconductor and a normal metal (S/N) form within the doped SiB layer. Such a bilayer could be the result of the superposition of a fully strained layer next to a relaxed layer caused by the second peak. The T c of such SiB is then given by the McMillan formula, with the replacement of an effective λ el-ph :

λ ef f = N 2 N V N d N + N 2 S V S d S N N d N + N S d S (4.18)
where N and S refer to the normal and superconducting layers, d N,S are the respective depths,N N,S and V N,S are respectively the density of states and the interaction potential. This equation is valid provided that l h < ξ N,S < d N,S . Values of ξ ∈ [50; 100nm] have been reported [START_REF] Grockowiak | Supraconductivité et propriétés physiques du silicium très fortement dopé[END_REF]. Considering both sub-layers have comparable density of states and have strictly positive coupling coefficient, Eq 4.18 can be written as :

λ ef f = λ S (1 - d d N + d S ) = λ S (1 - A/C B d N + d S ) (4.19 
) The same dependence of the increasing T c with A/(C B × d) calculated with our experimental data is shown in Figure 4.14 d). Here, it is clear that the different depth series as a function of the total dose are distinct, with different starting points, which decrease with increasing depth, from 0.85 for the 30nm layer to 0.16 for the 175nm layer. Also, the data seem to increase linearly like the

with d = d N (1 -V N V S ). A = 8 ± 1 ×
T c = T 0 × [b 0 -A/(C B × d)],
with T 0 = 1K and b 0 = 0.9 for the case of the 30nm thick layer and T 0 = 11K and b 0 = 0.15 for the 175nm thick layer. The difference with our data and those of ref [START_REF] Grockowiak | Thickness dependence of the superconducting critical temperature in heavily doped Si:B epilayers[END_REF] are emphasized by the black line with T c = 1 × [1 -A/(C B × d)] that was also plotted in their work. One of the most striking results that emerges from this study is the appearance of T c at lower concentrations with the standard than with the optimized laser. This aspect is highlighted in Figure 4.15, where we plot on the same graph the T c (C B ) of three depth series d ∼ {170nm; 65nm; 35nm} performed either by the standard laser or by the optimized laser. The C s of the standard laser are systematically lower, with C s = 0.7 ± 0.2 × 10 21 cm -3 (d=160nm), C s = 1.12 ± 0.01 × 10 21 cm -3 (d=65nm) and C s = 1.8 ± 0.3 × 10 21 cm -3 (d=35nm). Superconductivity can be achieved for concentrations an order of magnitude lower than that obtained by the optimized laser. This supports the idea that the increase of N (E F ) by the activation of B atoms is not the only factor for superconductivity but other phenomena, induced by the doping or the doping process itself, can impact the superconducting phase. This is further highlighted as we look at the rate at which T c increases with C B . In the case of the standard laser, superconductivity rises sooner but increases with a less abrupt slope than that of the optimized laser. From Figure 4.15, we observe a rise of about 1K per concentration decade for the standard laser against a rise of about 2.5K for the optimized laser. Thus, the lower growth for the standard laser can be qualitatively understood as the consequence of an earlier emergence by the superconductivity induced by the standard laser but a low growth due to the fact that the active dopant concentration is nevertheless lower. In Section 4.3.1, we saw that the emergence of superconductivity was closely related to the appearance of structural relaxation in SiB. Moreover, we have seen in Chapter 2 that this relaxation could be linked to a process specific to laser doping, the constitutional supercooling, which is the phenomenon by which the solidification front is non-homogeneously accelerated, with quasi-cellular solidification due to a concentration gradient within the liquid phase. This results in lower B doping zones, which extend through the doped layer, surrounded by regions of B pile-up and localized stress concentration causing strain relaxations. Thus, a connection between the laser temporal profile and the relaxation state can probably be defined, leading to a difference in superconductivity.

In the following part, we address a preliminary study of the effect of the second peak on the superconducting properties of the SiB layers. Figure 4.16 T c (n B ) dependencies (n B is taken here as the active concentrations measured at room temperature) compares layers achieved with different intensities of second peak in the temporal profile of the laser pulse, modulable by the intensity of the electric discharge which excites the excimer gases of the laser. In Figure 4.16, we compare a 175nm deep layer achieved with no second peak (E 2 /E 1 ≃ 4%, in purple), already presented in Section 4.3.1 to an other depth series, that haven't been discussed yet in this manuscript which is a deeper layer with higher dof = 100ns and E 2 /E 1 ≃ 10% (in black). The depth of this layer made with the presence of a second peak E 2 /E 1 ≃ 10% have not been measured yet, and here we use as a basis the calibration depths presented in Chapter 1 (see in the legend). However, it is important to note that these depths may be affected by the presence of second peaks, and that the concentrations used here may be subject to correction. However, the corrections implied by the presence of the second peak are relatively small compared to the thicknesses involved and the analysis we will conduct here should still be qualitatively valid.

The T c that are compared in Figure 4.16 corresponds to increases of T c , with concentrations falling in the quadratic regime. It is quite clear from that the two curves are shifted from one another. Notably, the T c of the layer made with second peak appears earlier, with a n c = 1.5 × 10 21 cm -3 and which is 25% smaller than the n c = 2 × 10 21 cm -3 observed for the layer series without second peak (see section Section 4.3.1.1). We can also note that the slope changes slightly, with a slope of 4.3 × 10 -22 K.cm 3 for the second peak layer, 15% smaller than that observed in the other layer. In particular, these observations are consistent with our discussion in Figure 4.15. This seems to indicate that the second peak indeed accelerates the onset of superconductivity (as observed for the standard laser), and potentially affects the plastic relaxations in the layers. However, structural analyses are to be performed to confirm these statements.

Chapter 5 All SiB SNS junctions

The development of superconducting electronics and of quantum devices made entirely of silicon would make the integration of such devices on an industrial scale possible. In particular, the actual strong implementation of silicon in the industrial sector and the knowledge that has been built up since the early 1960's, such as silicon crystal growth, defect control and the various processes related to the fabrication of all-silicon circuits, makes superconducting silicon a perfect candidate for potential large-scale development. Furthermore, the knowledge acquired through the electrical characterization of the normal and superconducting states, correlated to the structural properties, provides the building blocks for the development of superconducting devices and the optimization of their performance. During the last decade, efforts have been undertaken to prove the feasibility of such devices. We can mention for example the development of SQUIDs [START_REF] Duvauchelle | Silicon superconducting quantum interference device[END_REF], Josephson junctions [START_REF] Chiodi | Proximity-induced superconductivity in all-silicon superconductor /normal-metal junctions[END_REF] and more recently the demonstration of microwave coplanar waveguide resonators [START_REF] Bonnet | Strongly Nonlinear Superconducting Silicon Resonators[END_REF]. It should be noted that the development of these devices themselves enriches the current knowledge of superconducting silicon fundamental properties.

In the prospect of the realisation of superconducting transistors, relevant for Si cryogenic electronics and for superconducting quantum circuits, we describe here a first attempt of the fabrication of all-Si Josephson Field Effect Transistors (JoFET) on SOI (silicon on insulator) substrate, with 88nm of Si on 145nm SiO 2 oxide. JoFETs are devices based on the same principle as a Field Effect Transistor (FET), in the sense that an electric field applied by a gate allows to modulate the density of carriers present within a conduction channel, generally a semiconductor, between two metallic reservoirs, the source and the drain. In this way, the current flow through the channel can be controlled. A JoFET is based on a SNS junction, where two superconducting reservoirs are separated by a normal or semi-conductor channel, in which the non-dissipative current (also called supercurrent) flowing from one reservoir to another could be modulated by an electrical field, here applied through the SiO 2 oxyde with a back gate .

The viability of such devices is determined in large part by the quality of the S/N interface, where Andreev reflexions (AR) take place. Andreev reflections are quantum phenomena where an incident electron (or hole) in the normal metal is coherently reflected as a hole (or electron) with opposite wave-vector and spin. Figure 5.1 a) depicts the density of states at the interface of the normal metal (left) and the superconductor (right), in which at T < T c the characteristic superconducting gap forms at the Fermi energy. Since there are no quasiparticle states at the Fermi level in the superconductor, the quasiparticles in the normal state cannot penetrate the superconductor, provided that the thermal energy k B T and potential energy eV are sufficiently low for the quasiparticles not to access the states at i.e. E > E F ± ∆. Therefore, the incident electron is either reflected as a single particle within the normal state, or penetrates the superconductor by forming a Cooper pair and a reflected coherent hole, with charge conservation. The normally incident electron, with energy E F + ϵ, wavevector k e = k F + q and phase φ e is then reflected as a hole of energy E F -ϵ, wavevector k e = -k F +q and phase φ h = φ e +θ -arccos (ϵ/∆) ∼ φ e +θ -π/2, with 2ϵ ∼ k B T and θ the phase of the superconductor. Here the reflected hole holds the phase information of the superconductor, thus allowing the coherent transfer of Cooper pairs in the normal metal.

The most striking effect occurs when we connect two superconducting reservoirs by a normal channel : if the Andreev electron-hole coherent pairs maintain their phase coherence when propagating in the normal wire, the same Andreev reflection process can be repeated at the second S/N interface, this time by removing a Cooper pair in the second reservoir. This allows the transmission of Cooper pairs from one contact to another and a supercurrent is then achieved in the SNS junction. This chapter is divided into two sections. First, we study the transparency of the S/N bilayer interface and particularly its dependence on the dopant concentration in the normal layer. We demonstrate that it is possible to obtain suitable interfaces for sufficiently B-rich channels and propose perspectives for the improvement of these interfaces. In a second step, we demonstrate the feasibility of full proximity effect, i.e. the existence of a non-resistive state of the normal channel, on SOI substrates, even for relatively low transparencies. We show the evolution of the critical current in temperature and highlight the heating effects increased by the presence of the underlying oxide layer.

SiB S/N transparency interface

The transparency of the S/N interface is of paramount importance as it affects the probability of Andreev's reflections [START_REF] Blonder | Transition from metallic to tunneling regimes in superconducting microconstrictions: Excess current, charge imbalance, and supercurrent conversion[END_REF]. The transparency, or transmission coefficient T is related to the total interface resistance, R int and is given by [START_REF] Kuprianov | Influence of boundary transparency on the critical current of dirty SS'S structures[END_REF][START_REF] Ya | Superconductive properties of thin dirty superconductor-normal-metal bilayers[END_REF][START_REF] Hammer | Density of states and supercurrent in diffusive SNS junctions: Roles of nonideal interfaces and spin-flip scattering[END_REF]:

R int = R q N 1 T ↔ R int A = h 2e 2 (λ F,S /2) 2 T (5.1) with R q = h 2e 2 the quantum resistance, N = A × 2 λ F 2
the number of conduction channels in the contact surface A (here the current is homogeneously transmitted through all the channels), T the transmission coefficient. The contact resistance of the interface is quantified by the product R int A as it accounts for the resistance of all conduction channels. Usual superconductor -semiconductor (S/Sm) junctions on pristine silicon are characterized by typical R int A ∼ 10 -4 Ω.cm 2 [START_REF] Buonomo | Electron thermometry and refrigeration with doped silicon and superconducting electrodes[END_REF][START_REF] Am Savin | Efficient electronic cooling in heavily doped silicon by quasiparticle tunneling[END_REF][START_REF] Mj Prest | Strain enhanced electron cooling in a degenerately doped semiconductor[END_REF][START_REF] Quirion | Proximity effect in planar TiN-Silicon junctions[END_REF] and recent achievements allowed to improve this resistance down to R int A ∼ 10 -5 -10 -6 Ω.cm 2 [START_REF] Gunnarsson | Interfacial engineering of semiconductor-superconductor junctions for high performance micro-coolers[END_REF][START_REF] Mykkänen | Thermionic junction devices utilizing phonon blocking[END_REF]. This interface resistance can also be improved by doping silicon. Typically Savin et al. [START_REF] Savin | Application of superconductor-semiconductor Schottky barrier for electron cooling[END_REF] reported values of R int A ∼ 10 -5 Ω.cm 2 on Al/n-Si/Al coolers for dopant concentrations of 1.6 × 10 20 cm -3 . According to their results, a minimum R int A ∼ 10 -7 Ω.cm 2 can be achieved for dopant concentrations ≫ 2 × 10 21 cm -3 .

More recently, F. Chiodi et al. [START_REF] Chiodi | Proximity-induced superconductivity in all-silicon superconductor /normal-metal junctions[END_REF] reported values of R int A ∼ 10 -9 Ω.cm 2 on all SiB S/N bi-layers, fabricated by GILD, with B concentrations n s ∼ 3 × 10 21 cm 3 in the superconductor and n N ∼ 3 × 10 20 cm 3 in the normal layer. Such low transparency can be achieved thanks to the high doping, high quality epitaxial interfaces achieved by GILD. The value of the interface resistance was notably extracted by studying the proximity effect in the S/N, apparent in the T c value. Indeed, when a superconductor is confined in a 2D geometry, i.e. d S < ξ, its Cooper pairs will tend to diffuse across the edges of the layer, provided that the interface with the surrounding environment is transparent enough. This phenomenon is usually observed in metallic superconductors in contact with normal metals, as the interface resistance between two metals is generally low. If the thickness of the superconducting layer is larger than the coherence length (d S ≳ ξ), the T c of the whole SN system is close to that of the single superconductor, as the 'bulk' dominates. If (d S < ξ) the T c is determined by the physics at the interface: as the Cooper pairs evolve both in the superconducting layer, where an attractive interaction is present, and in the normal layer, where there is no attractive interaction, an effective, weaker interaction will characterise such thin SN bilayers, and the T c will decrease. In a diffusive BCS superconductor, the decrease of T c by the proximity effect in S/N bi-layers is governed by several parameters : the transparency the S/N interface, the thicknesses, and the Fermi velocities of the superconducting and normal metal layers. Indeed, the higher the transparency, the more important will be the diffusion into the normal layer, and thus the T c reduction. The transparency being limited by the ratio of the Fermi velocities in the S and N layer, v F will also appear as an important parameter. For small S thicknesses d S << ξ, we expect a large T c reduction, that disappears when d S increases to d S ∼ ξ, as the superconductor recovers its 'bulk' T c . For d S << ξ, increasing the thickness of the normal layer d N leads to a stronger T c reduction, as the Cooper pairs spend relatively more and more time in the normal layer. However, a saturation is expected for d N + d S ∼ ξ, where a further increase of d N does not affect the superconductor anymore.

In the limit of good transparency (τ ≫ k B T C ), the dependence of the critical temperature with the properties of the S/N bi-layer is given by the analytical solution of the linearised Usadel equations [START_REF] Ya | Superconductive properties of thin dirty superconductor-normal-metal bilayers[END_REF][START_REF] Chiodi | Proximity-induced superconductivity in all-silicon superconductor /normal-metal junctions[END_REF][START_REF] Gueron | Quasiparticles in a diffusive conductor: Interaction and pairing[END_REF]:

T c = T c,0   T c,0 1.14Θ D 1 + k B Θ D τ 2   b d N d S (5.2) 
with τ = ℏ 2π v F,S ρ int bd N + d S bd N d S b = v F,N v F,S (5.3) 
T c,0 ∼ 300mK is the critical temperature of the single superconducting layer, Θ D = 450K [START_REF] Boeri | Three-Dimensional MgB 2 -Type Superconductivity in Hole-Doped Diamond[END_REF] the Debye temperature of phonons. ρ int is the dimensionless resistivity of a conduction channel

ρ int = 1 T ∈ [4; 150] [123]. b = v F,N /v F,S can be approximated in the free electron model to b = (n N /n S ) 1/3 as k F = (3π 2 n) 1/3 . For typical SiB S/N bi- layers parameters n S ∼ 3×10 21 cm -3 , n N ∼ 10 19 -4×10 20 cm -3 , v F,S ∼ 2.5×10 5 m.s -1 [123], d N ∼ 50nm and d S ∼ 30nm we obtain τ /k B ∈ [0.3; 5]K. As T c ∼ 0.3K, the condition τ > k B T c
is not satisfied for the lowest concentrations in the normal layer, where we have τ ∼ k B T c , and the use of Eq 5.2 may not be the most adequate. In this chapter, we will present the results of this model for our whole dataset. Even though an error is associated to the quantitative extraction of T in the lowest doping limit, we believe that a qualitative description of the interface resistance can still be achieved through Eq. 5.2. 

Experiment 1

The principle and results of Experiment 1 are depicted in Figure 5.3 a). In this experiment, several concentrations of the normal layer were realised, by doping a 80nm thick layer with various number of shots N ∈ [0; 10] (see Figure 5.2). The superconducting layer was subsequently synthesized with a fixed depth d S = 24nm and fixed concentration n S ≃ 3 × 10 21 cm -3 . Consequently, the greater the number of shots in the normal layer, the higher n N , and the higher the transparency at the S/N interface.

The improvement in the transparency with the concentration of the normal layer is particularly noticeable on the T c . When the interface is more transparent, the confined Cooper pairs in the 2D superconducting layer can more easily penetrate the normal layer. The effective λ e-ph consequently lowers, decreasing the T c . This is what we observe on our doped layers, where the T c is progressively suppressed with the concentration in the normal layer, decreasing from T c = 310mK, when the Cooper pairs are entirely confined in the the superconducting 2D layer, to T c = 0K for n N = 2.4 × 10 20 cm -3 . For each of the measured T c (n N ) we can extract the transparency of the interface through the dimensionless resistivity of the conduction channels ρ int , as represented in the inset of Figure 5.3 a). At n N = 2.4 × 10 20 cm -3 , T c = 0K and the calculated ρ int = 0. When n N tends to zero, the interface resistance goes to infinite. The extracted ρ int between these two limits fall between 120 and 30, which is equivalent to contact resistances R int .A ∈ [20; 2] × 10 -9 Ωcm 2 and is consistent with the work of F.Chiodi et al. [START_REF] Chiodi | Proximity-induced superconductivity in all-silicon superconductor /normal-metal junctions[END_REF] where R int .A ∼ 2 × 10 -9 was found for S/N SiB bi-layers with n N ∼ 3 × 10 20 cm -3 .

In Experiment 2, we are interested in the effects of the thicknesses of the superconducting and normal layers d S and d N on the T c , for a constant n S /n N ra- By combining all the measured curves and the extracted ρ int , we can construct the dependence of R int .A and T with n N , as shown in Figure 5.5 a). As expected, the transparency is better at high doping (T ∼ 0.1 for n N ∼ 3 × 10 20 cm -3 ) and falls then roughly exponentially (dotted red line) towards T ∼ 0.01 for n N ∼ 2 × 10 19 cm -3 ) . It is apparent that the interface resistances obtained are extremely small, and evolve in the range R int .A ∼ 10 -9 -10 -10 Ωcm 2 . The corresponding transparencies are T ∈ [0.01; 0.2]. These values are 1 to 2 orders of magnitude lower than the interface resistances obtained in literature with metallic contacts (TiN/TiSi 2 , Nb, Al) on doped Si of comparable concentrations (n N ∼ 10 19 -10 20 cm -3 ) [START_REF] Buonomo | Electron thermometry and refrigeration with doped silicon and superconducting electrodes[END_REF][START_REF] Quirion | Proximity effect in planar TiN-Silicon junctions[END_REF][START_REF] Van Huffelen | Carrier transport in mesoscopic silicon-coupled superconducting junctions[END_REF]. We attribute the very good transparency to the quality of the epitaxial Si/SiB interface and the large SiB doping achieved. The mono-material characteristic of such junction, where B doped Si is used for both the superconductor and the doped semiconductor channel, could be also important. Indeed, a limiting factor to the contact resistance is the difference between the Fermi velocities in the superconductor layer, represented by the open white square) is presented in Figure 5.6 a). The doped spot is in general surrounded by four bars (in green), usually etched areas, either to locate the spots during the doping process and / or for the positioning of some of the optical and electronic lithography processes. Within a single doped spot, four Mesa structures are realized. They are located at the center of the spot where the doping is the most homogeneous, within an area of 300 × 300µm 2 (see the open blue square) and are connected to 4 larger electrical contacts at the edge of the doped spot (see the yellow structure) on which are carried out 4 probe resistance measurements. The contacts are drawn as large as possible, i.e. rectangles of 400 × 250µm 2 (source I + and drain I -) or 500 × 250µm 2 (V + and V -probes), so that micro-bonding can be easily achieved. Cr/Au deposits are used for the metallic contacts as shown at the top of the design (pink rectangles). These contacts are used to protect the highly stressed doped layers from the probes during 4-probe measurements, which can cause cleavages along the crystal axes. Cr/Au deposition is also realized to make alignement crosses at the corners and in the center of the doped layer that are used the different lithography alignment processes, and in particular that of the junction. Figure 5.6 b) shows an optical images of the four 100 × 10µm 2 Mesa lines (top image, the etch of the junctions hasn't been realized yet) and of a single Mesa on which the etch of the junction (L J = 300nm) has been performed (bottom image). The doped SiB layer appears in green and the gray area around the Mesas shows the SiO 2 oxide that has been reached for the etching of the Mesas. The distance between the voltage contacts is 85µm. The central Cr/Au markers allow the alignment of the lithography for the etching of the Mesa and four crosses are systematically deposited around each Mesa (the lines are 5 µm long and 1 µm wide, see the top right SEM image) for the alignment of the junctions. In the bottom image, a successfully etched junction appears in light red on the optical images. On each of the Mesa, different length of junctions have been etched : L J = { 100 ; 150 ; 200 ; 300 }nm. Residual S1813 resist that remained after the isolation etching of the Mesas appears on the Mesa lines as green filaments that extend perpendicularly across the line.

Fabrication steps

We present here the different steps of the fabrication process, that are schemed in -1) Cr/Au alignment patterns : The Cr/Au alignment patterns are first de-posited on the samples. They allow the alignment of the following fabrication processes. Among these markers, sub-micrometers resolution may be necessary, especially for the alignment crosses that are used for the alignment of the lithography of the junction on the Mesa line (see SEM top right image in Figure 5.6). To achieve such resolutions, electronic lithography is performed. PMMA A6 resist is coated on the samples at 4000rpm (revolutions per minutes) and 500rps -2) Isolation etching of the Mesas : To design the large architecture that includes the Mesa and the contacts, we performed laser lithography 8 . S1813 photoresist was coated on the Si substrate at 4000rpm and 4000rps 2 for 30s.

The photoresist is then baked on a hot plate at 110 • C for 90s. The resist was then exposed to UV-laser lithography 9 . The exposed resist is then removed in MF-319 photographic developer during 45s. We performed anisotropic dry Reactive Ion Etching (RIE) 10 in order to entirely etch the top silicon layer down to the BOX. Sulfur hexafluoride (SF 6 ) is used to anisotropically etch silicon with high selectivity and high etch rates. Chlorohexafluoride (CHF 3 ) is used as isotropic etching for silicon. P vac ∼ 10 -5 mbar is ensured before etching.

The samples are then rinsed with acetone, IPA and ethanol, and the depths are monitored via a mechanical profilometer 11 Resin residues, solidified by the etching process, appear at the edges of the etched patterns. They appear very clearly in Figure 5.7. These residues can't be removed with acetone and require other removal methods that we describe in step 4. ;

-3) Deposition of the Cr/Au contacts : The metallic contacts are realized with S1813 coating, laser lithography, e-beam evaporation as discussed above. HF etching of the native oxide is used before the deposition steps in order to ensure good contacts between the deposited Cr and the SiB surface. The sample is inserted into the evaporator vacuum chamber within the 10 minutes that follow the etching. 15nm of Cr and 300nm of Au are deposited in order to ensure a good protection of the stressed SiB samples from the bonding, and are thin enough not to affect the homogeneity of the next PMMA coating process;

-4) Etching of the junction : The junctions are a few hundred nm long and their fabrication requires electronic lithography. The same PMMA A6 coating, lithography and development processes that have been described above are applied.

One of the main challenge of the fabrication process is to etch the entire superconducting junction while preserving the normal layer A calibration study of the etching depth vs the junction width and the etching time has been achieved (see Appendix C.2). We used ICP-RIE etching 12 that allows sharper etching than conventional RIE process. The recipe involves SF 6 and Ar that etch anisotropically, and C 4 F 8 , that etches isotropically. The sharpness of the junctions is highlighted in Figure 5.9 and will be discussed later in this Section. Because of the S1813 resist residues that persist after the etching of the Mesa, it is necessary to apply an additional cleaning process to remove it. Indeed, this residual resin can cause inhomogeneities of etching or a complete obstruction of the etching, leading to short-circuits between the two superconducting contacts. Oxygen plasma 13 cleaning, at 150W and 0.8mbar have been applied with a total duration of 30s. We have chosen to perform the cleaning only on the area of the Mesa subjected to etching, in order to avoid a possible oxidation of the surface of the superconducting reservoirs that may affect the superconductivity. 

Characterisation of the junction

Subsequent to the clean room fabrication processes, we performed a series of characterisations to measure the junction length, which is of paramount importance to extract characteristic parameters of the SNS junctions. To do so, we combined top SEM images of the junctions with AFM profiles. These measurements allow us to confirm that the fabrication process has been correctly achieved and to identify the presence of possible failures, e.g. the presence of possible short cuts, here likely to be formed because of the residual resist on the surface of the Mesa line. Figure 5.9 a) depicts a top SEM image of a junction, with nominal length L nom = 300nm. At the top/bottom of the image resides the non etched line, and in the middle the etched junction. The SEM images systematically reveal junction lengths larger than the nominal junction, i.e. L top = 380nm. Figure 5.9 shows an AFM topographic image of an etched junction of nominal length L nom = 300nm, on a S/N bi-layer with d S = 60nm. The length at the etched region top is approximately of 400nm, and the total etched depth is 65nm, which is in good agreement with the calibration of the etching time / junction width we performed (see Appendix C.2).

This confirms that we are indeed able to control the etched depth. However, as it is evidenced on this image, a large amount of residual S1813 resist, that appears as vertical white trails, remain on the surface. The resist may partially cover the junction to etch, especially at the edges of the Mesa line, as it is evidenced on the bottom of the image. These resist residues caused us to discard many devices, and generally prevented AFM measurements, whose tips are configured to measure rigid surfaces like Si and sink into the resin, preventing us to perform characterizations and to access the length of the junction at the bottom of the etch. In order to circumvent this problem, we used calibration measurements, that allowed to relate the top length, observable by SEM images, to the length at the bottom of the etch. The results are shown in Appendix C.2.

In the next Section, we will discuss the proximity effect of SNS junctions, realized on S/N bi-layer with d S = 70nm and d N = 5 -10nm, with a concentration in the normal layer n N = 1.2 × 10 20 cm -3 . The properties are summarised in Table 5 

(S) 70nm / (N) 10nm (N) 7nm (N) 5nm n N 1.2 × 10 20 cm -3 1.2 × 10 20 cm -3 1.2 × 10 20 cm -3
Table 5.1 -Fabrication and 4 probes measurement characterisation of three junctions on S/N bi-layers doped with d S = 70nm and N = 5 laser shots in the normal layer.

Proximity effect in the SNS junctions

Characteristic lengths and energies of the junction

In order to achieve a full proximity effect between the two superconducting contacts, i.e. a non-dissipative current, the phase of the Andreev pairs must be conserved all along their path in the normal channel. Single quasi-particles do actually naturally lose the memory of their phase as they propagate. The length over which the phase is completely lost, or the phase coherence length L φ , is of the order of ∼ 1µm at T = 1K. Indeed, the scattering mechanisms inherently present in the normal layer (ionized impurity scattering, thermal scattering ...) affect the conservation of the phase. L T is the thermal length, the characteristic length for which the electron and hole in the Andreev pair are dephased with each other by a 2π rotation of the phase:

L T = √ Dt ∼ ℏD k B T (5.5)
with t the time corresponding to a 2π dephasing, D the diffusion coefficient. The length of the junction not only determines if a supercurrent can cross the entire normal channel, but also defines if the junction is in the long or short junction regime, when compared to the coherence length. In the diffusive limit :

ξ N,S = (ℏD N,S )/∆ (5.6) 
with S and N subscripts referring to the normal metal or the superconductor. If L J ≪ ξ N , we are in the short junction limit, while L J ≫ ξ N corresponds to the long junction limit. Depending on the junction regime, different characteristic energies are involved. The Thouless energy E T h is defined as :

E T h = ℏ τ = ℏD L 2 (5.7)
and is the characteristic energy scale for long junctions L J ≫ ξ N . When instead L J ≪ ξ N , the characteristic energy involved is the superconducting gap ∆. This is apparent for instance in the low temperature expectation for the critical current, the maximum supercurrent achievable. Indeed, the zero-temperature limit of a short junction critical current is given by :

eR N I c (T = 0) = 2.07 × ∆ BCS (T = 0) (5.8)
with R N the normal resistance.

In contrast, the critical current of a diffusive long junction depends on E T h . Its value at zero temperature in the case of very long junctions (∆/E T h > 5 × 10 4 ) with perfectly transparent interfaces is given by: eR N I c (T = 0) = 10.82 × E T h (5.9)

The diffusion coefficient, that is used to determine E T h in Eq 5.7, can be extracted in different ways. Knowing that for N=5 laser shots, n N = 1.2 × 10 20 cm -3 and the SiB layer behaves like a metal, we can use the free electron model to describe the diffusion coefficient, h ∼ m * Si = 0.34m e in the low doping limit, and ρ = 1.2 × 10 -3 Ω.cm, as we will show in Section 5.2.2.2. Then, the diffusion coefficient of the normal layer can be written as :

D N = v F l h /3 = v 2 F τ /3, with v F = l h /τ
D N = 1 3 π 2 ℏ 2 (3π 2 n B ) 1/3 ρm * h e 2 ≃ 7.5 cm 2 .s -1
(5.10)

where v F can be expressed as

v F = ℏk F m * h , with k F = (3π 2 n B ) 1/3 the Fermi wave-vector.
D N can also be determined in relation to D S . Indeed, at room temperature, it can be found from the Einstein-Smoluchowski relation (D = µk B T ) with µ the hole mobility, that D(N = 5) ≃ 1cm 2 .s -1 is approximately 50% higher than D(N = 250) = 0.66cm 2 .s -1 . Then, by accessing the value of D S at low temperature, we can reasonably determine that of D N by applying the same factor.

The BCS theory provides a relation between D S , ξ and ∆ :

ξ = ℏD S ∆ (5.11)
The value of ξ was extracted in Chapter 3 by measuring the evolution of T c with the perpendicular B ⊥ . At the lowest temperatures, the value of ξ is not precisely known, as a linear H c (T ) dependence was not measured below ∼ T c /2; however, the extracted ξ provides a good approximation and an upper limit. The value of ∆ at T = 0K is given by ∆(T = 0K) = 1.76k B T c . The resulting dependency of D S is shown in Figure 5.10. The behavior of D S is quite similar to that of ξ, which we discussed in Chapter 3. The diffusion coefficient, which is driven by the quantity C B , first decreases in the quadratic regime from 9.3 down to 2.4cm 2 .s -1 with increasing C B = 4.2 × 10 21 cm -3 to 6 × 10 21 cm -3 . Note a minimum value 0.9cm 2 .s -1 at ∼ 6 × 10 21 cm -3 for the 65nm layer, that deviates from the rest of the trend. In the saturation regime, the values of D S seem to saturate around 3 ± 1 cm 2 .s -1 .

In the case of a doped layer at 70 ± 5nm with 250 laser shots, we expect to find a concentration C B = 4.8 ± 0.4 × 10 21 cm -3 . This concentration range is highlighted in Figure 5.10 by the blue area. Then, referring to our characterization of bulk Si, we expect to observe a diffusion coefficient of the superconductor D S = 5±1cm 2 .s -1 giving D N = 1.5D S = 7.5±1.5cm 2 .s -1 , which is in agreement with the result of Eq 5.10.

From the determination of D N , it is possible to extract E T h as well as ξ N . The resulting E T h are : E T h = 15µeV (L J = 175nm), E T h = 7.3µeV (L J = 260nm) and E T h = 4.5µeV (L J = 330nm). As we will see in the next section, the critical temperature of the superconducting contacts is T c = 250mK. Then, the value of ∆ at T = 0K is about 38µeV . We can see that ∆ > E T h , but far from the ∆/E T h > 5×10 4 condition for the long junctions. Thus, the junctions we have realized are in an intermediate regime between short and long junctions. This is in agreement with the value of ξ N ≃ 115nm found from Eq 5.6, where ξ is smaller than L J , but still of the order of the junction length, so that our junctions cannot be entirely described in the long junction regime.

P. Dubos et al. [START_REF] Dubos | Josephson critical current in a long mesoscopic S-N-S junction[END_REF] developed a theoretical model describing the crossover between the short and the long junction regimes. In particular, he related eR N I c /∆ parameter with E T h /∆ as well as eR N I c /E T h with ∆/E T h at T = 0K, allowing to estimate I c (T = 0K) by calculating the correct prefactor (Figure 5.11).

By extracting the pre-factors from these graphs, the values of eR N I c can be found from eR N I c (T = 0) = a 0 ∆ (5.12)

For D N = 7.5cm 2 .s -1 we have : eR N I c (T = 0) ∼ 45µeV (L J = 175nm) ; ∼ 33µeV (L J = 260nm) ; ∼ 26µeV (L J = 330nm), and critical currents of 0.3µA to 2µA are expected.

R(T) and V(I) characteristics of the junctions

In this Section, we focus our analysis on three junctions, realized on a SN bilayer, defined by its superconducting depth d S = 70nm, its normal depth d N = 10nm and its concentrations n S = 3.2 × 10 21 cm -3 and n N = 1.2 × 10 20 cm -3 . The fabrication of three junctions, namely { L 1 ; L 2 ; L 3 } with junction's lengths L J = { 175nm ; 260nm ; 330nm } was successful (no short-cuts). A fourth junction, named L 0 (or "no gap"), refers to a junction where the etching process was blocked by the presence of residual S1813 resist on the top of the Mesa line. This junction has also been measured, but some characterizations are probably affected by the etching submission (resin implantation, partial etching ...).

R(T)

We performed 4-point electrical measurements and measured the superconducting transition of the junctions. The results are presented in Figure 5.12 a). All the junctions, included the no gap, reveal a complete transition from the normal resistance R m towards 0Ω, indicating that full proximity effect is achieved. The T c of the contacts are taken at half of the normal resistance of the contact R m , and reveal a constant T c = 251 ± 0.2mK. The T where the junctions become proximity superconducting, extracted when they achieve zero resistance state (indicated by the white circles), do evolve with the length of the junction with T c = 160mK (L 3 ), T c = 200mK (L 2 ) and T c = 224mK (L 1 ). This behaviour can be qualitatively understood, as correlations need to extend further in the longer junctions, and the establishment of a full proximity effect will be achieved at lower temperatures. The junction length is an important factor in the junction superconducting behaviour. In order to confirm our estimation of these lengths, we compared in Figure 5.12 b) the evolution of R m with L J /d N . The consideration of the depth d N is necessary to study the value of R m . Indeed, as already mentioned in Section 5.2.1, the depth of the etch increases with L J (see Appendix C.2). The R m (L J /d N ) dependency reveals a linear trend of R m with the dimensions of the junction with a slope of 2.16Ω.(L J /d N ) and reaches R m = 178Ω at L J = 0nm. The value that was measured for the no gap junction L 0 , R m = 570Ω, is actually much greater that the extrapolation found at L J = 0nm. We attribute this difference to the fact that the Mesa was still subjected to etching, albeit "protected" by the 1813 residue on the surface of the Mesa line, and that possible degradation of the junction during this process may have occurred. This is consistent with the fact that the T c of the contacts, which are not affected by the etching, is equal to those of the etched junctions. Only the passage between the two contacts is damaged. The extraction of the resistance of the junctions is more complex, as we do not observe a distinct transition of the junction after that of the superconducting contacts at T = 250mK, but rather a continuous decrease of the resistance down to 0Ω with T. In order to determine R J , a more in-depth study that we present in Appendix C.2.0.1 is required. The values of R J determined from the analysis of the low temperature V(I) characteristics are reported in Figure 5.12 b), with R J = 20Ω (L 1 ), R J = 45Ω (L 2 ), R J = 75Ω (L 3 ). We find a consistent decrease of R J with a decrease of the junction length, with a linear dependence in L J /d N , passing by 0Ω at L J = 0nm, with a slope of 1.13Ω.(J J /d N ). The value of the slope is consistent with the expected value of ρ for the doping conditions of the low doped N channel. Knowing the width of the line w = 10.6µm, then ρ = w × R J (L J /d N ) = 1.2 × 10 -3 Ω.cm. In bulk Si, for the doping condition n B = 1.2 × 10 20 cm -3 , the value of ρ at room temperature is 1.4 × 10 -3 Ω.cm. The low temperature value can be estimated from the RRR (RRR ∼ 1.4 for a layer doped with n B = 4 × 10 20 cm -3 ), leading to an expected value at low temperature of 1 × 10 -3 Ω.cm, in reasonable agreement with the value extracted from the junctions resistances. The discrepancy could be due to changes in the doping evolution from bulk Si to SOI 14 . The values of R J are further confirmed by comparing the resistivity of the contacts to the one expected from Chapter 3 characterisations. The contact resistivity can be expressed as ρ S = (R m -R J )w × d S 2L M -with R m the normal state resistance of the total device, L M = 47.5µm the length between the electrode and the junction and w = 10.6µm the width of the line. The result is ρ S = 1.7±0.2×10 -4 Ω.cm, in reasonable agreement with ρ = 1.2±0.1×10 -4 Ω.cm found in bulk Si at n B = 3×10 21 cm -3 . As for the N channel, we find a slightly higher resistivity that may be due to differences between doping on Si and SOI. The values of a single superconducting contact are shown in Figure 5.12 b) as blue circles. We actually observe a slight increase of R S with L J /d N that is actually not expected, around an averaged R S = 107Ω, and ∆R R S = 12%. This demonstrates the limitations of the estimations of lengths L J , the depths d N , and junction resistances R J . Despite this, the error is still acceptable and the order of magnitudes reasonable. We will then continue to work with these values.

The evolution of the T c with L J /d N is also depicted in Figure 5.12 c).The T c of the junctions decrease with decreasing L J , with a slope of -1.43K.(L J /d N ) ,while the T c of the superconducting contacts remain relatively constant.

V(I)

In addition to probing the resistance at fixed bias current and variable temperatures, we measured the low-temperature V (I) 15 characteristics of the junctions. The V (I) of a simple superconductor is characterized by the abrupt transition from V = 0 for currents I < I c (with I c the critical current) where the material is in its superconducting phase, to a finite voltage value where the material finds back its metallic state.

In the context of a SNS junction, the V (I) characteristic is more complex as it involves first the transition the weak link, the junction, at I c J as the proximity effect is suppressed, followed by the transition of the superconducting contacts I c M at higher currents. The expected V(I) characteristic is presented in Figure 5.13 a). In the superconducting state there is no dissipation by Joule effect. Therefore, when increasing the current within the superconducting state, the electronic temperature T e coincides with the temperature of the phonon bath T ph and I c (T e ) = I c (T ph ). However, in the opposite direction, when transiting from the normal state to the superconducting state, the electrons find themselves at a higher temperature than the phonons. In the normal state, electrons / holes dissipate their energy into the substrate through phonon emissions. However, because the phonon cooling power is reduced at low temperatures (due to the low presence of phonons), the injected power is not completely evacuated and T e > T ph . Thus, lower critical currents are required for the normal state to transit into the superconducting state. The current corresponding to such N → S transition is called the re-trapping current I r (T ph ) = I c (T el ) < I c (T ph ). This is apparent in the V(I) characteristics as the appearance of hysteresis between I r and I c .

Actual experimental data, on a 255nm long junction are shown in Figure 5.13 b) for several bath temperatures. It is possible to recognize the different stages of the transition on the characteristic V(I) of the 255nm long junction. At T = 280mK, both the junctions and the Mesas are in their metallic state and the V(I) curves has a Ohmic behavior with a line crossing 0V at I = 0A. At T = 250mK, a steep decrease of the voltage from 20µV at I = 80nA down to 58µV at I = 56nA is visible, and is followed by a less steep decrease of the voltage with the current. However, the transition of the superconducting reservoirs is not complete yet, and the junction is still in its normal state. Hence, no zero-resistance state is observed. At these relatively large temperatures, the phonon density is large enough (and critical currents low enough) that all the electrical power can be dissipated, and no hysteresis is observed. The behavior changes at T = 240mK, where we observe a clear transition, abrupt in current, of the superconducting contacts. From the direction S → N, the voltage progressively increases up to ∼ 10µV , where it abruptly increases to 30µV at I ∼ 120nA. We can also distinguish two distinct I c , with I c M = 122nA from S → N, and I c M = 117nA from N → S. Here a full transition of the superconducting contact is achieved, but the junction remains in its normal state. As the temperature decreases down to T = 200mK, the transition of the Mesa line becomes more apparent, with more pronounced transitions (∆V = 30 -40µV ) and larger hysteresis (I c M = 220nA and I r M = 200nA). At lower currents, there is no apparent jump in voltages for the junction and neither hysteresis. Still, a full proximity effect is achieved at I = 50nA where a zero voltage can be observed. The scenario depicted in Figure 5.13 a) is recognizable at T = 150mK. Here, an abrupt jump for both the junction and the Mesa are visible and a full proximity effect is achieved around I = 180nA. Both also show hysteresis in the V(I) transitions. Finally, at the lowest temperatures, i.e. T = 50mK, a single transition from S → N is observed for both the junction and the superconducting reservoir, at I = 286nA, while two distinct re-trapping currents I r M = 244nA and I r J = 215nA can be observed. When the junction first transits from its superconducting state to its normal state, it dissipates the electrical power by Joule effect. As the the temperature decreases, I c J increases and the power injected by the normal state holes also increases. Because of the poor cooling power of the phonons, this heating is enough to induce the Mesa transition. Consequently, as soon as the junction transits, the sudden increase of the electronic temperature induces the transition of the Mesa, and a single transition is observed. From N → S, both the holes of the junction and of the Mesa have the same electronic temperature. The Mesa first transits at I r M < I c J . As the current continues to lower, the power to dissipate lowers and the junction transits at I r J .

I c (T) of the junction

We discuss here the I c (T ) of the junctions L J = {175; 255; 335}nm, that are shown in Figure 5.14 a). The I c have been extracted from V(I) curves. We can see that a full proximity effect, corresponding to a non-zero critical current, is observed for all junctions around T c = 210mK. This is different from what was observed in the R(T) transitions from Figure 5.13 c). Each of the I c increases with decreasing T and reaches a maximum I c value that increase when L J decreases. The values are reported in Table 5.2. First, let's analyse the zero temperature limit of the critical current. The I c (T = 0K) values are reported in Figure 5.14 b) and reveal a decrease of I c with L J /d N , as it can be expected since the resistance increases linearly with L J /d N (see right axis). The eR N I c are 19µeV (L 1 ), 13µeV (L 2 ), 10µeV (L 3 ). These are lower than the expected values calculated with D N = 7.5cm 2 .s -1 , that have been discussed in Section 5.2.2.1, by 45%. Such discrepancies are much greater than the 10% in R N that have been observed. On the other hand, the calculated D N corresponded to the original, un-etched 80nm thick N layers. After etching, only 5 to 10 nm are left, and scattering on the interfaces of the channel is expected to decrease D. Moreover, the top surface of the N channel may have been damaged by the ICP-RIE etching, which also would decrease the diffusion coefficient. Returning the problem, the diffusion coefficient can be derived from the experimental eR N I c (T = 0K) and the superconducting gap of the contacts ∆, calculated from the measured contacts T c . Indeed, using the expression eR N I c (T = 0K) = a 0 × ∆, it is possible to extract a 0 from the experiments and then correlate a 0 to the E T h /∆ thanks to the work of Dubos [START_REF] Dubos | Josephson critical current in a long mesoscopic S-N-S junction[END_REF]. The value of E T h .s -1 (L 1 ), D S = 1.81cm 2 .s -1 (L 2 ) and D S = 2.12cm 2 .s -1 (L 3 ). The values are reasonable in terms of order of magnitude, and comparable with ref [START_REF] Chiodi | Proximity-induced superconductivity in all-silicon superconductor /normal-metal junctions[END_REF]. The dispersion, up to 20% around the mean value, may be related to the N layer thickness. It is worth noting that we find for the three junctions a roughly common diffusion coefficient. As the three junctions are more or less near the short junction regime (E T h /∆ between 0.1 and 1.2), this stresses the validity of our approach and validates the use of Dubos work in the intermediate regime. In the following part, we will work with a common mean value of D S ∼ 1.8cm 2 .s -1 for the three junctions.

In addition to studying the value of I c (T = 0K), we will study its shape in temperature. Indeed, the shape of I c (T ) depends on the regime in which we work. Actually, the data seems to work with two models. The results are shown in Figure 5.15. Figure 5.15 a) shows the application of the model of J. Seto and T. Van Duzer [START_REF] Seto | Theory and Measurements on Lead-Tellurium-Lead Supercurrent Junctions[END_REF]. This model provides the critical current dependence on temperature in superconductor/semiconductor junctions, and is based on Ginzburg Landau theory for a dirty doped semiconductor weak link with. This expression is thus valid in the 

Conclusion

The superconducting phase of SiB presents today a significant potential for the development of large scale superconducting electronics. The high concentrations of B required for the appearance of the superconducting phase (n B ∼ 2.6 × 10 21 cm -3 ), makes superconducting silicon a yet little known material. The appearance and conditions for stress relaxation, compositional defects and the deactivation of B atoms have been investigated in this research work. In order to realize superconducting devices and to optimize their performance, it is necessary to establish a portfolio of the properties of the doped layers with respect to the main doping tunable parameters, namely their depth and the concentration C B . Accordingly, this work is part of a multidisciplinary study of SiB layers, starting from the physics of the laser epitaxy, to the study of the structural and electric properties of the normal state and the superconducting state, and the proof of concepts of superconducting devices. Figure 6.1 is a good summary of this thesis:

• Fully strained regime : in this regime, all the B atoms are substitutional. It incorporates both the linear regime (full activation of the dopants, n B = C B ) and part of the quadratic regime (all B is substitutional, but non-active B 2 complexes lower the rate of activation). The B atoms cause tensile strain in the layer, but the SiB layer remains perfectly accommodated to the underlying substrate. Also, the layer is characterized by a perfect epitaxy, where the layer displays box-like properties, with a straight and sharp interface, and a concentration C B homogeneous in depth. The superconducting phase does not arise in this regime. The full substitution of B atoms, and the progressive deactivation of n B , are described by a simple probabilistic model which calculates the probability for n-B atoms to locate on neighbouring substitution locations.

• Relaxed regime : All dopants remains substitutional, but more and more B 2 complexes as well as B 3 complexes, that provide only a single conduction hole, keep forming, which causes a continuous decrease in the activation rate of the dopants.

In this regime, the strain energy is too high and causes the layer to partially release its accommodation to the substrate. The layer starts to relax. This relaxation process occurs simultaneously with the appearance of compositional defects, visible as columns that expand through the layer thickness. We identify these defects as morphological cells, which are a type of defects, specific to liquid phase epitaxy, caused by the so called constitutional supercooling. Such phenomena are characterized by the lateral segregation of the solute. We suggest that this segregation forms nm scale localized regions of B pile-up and localized stress concentration causing strain relaxations. The confirmation of the identification of these defects could be achieved by 3D APT measurements.

A remarkable phenomenon specific to the relaxation regime is the appearance of superconductivity. The evolution of the superconductivity with the doping is consistent with Mc Millan equation, and affirms that SiB superconductivity is mediated by phonons. Still, the reason for which superconductivity appears with relaxation is not yet understood. Experimental analysis, such as Raman scattering as well as ab-initio calculations could support such an investigation. • Saturation regime : In this regime, both the in-plane and out-of-plane deformations saturate, as well as the concentration n B . At the saturation point, the T c stops increasing with doping, saturates and then decreases down to 0K as the total amount of dopants continues to increase. In this saturation regime we observe the formation of round shaped-defect, rich in B atoms, located at the edges of the layer. One of the perspectives of this thesis is to better identify the saturation regime. For example, we can ask ourselves if this regime is consistent with the formation of silicon boride, as it can be expected from the equilibrium phase diagram of SiB (see Appendix A.2). Also, the role of disorder and its effect on the T c is yet to be probed.

Another perspective of this thesis is to better understand the effect of the second peak of the time profile of the laser pulse on the properties of the doped layers. The appearance of T c at lower concentrations for doped layers with such a second peak seems to point to an earlier onset of relaxation. An analysis of the depths of the superconducting layers (which can be extracted via parallel field measurements) and that of the relaxed layer would therefore be appreciated. Moreover, a better understanding of the link between the crystallization dynamics and this second peak could be brought with simulations. For N=275 laser shots, two complete transitions are observed, in both cryogenic measurement set-ups. A clear shift in temperature from one transition to another is observed, with ∆T c = 80mK. The two transitions are sharp with ∆T c = 40mK. For N=600 laser shots, a larger difference is visible between the dilution and the ADR/PPMS measurements. One can still observe an overall offset of the transition by 70mK. However, the transition in the PPMS is incomplete and is broadened, while ∆T c = 12mK for the dilution measurement. One can also note the presence of a small bump in R before the transition in the case of the dilution measurement.

B.2 Effect of current

In both cases, the T c at the top of the transitions seem to be shifted by an offset. We aim to determine if this offset is constant for multiple samples and doping conditions. To do so, we will use the samples as 'thermometers', and the same samples will be measured to calibrate the two setups. Figure 4.5 b) compares the transition of the PPMS and the transition of the dilution at equal resistance, that are represented as colored areas. Each colored area is related to a given sample. For the highest T c , where the N is the lowest (N=200 and N=275 laser shots), both transitions in the PPMS and dilution are complete and the dependence between the two measured T c are simply linear. An overall offset (see dashed line) of 90mK crosses these two areas. For higher number of shots, i.e. N=500 and N=600 laser shots, the behavior of the dependence of the two doping conditions are different. Indeed, while the shape of the transition in the dilution doesn't change much, that of the PPMS is affected by the electrical noise and is much more broadened and incomplete. This appears as a horizontal line (the T c of the dilution is sharp and constant, while this is not the case for the PPMS). The top of the transitions at 0.85 ± 01 × R N , which are the less affected by the electrical noise (compared to the lower temperatures), are plotted as black circles and show an offset of 90 ± 10mK. Finally, a point where no superconducting transition was probed at the PPMS (N=950 laser shots) is also shown. Remarkably, it falls also close to the 90mK offset. Thus, for all the measurement that have been performed in the PPMS, a constant offset of 90 ± 10mK have been applied.

B.3 T c against the mobility

As we already mentioned in Chapter 3, the mobility, which shows a perfect alignment with the RRR, is a parameter that reflects the degree of disorder of the system. Therefore, it is appropriate to study the evolution of T c with µ in order to observe the effect of the disorder on the superconductivity. This is shown in Figure B.3. The black markers are the T c measured in the quadratic regime and the colored markers those measured in the saturation regime. The starting point of the T c with the mobility is different from a depth series to another, and increases with depth. For instance, the starting point in mobility for d=30nm is µ = 25cm 2 (V.s) -1 vs µ = 33cm 2 (V.s) -1 for the 121nm thick layer. The T c increases up to T max with a common behavior. Except for the 65nm thick layer, for which the µ at which the saturation regime is observed is 22cm 2 (V.s) -1 , all depth series seem to share a common mobility starting point of the saturation regime µ = 16.2 ± 0.2cm 2 (V.s) -1 (see the first colored triangle of each depth series). The T c points of the 65nm series regroup at higher C B around this mobility. It can be seen that the decreases in T c seem to follow a similar trend in mobility for all depth series, with a linear decrease following a slope of 0.14K.(V.s)/cm 2 . Despite this, mobility values remain confined to a tight value range, between 13 and 16cm 2 .(V.s) -1 for instance for the case of the 30nm thick layer. The mobility being defined as µ = 1/(ρn B e), it can be understood that this saturation is cause by both the competition of the increase of ρ and the decrease of n B .

First, to control the depth of the junction, etching calibration tests were achieved on non-doped SOI, (the rate being the same in Si and SiB). . Then when performing an etching process on a single spot, on which several junctions lengths conditions are made, one needs to find a balance in order to etch the overall superconducting junction while (partially) preserving the normal layer. Before each etching process of the junctions, reference large patterns (of a few µm) are etched and controlled with mechanical profilometer measurement in order to apply if needed a correction to the etching time due to variations in the ICP-RIE environment. In this way, the etched depth is well controlled, as indicated in Figure 5 

Figure 1 -

 1 Figure 1 -Résultats des mesures de Hall pour toute les séries en profondeur (cercles colorés) a) Dopants actifs n B mesurés par effet Hall vs la concentration totale C B extraite par extrapolation linéaire du régime de dopage linéaire (et confirmée par mesures SIMS). La ligne en pointillée montre la courbe unité, et montre la concentration totale de B qui est injecté dans le système. La courbe pleine montre la concentration active calculée à partir du modèle combinatoire des agencements des atomes de B dans le cristal, tel que n B = B 1 + (1/3) × B 3 , avec B 1 la concentration d'atomes susbstitutionnels uniques et B 3 la concentration de trimères (voir insets). Les zones de couleurs démarquent les différents régimes de dopage indiqués en haut du graphe. b) Concentration de dopants non-actifs C N A contre la concentration totale C B . La quantité d'inactifs calculée par le modèle combinatoire est montrée en ligne noire. Elle est calculée comme C N A = B 2 + (2/3) × B 3 .
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 2 Figure 2 -Résultats des analyses structurelles des couches dopées. a) Déformation de la maille de SiB par rapport au substrat c-Si hors-plan (ϵ ⊥ , cercles colorés) et dans le plan (ϵ // , triangles colorés) en %, vs la concentration totale C B , supposée complètement substitutionnelle dans les régimes linéaire et quadratique. La courbe noire montre l'évolution théorique de ϵ ⊥ (C B ) dans le régime complètement contraint, et la zone bleue une zone d'incertitude de 15%. Les gammes de concentration du régime complètement contraint et partiellement relaxé sont indiqués en haut du graphe. b) Diagramme de phase qui compare les concentrations pour lesquelles le régime de saturation est observé (cercles noirs) et pour lesquelles les couches de SiB relaxes (cercles rouges), selon la profondeur de ces couches.Les quatre zones de couleurs distinguent 4 régimes de dopage: bleu : régime complètement contraint, avec "que" des atomes de B substitutionnels ; bleu clair : régime relaxé, avec "que" des atomes de B substitutionnels ; saumon : régime relaxé et saturé en dopants actifs; marron : régime complètement contraint et saturé en dopants actifs. Des images STEM BF (Scanning Transmission Electron Microscope, Bright Field) sont ajoutées sur chacun de ces régimes et mettent en évidence la présence ou non de différents défauts compositionnels.
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 3 Figure 3 -Synthèse des résultats de la phase supraconductrice. a) Evolution de la T c avec n B . La courbe théorique de l'équation de McMillan est représentée en ligne noire, et a été calculée pour des λ calculés à partir de calcul ab-initios VCA (Virtual Crystal Approximation), Θ D = 450K et µ * c = 0.1. b) Diagramme de phase comparant le diagramme de phase discuté en Figure 2 b) et les concentrations (totale, C B ) pour lesquelles la supraconducticité est observée. Les cercles ouverts noirs montrent la concentration de seuil mesurée pour des couches de SiB réalisées avec le laser optimisé. Les carrés noirs ouverts sont les concentrations seuils reportés dans [2] pour des couches réalisées avec le laser standard.
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 4 Figure 4a) Evolution de la transparence de l'interface de bicouches S/N en fonction de la concentration dans la couche normale. b) I c (T ) d'une jonction Josephson entièrement réalisée par GILD.

  a), et montrent des valeurs de résistance d'interface extrêmement faibles, un ordre de grandeur supérieurs à l'état de l'art pour des jonctions supraconducteur/silicium dopé. La Figure 4 a) montre que la transparence d'interface est de plus en plus limitée quand la concentration du semiconducteur diminue. Elle reste toutefois à des valeurs T ∼ 0.01 -0.001 où bien que faible, la probabilité des RA est toujours présente. Ceci a rendu possible la circulation d'un supercourant dans des canaux en Si de quelques centaines de nanomètres de long à des concentrations aussi basses que 1×10 20 cm -3 et 2.4×10 19 cm -3 dans les jonctions Josephson réalisées. Nous avons étudié l'évolution du courant critique I c ∼ 1A avec la température, qui peut être raisonnablement bien reproduit par le modèle de Seto-van Duzer [11] décrivant les jonctions S/Sm/S (Figure 4 b)).
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 11 Figure 1.1 -Active boron concentration achieved in Si:B by doping technique with respect to their annealing working temperatures. Image taken from [23]. Red and blue dashed lines respectively indicate the solubility and superconductivity thresholds.
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 12 Figure 1.2 -Drawing of a) Gas Immersion Laser Doping (GILD) and b) Pulsed Laser Induced Epitaxy (PLIE) doping techniques in three steps. For all schemes, B atoms are represented by blue dots and Si atoms by black larger dots. All the processes involving UHV chamber (except for implantation) are included in an empty circle, with the typical base pressure of the chamber and the precursor gas pressure indicated in step of 1-a. The in-situ Time Resolved Reflectivity setup at 675nm (red arrows) is also shown (see Section 1.2.3.2). The depths involved in PLIE, the implantation depth d imp , melted depth d melt and recrystallisation depth d cryst are shown as dashed black lines in the three doping steps.
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 13 Figure 1.3 -Interface composition and chemical potential for equilibrium and diffusionless solidification (solute trapping). Image taken from[START_REF] Michael | Science and engineering of casting solidification[END_REF] 
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 14 Figure 1.4 -Crystalline structure of silicon. Full representation of the silicon crystal is given in a), b) and c) with crystalline planes (100), (110) and (111) highlighted by gray areas. Yellow circles represent the silicon atoms on plane and white circles the silicon atoms out of planes. Black lines represents the covalent bondings between atoms and blue arrows the lattice vectors. Top views of the planes are given in d), e) and f) with the same color code. Various sizes for silicon circles are used to enhance the perspectives from a top reference.
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 15 Figure 1.5 -(111) micro-faceting of the crystallisation front on (100) pure silicon at equilibrium (i.e. the melting is maintained on large time scales). The images are taken from[START_REF] Landman | Faceting at the silicon (100) crystal-melt interface: Theory and experiment[END_REF] a) Classical Molecular Dynamics (CMD, see ref[START_REF] Marqués | Chapter 3 -Atomistic modeling of laser-related phenomena[END_REF] for an introduction of this simulation technique) simulation of real-space L/S interface. Z = 1 ↔ 3.8nm and X = 1 ↔ 2.3nm b) In situ picture taken by video monitor of the L/S solidification front at equilibrium of melted silicon with a continuous wave (cw) argon laser. A similar study providing substantially similar results for out of equilibrium crystallisation are provided in[START_REF] Landman | Molecular-dynamics simulations of epitaxial crystal growth from the melt. I. Si(100)[END_REF] 
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 16 Figure 1.6 -Schematic draw of the temporal evolution of the formation of morphological cells from a planar crystallization front. The figure is inspired from both the papers of J. M Warrender et al.[55] and J. A Johnson II et al. [56]. The image is divided in three columns, respectively representing the concentration in the liquid phase, the L/S front (the solid at the bottom and the liquid at the top), and the equilibrium phase diagram T (x) of SiB, with T the temperature and x the fraction of boron in the layer. The timeline of the evolution of the morphological cell is represented row by row with the first event (t = t 1 ) at the bottom and the last (t = t 4 ) at the top. Points A and B are two different location of the front and are systematically represented on each schemes. Blue arrows in the L/S front representations show in which direction B atoms diffuse towards the liquid. Blue arrows in the phase diagram schemes reflect the change in undercooling for points A and B with respect to their concentration / melting point.
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 17 Figure 1.7 -Schematic draws of a) an edge and b) screw dislocation in an atomic lattice.Image taken from[START_REF] Mcnamara | How do eclogites deform in subduction and collision zones? An Alpine study[END_REF] 
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 18 Figure1.8 -Scheme of the GILD experimental set-up where the main elements of the assembly are represented by blocks. At first, the UV pulses are emitted by the XeCl excimer laser, which complex mixture allows the output temporal profile to be stable and quasi-gaussian (see Section 1.2.3.1). At the output, the UV pulse is initially redirected by 99.5% reflecting mirror behind which a photodiode detects a small fraction of the 0.5% nonreflected beam and triggers the data acquisition process (section 1.2.3.1) (UV) and Section 1.2.3.2 (TRR)). On its way, the UV pulse passes through an optical homogenizer and a converging lense block (see Section 1.2.3.4) in order to focus the beam as homogeneously as possible on a square surface of 2 × 2mm 2 . The beam is then redirected toward the UHV chamber by a final mirror and crosses a 96% transparent window located at the top of the chamber. This window is inclined by 4 • and reflects a small fraction of the beam which is then redirected towards an integrating sphere (see dashed blue arrow). Reflectivity measurement at 675nm (see red arrows) is established to perform in situ control of the melting and crystallisation processes (see Section 1.2.3.2), and is carefully inclined for the 675nm beam to fall exactly on the center of the focused UV pulse. A pulsed pipe is located in the UHV chamber just above the sample to ensure the injection between each laser shot of the minimal pressure of BCl 3 to saturate the chemisorbtion sites. Thus, the amount of dopants injected into the liquid is the same for each shot. A glass slide attenuate is used to control the energy of the UV pulse.
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 1 Figure 1.10a) Top graph : nanosecond time resolved reflectivity (TRR) for five different laser energies. Bottom graph : the respective UV temporal profile with E 2 /E 1 ≃ 10%.At t < t 0 = 12ns, the substrate has not yet been subjected to any pulse and R Si = R c-Si (300K). For t 0 < t < dof +t 0 the UV pulse is absorbed and instantaneously converted in heat. The surface is either in the solid phase (curves A and B) or in its liquid phase (curves C to E). The dof is empirically determined as the time elapsed between the two passages of the reflectivity at R = 1.5 × R c-Si (300K). At t > dof + t 0 , Si has fully crystallized but remains at high temperatures and its reflectivity progressively tends to R c-Si (300K). b) Fusion test dof (E 1 ), where E 1 is the maximum of the main UV peak. The solid black line represents the fit for dof < 55ns. The fusion threshold is determined as the intercept between this fit and the abscissa. The UV signal U V max can be converted into surface energy by the Si melting energy, 600 mJcm -2 . The capital letters identify the points corresponding to the graph a)

Figure 1 .

 1 Figure 1.11a) 400 × 400nm 2 SEM image of the profile of a 79nm doped silicon-oninsulator (SOI) layer pre-etched by KOH. Note the sharp and straight interface of the SiB layer. Here, the flatness of the SiB/Si interface is manifestly visible. b) Measured depth by SEM (black squares), TEM (blue triangles), and XRD (unfilled circles) techniques with respect to the dof .

Figure 1 .

 1 Figure 1.11 b) reports a series of depth points d measured by TEM, SEM and XRD methods according to the melting time at which the layers were doped. Samples measured by SEM and XRD have been doped with a total of 30 to 40 laser shots, a relatively low number of shots in order to obtain fully strained homogeneously doped layers. Samples analysed by TEM analysis were doped with higher boron content of the order of 2 × 10 21 cm -3 . Starting from dof = 20ns ↔ d = 30nm and above, d evolves linearly with the dof with a slope of 3.3nm.ns -1 . For dof > 25ns ↔ d > 47nm, the depths obtained by SEM are higher than those measured by XRD on average by 15nm. While one provides the depth of the full incorporation of B, the other informs about the depth over which the layer is crystalline. Hence, it is not clear which of the XRD or SEM d is the best suited to know what is the depth participating to conduction and superconductivity. A few additional points measured by TEM with dof = 30ns ↔ d = 65nm and dof = 60ns ↔ d = 175nm seem to be in good agreement with SEM measurement. Hence, in the following work, we will work with depths measured by SEM if TEM data are unavailable. As we will discuss later, several structural and electrical characterisations have been performed on different depth series. Table1.2 reports the dof and d of each of these depth series.

Figure 1 .

 1 Figure 1.12 depicts a detailed schematic of the homogenizer and focusing blocks. The homogeneizing block is successively composed of two matrices of 11 × 11 crossed cylindrical micro-lenses M 1 and M 2 of focal planes f M 1 = 200mm and f M 2 = 300mm.Cylindrical lenses are lenses that focus the image on a plane and crossed cylindrical lenses are composed of a series of two cylindric lenses arrays oriented by 90 • with respect to each other so that the beam focuses in a single point, equivalently to a rectangular spherical lens. The size of the microlenses has been chosen to be significantly larger than the characteristic coherence dimensions of the beam in order to avoid interference effects, as speckle. The quasi-punctual source incident to M 1 is then divided in 121 sub-beams that constitute quasi-punctual laser sources in the focal plane of M 1 . These are subsequently redirected to focal plane by M 2 and a spherical lens L 1 of f L1 = 300mm. The homogeneization results of the incoherent superposition of low intensity regions of the beam with high intensity ones when the image is created on the image plane.
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 112 Figure 1.12 -Schematic of the optical systems constituting the homogenization and focusing blocks. Image modified from [71].
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 113 Figure 1.13 -Control of the homogeneity of the doping laser. a) UV fluorescent ceramic imaging. Sections along two perpendicular axes are performed and the energy dispersion is calculated. A relative deviation of ∼ 1% is achieved.
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 21 Figure 2.1a) SIMS concentration profile on 175nm deep layers : N = 200 (red), N = 350 (blue), N = 450 (purple), N = 700 (yellow); b) TEM BF image of a 175nm deep layer with N = 200. c) Comparison of SIMS and ECV concentration profiles of a 175nm deep layer and for number of shots N = 350. The horizontal black line corresponds to the estimated Hall concentration. The value is also indicated and compared to the average ECV concentration (integrated concentration profile over the thickness d=175 nm). d) Average SIMS concentration profiles C B with respect to the number of laser shots N. The average values are obtained by integrating the concentration profile and dividing by the layer thickness, noted in the legend). The dotted lines aren't fits but show the linear distribution of the Hall active concentration of dopants n B (N ) which will be discussed in Chapter 3. An average error for the SIMS estimations is taken as 10%.

  .1 d). Two depth series are shown : d = 65nm(dof = 30ns) with N = 100 (C B = 2 × 10 21 cm -3 ) and N = 350 (C B = 7.6 × 10 21 cm -3 ; d = 175nm(of = 60ns) with the same doping condition as in Figure 2.1 a), N = 200 -700 and (C B = 2 -6.1 × 10 21 cm -3

Figure 2 .

 2 Figure 2.2 and 2.3 show BF and GPA images (ϵ ⊥ and ϵ // ) sorted in rows for several doping conditions -N=200, N=350, N=450, and N=700 -successively shown column by column.
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 22 Figure 2.2 -BF images (1 st row), GPA maps of the out-of-plane deformation (2 nd row) and in-plane deformation (3 rd row) on 255 × 255nm 2 windows for N = 200 (1 st column) and N = 350 (2 nd column) laser shots. Images have been realized on 255 × 255nm 2 window except for the BF image of N = 200 which is shown across a 75×255nm 2 . Depth scales on the top sides of the images are shown and prolongated for each imaging mode by yellow lines. SIMS concentration profiles are superimposed on the BF images in yellow and C B scales with yellow lines added on the sides. Deformation profiles ϵ ⊥ (2 nd row) and ϵ // (3 rd row) are superimposed on GPA maps as white curves with their respective scales on the sides of the images. The white underlying line shows the total melted depth of the layer d = 175nm on each image. Blue arrows on GPA maps depict areas not processed by the GPA.
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 23 Figure 2.3 -BF images (1 st row), GPA maps of the out-of-plane (2 nd row) and in-plane (3 rd row) deformation on 255 × 255nm 2 windows for N = 4500 (1 st column) and N = 700 (2 nd column) laser shots. BF images have been realized on 255 × 255nm 2 window. GPA images have been realized on smaller dimensions, and representative areas where those have been done with respect to the SiB/Si interfaces are shown as unfilled black squares on BF images. Depth scales on the top sides of the images are shown and prolongated for each imaging mode by yellow lines. The depth scales have been adapted for each of the image modes. SIMS concentration profiles are superimposed on the BF images in yellow and C B scales with yellow lines are added on the sides. Deformation profiles ϵ ⊥ (2 nd row) and ϵ // (3 rd row) are superimposed on GPA maps as white curves with their respective scales on the sides of the images. The white underlying line shows the total melted depth of the layer d = 175nm on each image. Blue arrows on GPA maps depict areas not processed by the GPA.

  deformations ϵ ⊥ and ϵ // collected at different depth positions of the layer d = 160nm,d = 100nm andd = 10nm (if it falls in the measurement window of the maps) and for several laser shot conditions. Error in the deformation related to the noise of the signal are indicated for each doping condition.
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 24 Figure 2.4 -N = 950, d = 137nm (see dashed lines). BF images is shown on the left and HAADF images is shown on the right and were measured on the same region. Magnified regions of 195 × 195nm 2 are shown in inset, the region where it was measured on the whole image is also shown as an open black frame. White arrows highlight elongated defects, or columns.

  Figure 2.5 c) and d) represents respectively a map of the measured B Kα and B Lα signals. It is clear from these maps that that dark rounded defects in HAADF correspond to a lack of Si atoms and excess of boron atoms.
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 25 Figure 2.5 -Figure 4. STEM-EDX a) spectra, c) and d) respectively B and Si mappings corresponding at the HAADF image b) on a Si:B layer with N = 950 shots. The spectra have been performed on different regions of the HAADF image as indicated by blue squares. Image taken from [80].

Figure 2 .

 2 Figure 2.6 a) depicts both SIMS (yellow) and ECV (black) concentration profiles of a 65nm (dof = 30ns) thick layer with C B = 7.6 × 10 21 cm -3 ↔ N = 350 laser shots. This doping condition is similar to that of the layer discussed in Fig-

Figure 2 .

 2 Figure 2.6 b) shows both the BF and HAADF images of a sample fabricated with the same conditions (N = 350, d = 65nm, dof = 30ns) to those analysed with SIMS and ECV in Figure 2.6 a).We can recognize the large round-shaped defects discuss in the previous section, that appear bright in the BF imaging mode and dark in the HAADF imaging mode and are associated to a large amount of B atoms. These defects actually appear at 47nm from the top surface, position which corresponds to a maximum in the non-active concentration, with C N A ∼ 10 22 cm -3 . When the

5 .

 5 Measurement of this thickness was done by comparing TEM images with SIMS concentration profiles at lower concentrations, e.g. C B = 2 × 10 21 cm -3 ↔ N = 100 laser shots. The comparison is shown in Appendix A.1.
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 26 Figure 2.6 -Inactive B excess at the edges of the SiB layers. d=65nm, C B = 7.6 × 10 21 cm -3 ↔ N = 350 laser shots. a) SIMS (yellow circles) and ECV (black circles) concentration profiles. The 7 first nms are avoided because of the possible matrix effects at the surface that can affect the measurement. The concentration profiles of inactive dopants can be extracted by subtracting that of SIMS with ECV and is actually shown in blue.ECV concentration is compared to the Hall concentration (red dashed line) and reveals good agreement between the two measurements. b) BF (left) and HAADF (right) images of the SiB layer, with the c-Si substrate on the bottom of the image and the doped layer on the top. The concentration profile of the inactive dopants superimposed to the BF image, and white lines highlight the different characteristic depth : 65nm is known to be the full thickness of the layer at low concentrations; 55nm is the actual full thickness of the layer for this specific doping condition; 44nm is the point at which relaxation occurs and at which the rounded-defects first appear.
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 27 Figure 2.7 -STEM-HAADF images dislocations and stacking faults a) N = 450 laser shots. Magnified HAADF on a <111> revealing Lomer loops along perpendicular to their (1/2)×a Si [110] Burger vectors. b) N = 950 laser shots. Large stacking faults area emerging from rounded-shaped defects. Both kind of defects are dark in HAADF contrast indicating B-rich precipitations.

Figure 2 .

 2 Figure2.2 and 2.3 revealed that above a certain concentration threshold, structural dislocations and stacking faults along the[START_REF] Brian | An experimental and theoretical study of the relation between magnetic field and current in a superconductor[END_REF] direction are formed and in-plane strain relaxations occur. Close-up HAADF analysis revealed the formation of dislocations starting at oriented dark zones corresponding to small precipitates which can be more or less circular and a few nm long and are identified by their Burger vector (1/2) × a Si[START_REF] Shim | Superconducting-Semiconductor Quantum Devices: From Qubits to Particle Detectors[END_REF] (Lomer loops)[START_REF] Hallais | STEM analysis of deformation and B distribution in nanosecond laser ultra-doped Si 1-x B x[END_REF].7 An example is provided in Figure2.7 a). These dislocations also appear in the inset FFT pattern as tilted lines connecting the diffraction spots. Such defects have been mainly observed in N = 350 and N = 450
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 28 Figure 2.8 -BF (left) and HAADF (right) pictures of the N = 350 doping condition, with SiB on the top and Si on the bottom. Dashed lines show where are the total melted depth and the starting point of defects and relaxation. One[START_REF] Brian | An experimental and theoretical study of the relation between magnetic field and current in a superconductor[END_REF] dislocation is also highlighted by a dashed line and is used as a visual guide for the Figure2.9 a). SIMS concentration profile has been superimposed to the BF image.
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 29 Figure 2.9 -Morphological cells at N = 350 laser shots. a) Magnified HAADF image from Figure 2.8 with the dislocation line pointed out by the dashed used as visual guide. The horizontal line shows the starting point of relaxation and of the defects growth. Arrows angled by 55 • evidence the directional character of the defects in the [111] direction. Crosses indicate regions dark in HAADF contrast and rich in B atoms. b) Schematic illustration of cellular breakdown on the (111) microfacets. Blue regions are attributed to rich B zones and white to Si rich regions. Gray lines show the propagation direction of the instabilities before and after crossing. Blue arrows show where B atoms are repelled by the solid phase.
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 31 Figure 3.1 -Schematic of the different steps of the Metal-Insulator transition (MIT) induced by doping in a semiconductor. Step a) low doping limits n B ≪ n M IT : only a few localized states form in the forbidden gap and are randomly distributed energy levels around E a . Step b) n B ≲ n M IT ∼ 10 18 cm -3 : the states remain delocalized but interact together and form a band and the Fermi level lowers to the energy level of these bands.Because of the electrostatic repulsion, the bands split and form a pseudo-gap around E c . c) n B ≳ n M IT , the electrostatic repulsion is overcome and the bands begin to overlap. d) n B ≫ n M IT when the impurities are close enough, we observe quantum overlapping of their wavefunctions and their energies now lie within the valence band. The system becomes metallic and Coulombian interactions are efficiently screened. Image taken from ref[START_REF] Blase | Superconducting group-IV semiconductors[END_REF].
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 32 Figure 3.2 -Image of Hall cross measurement geometry. Measurement is in Hall configuration where the Hall voltageV H = V H + -V H-is measured perpendicularly to current polarization main direction. A central square of 300 × 300µm 2 allows to probe the properties of the layer where the doping is the most homogeneous. This central probed area is surrounded by 50µm large etched lines of 500nm depth > d Si:B in order to electrically isolate the electrical contacts from the doped area. The Si substrate is non-intrisecally doped, has a resistivity ρ > 80Ω.cm and is therefore insulating, protecting from leakages between the contacts through the substrate. Ti/Au contacts (15nm of Ti and 200nm of Au) are deposited as supports for micro-bonding. Indeed, micro-bonding can cause cleavages along the crystalline lines of the highly stressed layers.

Figure 3 .

 3 Figure 3.3 a) shows the evolution of the active dose D B = n B ×d, the surface concentration in cm -2 , with respect to the number of shots. This parameter is directly extracted from the Hall measurement (see Eq 3.1) and has the advantage of being free of the errors associated to the determination of the depth (see the discussion in Chapter1), unlike the concentration.

  .3 a), the Hall dose (D B = n B × d) is compared to the SIMS dose (C B × d), obtained by integrating the SIMS depth profile for the series d = 175nm.

  .3 b) the active concentration n B vs the total concentration C B . C B is defined by C B ≡ (∂D B /∂N ) d, with ∂D B /∂N ∼ 1.63 × 10 14 cm -2 /shot the slope of the linear D B (N ), and d the thickness of the layer. Indeed, in the linear regime, active and total B concentrations are identified. This allows to estimate C B even for those series where no SIMS measurements are available. The validity of this approach is verified over the concentration range C B ∈ [0; 7.6]×10 21 cm -3 by the comparison with the C B extracted from SIMS measurements. Indeed, in Figure3.3 b) we note that the SIMS data are in very good agreement with the linear extrapolation of n B , validating the extracted values of C B . The lack of SIMS data for higher concentrations currently prevents us from validating our approach for C B > 8 × 10 21 cm -3 , as represented by the grayed area. Still, this limit in concentration is large enough to study the n B (C B ) dependency for the three regimes observed.Figure3.3 b) shows the evolution of the active concentration n B with the total concentration C B . The behavior of n B (C B ) is similar to that of D B (N ), except that all the concentrations now collapse together at the lowest doping levels, which indicates that depth affects the B activation only above C B ∼ 4 × 10 21 cm -3 . We recognize the linear regime where a good correspondence of the experimental n B and SIMS C B is visible. This shows that all the dopants incorporated are susbtitutional and electrically active for C B ∈ [0; 1] × 10 21 cm -3 . This excellent activation rate (n B /C B ∼ 100%) is obtained for concentrations beyond the solubility threshold n sol ≃ 5 × 10 20 cm -3 , and up to 2 × 10 21 cm -3 , a result of the non-equilibrium crystallization. Above C B ∼ 1 × 10 21 cm -3 , n B (C B ) slows down, similarly to D B (N ), with a decrease of the B activation rate. This difference between the active concentration and the
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 33 Figure 3.3 -Hall measurement : Filled circles are actual measurements realized at T=300K; unfilled circles correspond to the interpolation of the D B (N ) curve and mark values used in the following chapters. a) The active dose (n B × d, in cm -2 ) has an average measurement error of 3%. The linear black curve corresponds to D B,lin = 1.63 × 10 14 N . b) Hall (colored circles) and SIMS (colored squares) concentrations with respect to the total concentration C B . The calculation of C B is discussed in detail in Section 3.1.1.1. The black line shows unity, and actually falls on the SIMS measurement, for which average 10% uncertainties were estimated. The uncertainty on the Hall data relative to the measurement set-up itself is of 3%. The three doping regimes are separated by vertical lines, and reveal full activation of B in the linear regime. The light gray area visualises the maximum SIMS concentration measured, beyond which it is no longer certain that incorporation is still described by the same dose per shot.
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 34 Figure 3.4 -Linear regime : a) D B (N ) evolution of a 175nm (purple) and 65nm (yellow) deep layers. Three concentration data are presented : colored circles are actual Hall measurement ; colored squares correspond to the SIMS dose obtained by integrating SIMS concentration profiles; the dashed lines correspond to the extension of the linear regimes to higher numbers of laser shots with the uncertainty of the linear fits presented in colored area. The Hall measurements are actually restricted to concentrations ranging in the linear regime where n B = C B .
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 35 Figure 3.5 -Injection efficiency of B atoms. a) Slopes of the active dose ∂D B /∂N in the linear regime. The error bars correspond to the linear deviation as shown in Figure 3.4 and an average error of 5nm was assumed on the depth. The blue dashed curve follows an empirical law that fits the data with ∂D B ∂N (d) = 7.3 × 10 13 d 0.15 . b) Time period ∆t during which the c-Si is exposed to the UV pulse before it melts (sub-melt phase). The ∆t is extracted from the time difference between the beginning of the UV pulse and the onset of melting in the TRR measurement (inset). The value is compared to d (bottom axis) and E U V (top axis).
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 112 The quadratic regime : identification of the non-active dopantsThe quadratic regime appears as soon as the n B deviates from C B and signals the appearance of non-active dopants, with concentration C N A = C B -n B . In the present Section, we are interested in the identification of these non-active dopants in order to trace the evolution of n B with C B .

Figure 3 .

 3 Figure 3.6 depicts both Hall data and the extracted C N A with respect to C B .Naturally, in the linear regime, the number of inactive dopants is zero and starts to increase at the beginning of the quadratic regime, when C B ∼ 10 21 cm -3 . In the quadratic regime, the decrease of the activation rate n B /C B is then translated into a continuous rise of C N A which appears with a quadratic trend (see the red curve).
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 36 Figure 3.6 -Non active dopants in the quadratic regime. Hall concentrations for each of the depth series are plotted as colored circles and the extracted non-active concentrations C N A = n B -C B are shown as black markers. The unity lines referring to the total concentration is shown in black and an empirical quadratic curve C N A ∝ C B 2 is shown in red and highlights the quadratic behavior of the curve. Vertical dashed lines separate the different regimes.
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 37 Figure 3.7 -Identification of inative dopants in GS-MBE grown SiB layers on (001) Si substrate. a) Experimental results of G.Glass et al. [21] with the experimental active concentration n B determined by Hall measurements with respect to the total SIMS concentration C B . The black line highlights the full activation range where n B = C B and stops as soon as de-activation occurs. The top inset depicts the ratio n B /C B in log-log representation, and reveals quadratic-like decay of n B through C B (slope of the decay is ∼ -2). The top inset was taken from [22] and represents the identified B-pairs structures observed by NEXAFS measurement on the same GS-MBE grown SiB layers. b) Formation energies calculated by X. Luo et al. [90] of various B complexes : (a) single substitutional B Si atom, (b) single interstitial B i atom, (c) split-interstitial B-B split atoms that was reported in ref [22], (d) interstital-substitutional B pairs B Si -B i , (e) neighbouring substitutional B Si -B Si atoms and (f) triplets BBB atoms.
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 38 Figure 3.8 -Computation of concentrations of n-complexes of B atoms by combinatorial probability. Blue : singlet B 1 ; purple : doublet B 2 ; red : triplet B 3 ; orange : quadruplet B 4 ; green : quintuplet B 5 ; black : C B = B tot = 4 n=0 B n+1

  However, while non-active B concentrations of C N A = 4 × 10 21 cm -3 are reached at C B = 8 × 10 21 cm -3 , B 2 is limited to B 2 = 3 × 10 21 cm -3 , which seems to indicate that additional contributors, such as B-B-B complexes, which provide a conduction hole, should be taken into account (see the red curve). As B 3 concentration reaches 1.3 × 10 20 cm -3 at C B = 4 × 10 21 cm -3 and could indeed contribute to n B and C N A . In contrast, it can be seen that the other types of B complexes (B 4 and B 5 ) are negligible in the concentration range studied (C B < 1 × 10 22 cm -3 ). It should be emphasised that it has been verified that C tot = 5 n=1 B n = C B , reproducing perfectly well the total concentration C B .
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 39 Figure 3.9 -Calculation of active and non-active concentrations from the probabilistic model. a) Active concentrations n B measured by Hall, are compared to n B = B 1 + 1 3 B 3 represented by the black curve. b) experimental inactive concentration C N A = C B -n B as colored circles compared to the theoretical C N A = B 2 + 2 3 B 3 + B 4 + B 5 represented by the black curves. Errors bars accounts for the average 3% uncertainty of the Hall measurement. the uncertainty of the linear extrapolation of C B and the average 5nm uncertainty on the thickness of the layer. The black curve shows the theoretical C N A that accounts for all possible configurations of non-active dopants, including B 4 and B 5 concentrations. The red curve only sums the B 2 and B 3

Figure 3 .

 3 Figure 3.10 a) and b) show respectively the evolution of the saturation dose D sat and the saturation concentration n sat with d. The saturation dose, whose values are reported in Table3.1, seems to evolve linearly with a slope of 3.4±0.6×10 21 cm -3 (see the dashed lines) that corresponds to the mean n sat value with a precision of 20%. The value of n sat is also reported in Figure3.10 b). The plausibility of a fixed saturation concentration, although reasonable in a first approximation, could actually be
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 310 Figure 3.10 -Saturation concentration and dose. a) Evolution of the saturation dose D sat (d). Black squares are the data collected from Figure 3.3 and were estimated as the average value between the maximum and minimum value between which the saturation dose varies. The vertical error bars correspond to these two values and horizontal error bar to the averaged ±5nm uncertainty in depth. The dashed linear curve is the estimated linear relation between D sat and d. b) Saturation of the active concentration plotted as black squares. Error bars come from the uncertainty of the measurement and the 5nm uncertainty of the layer thickness. The dashed line corresponds to the slope of the linear dependence of D sat (d) and the red line to an empirical linear fit n sat = 3.6 × 10 21 cm -3 . The fit is only valid where the line is continuous, and the dashed line reveals the depth ranges for which additional data are required to extend our current analysis.
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 311 Figure 3.11 -Identification of the dopants in the saturation regime. a) C N A for all depth series with respect to C B . Error bars account for the uncertainty of the depth and of the uncertainty of the linear extrapolation of C B . The quadratic and the saturation regime are indicated at the top of the graph. The shaded area corresponds to where C B values have not been verified by SIMS measurements. b) SIMS (yellow), ECV (black) and non active (blue) dopant profiles of a 65nm deep layer with C B = 7.6 × 10 21 cm -3 . Inset : TEM BF image of the same doping condition. The value of the corresponding Hall concentration is depicted by the dashed red line
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 312 Figure 3.12 -Scheme of Bragg's law principle.

Figure 3 .

 3 Figure 3.13 a) and b) respectively show two sets of XRD measurements 1 for which either the boron content was varied with a fixed depth (Figure 3.13 a), d= 175nm , N ∈ [50; 950] laser shots) or the depth was varied for a fixed number of shots (Figure 3.13 b), N=30 laser shots , d ∈ [11; 305] nm).For a pure silicon substrate with lattice parameter a = 0.543071nm, Eq 3.11 results in 2θ = 69.1334 • -2θ being the angle between the incident beam and the diffracted beam. The main peak in Figure3.13 a) and 3.13 b) thus results from the Si substrate. The signal related to the SiB layer is less intense and appears at higher angles than that of the silicon substrate. This shift towards higher angles is related to the reduction of the lattice distance in the [001] direction caused by the smaller size of boron atoms. In Figure3.13 a), one can see that the greater the concentration, the higher the shift. The same conclusion can be made from Figure3.13 b) where the most shifted signals correspond to the thinner and most concentrated layers.
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 313 Figure 3.13 -XRD measurements of SiB layers a) X-Ray Diffraction normalized intensity with respect to the reflection angle 2θ ∈ [68; 74] • of a 175nm deep layer with doping condition varying between N = 50 and N = 950 laser shots. b) X-Ray Diffraction normalized intensity with respect to the reflection angle 2θ ∈ [68.5; 74] • of series of several deep layers ranging from 11 to 305nm and with fixed N = 30
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 314 Figure 3.14 -Normalized intensity I SiB /I Si and FWHM extracted from Figure 3.13 a) and b). a) I SiB /I Si and FWHM of the 175nm thick layer. The fully strained and relaxed regimes are indicated on the top of the graph. The gray area represents the concentration range where relaxation onset is expected (see Chapter 2) and orange light area to the saturation regime. The black curve corresponds to the empirical I SiB /I Si = C 0 /C B with C 0 = 1.4 × 10 18 cm -3 b) I SiB /I Si and FWHM of layers with various thicknesses and fixed N=30 laser shots. The black curves on the FWHM data corresponds to an empirical fit F W HM = a 0 /d with a 0 = 12 • nm.

√ h 2 + k 2 + l 2 ( 3 . 15 )h 2

 223152 with d hkl = a √ h 2 +k 2 +l 2 the reticular distance of a cubic lattice along the hkl Miller indices. d SiB 004 and d SiB 224 are both determined experimentally and are given by : +k 2 +l 2 the reticular distance of pure Si and ∆ SiB hkl the relative change of the distance between the experimental reticular planes :

Figure 3 .

 3 15 and 3.16 depicts two reciprocal maps along the [004] (top images) and [224] (bottom images) directions for two doped layers of d=175nm and N = 200 and N = 350 laser shots respectively. From Chapter 2, we know that the N = 200 doping condition falls in the fully strained regime while the condition N = 350 corresponds to the first concentration condition for which relaxation was observed. In these Figures, the x and y axis respectively refers to Q // and Q ⊥ , and the color scale refers to the intensity of the measured signal.Reciprocal map : N = 200Two bright spots can be observed in both of the [004] and[224] reciprocal maps. The bottom spot refers to the signal of the substrate while the top spot refers to that of the doped layer.
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 315 Figure 3.15 -XRD reciprocal maps of a 175nm thick layer with N=200 laser shots, along the [004] (top image) and [224] (bottom image) directions. Intensity is depicted in color contrast, with cold colors for the lower signal and hot colors for higher intensities.
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 316 Figure 3.16 -XRD reciprocal maps of a 175nm thick layer with N=350 laser shots, along the [001] (top image) and [224] (bottom image) directions. Intensity is depicted in color contrast, with cold colors for the lower signal and hot colors for higher intensities.

•

  [004] XRD scans : -d = 47nm ; N ∈ [10; 500] ; -d = 121nm ; N ∈ [10; 700] ; -d = 175nm ;N ∈ [50; 950] ; -d = 315nm ; N ∈ [100; 1800] ; -d ∈ [10; 300]nm; N = 30 ; • [004] and [224] XRD reciprocal maps : -d = 47nm ; N = {100; 150; 200; 300} ; -d = 175nm ;N = {200; 300; 350; 700; 950} ; • STEM / GPA deformation profiles : -d = 121nm ; N = 300 ; -d = 175nm ; N = {200; 350; 450; 700; 950} ;

  b), and reveal an increase of the Poisson coefficient with C B from ν = ν Si = 0.278 for pure Si to ν = 0.315 at C B = 2.5 × 10 21 cm -3 . The increase trend of ν(C B ) can be reasonably fitted by an empirical power law : ν = 0.278 + 0.021 C B nsi 0.327

Figure 3 .

 3 Figure 3.17a) Out-of-plane (black circles and green stars) and in-plane deformation (black triangles) of a 47nm thick layer with respect to C B . Two sets of scan measurements along the [004] direction that have been realized on layers synthesized at different dates and measured in different XRD measurement set-ups are presented in black circles and in green stars. The good agreement between the two set of data confirms the good reproducibility of the layers fabricated by the GILD technique. The grayed area represents the concentration range C B ∈ [2.5; 3.5] × 10 21 cm -3 at which relaxation occurs. The light pink area shows the concentration range for the saturation regime, where C B is not entirely substitutional. The red and black curves are the computed theoretical ϵ ⊥ = β × x from Eq 3.20 and a B = 0.378nm for β calculated either with ν = ν Si (red curve) or by accounting for the ν(C B ) dependency from ref [8] (black curve). b) ν(C B ) dependency from ab-initio calculations realized by S. Ikhmayies et al. [8]. Computed data are represented in black circles and the empirical power fit ν = 0.278 + 0.021 C B nsi

Figure 3 .

 3 Figure 3.18 a) shows the in-plane and the out-of-plane deformations, measured by XRD [004] scans and reciprocal maps in the [004] and [224] directions.The results are very similar to those obtained from the measurements carried out on the 47nm layer : there is first a linear decrease of ϵ ⊥ with C B down to ϵ ⊥ = -3% at C B ≃ 2.9 × 10 21 cm -3 , which falls perfectly well on the ϵ ⊥ (C B ) dependency calculated from Eq 3.20 and 3.21 for ν = ν Si (and is underestimated by 10% when including ν(C B )). The main difference occurs during the relaxation process for C B ∈ [3.3; 6.7] × 10 21 cm -3 , where ϵ // that grows progressively from 0 to -3.1% at C B = 6.7×10 21 cm -3 . At these concentrations, we observe a jump in the out-of-plane
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 318 Figure 3.18 -In-plane and out-of-plane deformation analysis with C B for a 175nm thick layer. a) Deformation measured by XRD [004] scan and XRD [004] and [224] reciprocal maps only. The out-of-plane deformation is shown in purple circles and the in-plane deformation in purple squares. The gray area shows where the relaxations starts and the light-pink the saturation regime. The red and black curves are the ϵ ⊥ (C B ) computed from equations 3.20 and 3.21 with a B = 0.378nm, ν = ν Si and ν ∝ C 0.327 B respectively. b) Deformation measured by XRD [004] scan and XRD [004] and [224] reciprocal maps as well as the deformation measured by GPA analysis. The in-plane deformation is shown as red squares and the out-of-plane deformation as black dots. The error bars are that of the inhomogeneities in concentration and deformation across the thickness of the layer.
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 319 Figure 3.19 -Deformation of the lattice with respect of C B , out of the plane (circles) and in the plane (triangles). The black line shows the theoretical ϵ ⊥ (C B ) dependency, and the blue area shows the 15% of uncertainty. The red area highlights the saturation regime b) Phase diagram that compares the total concentrations at which the saturation (back) and relaxation (red) regimes occur, with respect to d. The blue area depicts the quadratic / fully strained regime. The light blue are shows the quadratic / relaxed regime. The light orange area shows the saturation / relaxed regime. C sat = 3.2 × 10 21 + 2d × 10 19 is in black and C r = 4.4 × 10 21 -6.3d× 18 is in red.
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 320 Figure3.20 -Optical image of a cross like Van der Pauw geometry for DC transport measurement. The system is in a 4-probe configuration which makes the measurement free of the contact resistance. The probed area is a central square with a surface of 300×300µm 2 that is electrically isolated from the substrate by dry RIE etching (d etch ∼ 500nm). The Si substrates have an intrinsic resistivity ρ > 80Ω.cm, large enough to suppress leakage currents between contacts passing through the substrate. The probed area is connected to four Ti (20 nm)/Au (300 nm) metallic contacts. Measurements have been realized with a bias current ranging from a few µA to ∼ 100µA. The resistance was probed by rotating the current and voltage contacts over all the contact pads and revealed a maximum relative error of the order of a few percent, indicating isotropic layers.
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 3113 Figure 3.21 a) and b)show the resistivity with respect to the active concentration and the total concentration respectively. For all depth series, ρ follows a common behavior, independent of the layer thickness. ρ decreases first from ρ = 4×10 -2 Ω.cm at n B = C B ≃ 5 × 10 19 cm -3 to its minimum value ρ ≃ 1 × 10 -4 Ω.cm at n B ≃ 2.7 ± 0.3 × 10 21 cm -3 and C B ≃ 3.2 ± 0.6 × 10 21 cm -3 . As the layer gets richer in B atoms that are mainly active dopants, over this concentration interval, it becomes more and more conductive. Also, these resistivity values reveal that, although SiB behaves like a metal and conducts electricity, it remains poorly metallic compared to usual metals whose resistivity are of the order of 10 -6 Ω.cm. Moreover, we can
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 321 Figure 3.21 -Resistivity measured by four probes DC measurement with respect to the active concentration n B a) and the total concentration C B b) for all depth series. The different doping regimes introduced in Section 3.1, are shown by vertical dashed lines and indicated at the top of the graphs; the structural regimes discussed in 3.2 are highlighted by the different colored area, blue for the fully strained regime and light pink for the relaxed regime. The red lines correspond to the empirical fit in the linear regime ρ = 1.7×10 17 /C B .
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 322 Figure 3.22 -Mobility µ vs active concentration n B a) Large view of the mobility calculated for the 175nm deep layer (purple circles), compared to the empirical laws of R.W.Thurber et al.[START_REF] Thurber | Resistivity-Dopant Density Relationship for Phosphorus-Doped Silicon[END_REF] (black curves) and that of G. Masetti et al.[START_REF] Masetti | Modeling of carrier mobility against carrier concentration in arsenic-, phosphorus-, and boron-doped silicon[END_REF] (red curves). The continuous lines show where the theories have been validated with experimental data and the dashed curves extend these theories to higher concentration. The yellow curve adopts the law of ref[START_REF] Masetti | Modeling of carrier mobility against carrier concentration in arsenic-, phosphorus-, and boron-doped silicon[END_REF] with corrected fit parameters, that are depicted in Table3.4. The gray area depicts the concentration range, specific to the 175nm deep layer, over which nonhomogeneity in the concentration are expected. b) Evolution of µ with n B for all depth series. The blue area shows the fully strained regime and the light red area the relaxed regime. The vertical dashed lines separate the three doping regimes that are indicated at the top of the graph.
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 323 Figure 3.23 -Hall concentration n B normalized to the total concentration C B vs. temperature. Measurements were performed on a 65nm thick layer, for N = {75; 100; 125; 150; 350; 400} laser shots. Error bars account for both the experimental uncertainty and the linear extrapolation of C B with increasing N . The horizontal black line highlights unity in the y-axis where the n B (T = 300K)/C B from the linear doping regime should fall. Continuous lines correspond to the quadratic empirical fit described Eq 3.27 with α = 7.2 × 10 -7 K -2 (black) and α = 4 × 10 -7 K -2 (red).
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 324 Figure 3.24 -Resistance evolution with the temperature measured on a 47nm thick layer with various doping conditions N = {150; 250; 350; 400; 500}. The three stages of the decrease of R with T are highlighted under the N = 150 laser shots doping condition as dashed lines and with the indicated number.
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 325 Figure 3.25 -Resistance Residual Ratio RRR(C B ) dependency for all depth series. The graph is divided in two main areas : the fully strained regime in blue and the relaxed regime in light pink. The vertical dashed line separates the quadratic from the saturation regime. The striped area within the saturation regime corresponds to concentration values that have not yet been confirmed by SIMS and may be susceptible to estimation errors. The continuous black line corresponds to the empirical fit RRR = 1.25 + 7×10 20 C B .

Figure 3 . 26 -

 326 Figure 3.26 -Mobility vs RRR for all depth series. Filled circles are actual data and unfilled circles are conditions where the active concentration used to calculate µ has been interpolated from the polynomial fit of n B (N ). The linear fit is defined given by µ[cm 2 (V s) -1 ] = -141 + 118 × RRR.
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 41 Figure 4.1 -Superconductivity of SiB a) Image taken from [1]. Superconducting transition of heavily doped SiB with n B = 5 ± 2 × 10 21 cm -3 and d = 35 ± 5nm. Temperature dependence of the d.c. electrical resistance R (normalized to its normal state value Rn) and of the real part of the a.c. susceptibility. b) Image taken from [106]. H c dependence with T of superconducting SiB with d = 80nm and C B ≃ 4 × 10 21 cm -3 . Black circles are data from [1] with the dashed line used as guide line. Open squares are actual data from [106] and the continuous black line corresponds to the classical BCS theory. The actual samples from ref [106] have better homogeneity, higher T c and lower H c . The normalized resistive transitions measured at different magnetic field are shown in the inset.
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 42 Figure 4.2 -BCS theory. a) Scheme of the local density of states of a superconductor. Image taken from [114]. b) to d) STM analysis of the superconducting phase of SiB. Images taken from [5]. b) dI/dV spectra of the superconducting gap of a SiB layer with d = 130nm and N = 500 (sample B). The normalized dI/dV (bottom) is performed at two locations (a and b) of the sample, apart from 1µm. The BCS fit is shown as a dotted line. Measurements in temperature reveal the killing effect of temperature on the superconducting gap. c) Temperature dependent gap measurement and BCS ∆(T ) curve as a black line. The resistance versus temperature curve is shown as a dotted line. Additional samples have been measured : A) d = 30nm, N = 200 laser shots; C) d = 80nm, N = 400. d) Measurement of ∆(T = 0K) vs T c with the solid line corresponding to the BCS relation Eq 4.10 with 20% deviations, which is attributed to local disorder of the SiB layer. The solid symbols correspond to the T c deduced from the local spectroscopy measurements and empty symbols from by macroscopic resistive transition.
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 43 Figure 4.3λ(n B ) dependencies for different ab-initio calculation methods. Actual theoretical λ are reported as markers and the corresponding power law a 0 × n B 10 21 0.56 , with a 0
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 44 Figure 4.4a) adiabatic demagnetizing device. b) Cooling steps of adiabatic magnetic refrigeration.
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 45 Figure 4.5 -Calibration of the RuO 3 resistor temperature conversion by measuring the resistance of a cernox cx-1010 resistor in both 4 He/ 3 He cryogenic dilution system and PPMS set-up.
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 46 Figure 4.6 -Square resistance as a function of temperature for several C B . The measurements shown correspond to layers in the quadratic doping regime. The extracted T c is the temperature with R sq taken at 50% of R □N . Injected current I = 5nA was used to ensure less effects of I on T c .
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 47 Figure 4.7 -Measurement of the square resistance as a function of temperature for a series of perpendicular magnetic field B ⊥ . The extracted T c is the temperature with R sq taken at 50% of R □N . Injected current I = 5nA was used to ensure a correct T c reading. The inset on the right shows the evolution of the transition width ∆T c with respect to the applied Field.

Figure 4 . 8 -

 48 Figure 4.8a) Measured critical field B c2 ⊥ with respect to the temperature, for a 175nm deep layer with several number of laser shots conditions. The black lines correspond to linear fits that allows to trace back the coherence length ξ. b) Evolution of ξ(C B ) for several depth series. b) The vertical dashed line separates the quadratic doping regime from the saturation doping regime, that are indicated at the top of the graph. The light gray area shows the concentration range for which full injection of C B hasn't been proved yet by SIMS measurement.
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 49 Figure 4.9 -T c with the number of laser shots N for all depth series. Markers depend on the doping regime at which the T c has been measured. Bordered triangles pointing upwards depict measurements before the saturation regime, and triangles pointing downwards measurements done in the saturation regime. Error bars in T c correspond to the ∆T c of the superconducting transition. The light gray area marks the minimum reachable temperature that can be achieved with the adiabatic refrigeration set-up. Data falling in this region corresponds to measures realized in a dilution. b) T c (N ) measurements reported in the work of A.Grockowiak et al. [103].
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 3114 Figure 4.10 a) depicts T c in the quadratic regime (triangles pointing upwards in Figure4.9) with respect to n B . T c seems to be ruled by a common trend for each of the depth series, with a maximum deviation of 30% in T c at a fixed concentration. This trend appears linear with a slope of 5 ± 1.5 × 10 -22 K.cm 3 . This overall linear dependency with n B indicates that the increase of T c is driven by the contribution of electric charges injected into the system, as expected by the conventional theories of superconductivity (for instance the BCS theory). Therefore, the fact that T c appears much later than the metal-insulator transition, at a critical concentration n c >> n M IT ∼ 10 18 cm -3 ) is surprising and suggests that a threshold phenomenon, related to other factors than simply the charge density n B , should occur. Despite the lack of data below 200mK -due to the limitations of the PPMS measurements (T min ∼ 100mK and non-filtered current), Figure4.9 shows a clear apparition of the T c at high number of shots N c ≳ 100 laser shots. The increases of T c with N are steep and there is little doubt about the value of N c . Knowing that for a 50nm layer, 1 laser shot injects a concentration of B of 2.8 × 10 19 cm -3 , N c ∼ 100 corresponds to a concentration threshold n c of the order of 10 21 cm -3 . n c seems to be sensitive to the conditions under which the superconducting layers were made. A. Grockowiak[START_REF] Grockowiak | Supraconductivité et propriétés physiques du silicium très fortement dopé[END_REF] showed that the superconducting SiB layers synthesized with the standard laser were characterized by concentration onsets of the T c for low and fixed values of N (Figure4.9). This results in values of n c that vary
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 410 Figure 4.10 -Onset of superconductivty a) T c vs n B in the increasing regime of the superconductivity. Filled data are actual measurements and unfilled data correspond to points whose concentrations has been estimated by polynomial fits from the n B (C B ) graphs (see in Chapter 3). Error bars in concentrations include the 3% average error of the Hall measurement. The black line shows a linear trend of the increase of T c with n B : T c = 5 ± 1.5 × 10 -22 (n B -n C ) with n C = 2 × 10 21 cm -3 . The green area reflects the uncertainty of the linear fit. The light blue and light pink areas correspond respectively to the fully strained and relaxed regimes. b) Room temperature value of the active concentration n B measured at the onset of superconductivity n c (black) and at the relaxation n r (red). n s (or n r ) is calculated as the average concentration between the last point at T c = 0K (or ϵ // = 0%) and the first point where T c ̸ = 0K (or ϵ // ̸ = 0%). These points distance in concentration correspond to the error bar. The black line corresponds to the linear fit of n r with d : n r = [3.2 -0.003d] × 10 21 .
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 4 11 a). They have been computed with standard values µ c * = 0.1 and Θ D = 450K and for the three λ e-ph = a 0 (n B /10 21 ) 0.56 obtained from ab-initio calculations (see Figure 4.3 and Table
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 411 Figure 4.11 -McMillan equation Eq 4.16 comparison to experimental T c in the increasing regime of superconductivity. a) All RBA (small dashed line), SC (dashed line) and VCA (continuous line) calculated lambda are computed for standard values µ c * = 0.1 and Θ D = 450K. b) Eq 4.16 computation with λ V CA for various Θ D = {450; 900; 1800}K and fixed µ c * = 0.1 respectively in black, blue and red curves.

Figure 4 .

 4 Figure 4.12a) Evolution of µ c * with n B , from Eq 4.17 and for al ab-initio calculations. The power laws are represented in black.

  different interpretations have been attributed to it. In the framework of carbon superconductivity, Klein et al.[START_REF] Klein | Metal-insulator transition and superconductivity in borondoped diamond[END_REF] claimed that µ c,0 ∝ N (E F ) ∝ n h /E F with n h the charge density. Doing so, he could find a power law :µ ∝ n B nc ζ with ζ ∈ [0.3; 0.7], to be compared in SiB to the µ c * ∼ a µ × ( n B n Si )x with x ∈ [0.36; 0.6] found from our experimental T c and simulated λ. However, the concentrations used in this paper were SIMS concentrations and could differ from the active Hall concentrations we consider. On the other hand, Sano et al.[10] justified the increase of µ c * and also negative values of µ c * reported in the literature as a consequence of attractive interaction caused by plasmons. They derived a corrected µ pl * that increases linearly with concentration and reaches negative values for n h < 5 × 10 21 cm -3 . Finally, the increase of µ c * could be attributed to strong deformations associated
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 413 Figure 4.13 -Evolution of T c in the saturation regime a) T c (n B ) for two depth series of 30nm and 47nm. Points falling in the quadratic regime are depicted as black markers and those in the saturation regimes as colored triangles pointing downwards. The error bars in temperature correspond to the ∆T c of the superconducting transitions, taken at 90% and the 10% of the normal resistance R N . The uncertainty in the concentration only accounts for the 3% of the uncertainty of the measurement and not that of the depth in order to compare the evolution of the slope of T c (n B ). The continuous black line shows the increasing linear trend of the quadratic regime as in Figure 4.10, while the dashed curve shows that of the decreasing trend of the saturation regime, with T c = 3.2 × 10 -22 (n B -1.4 × 10 21 ) . The blue area around the dashed line highlights the 20% of uncertainty of the linear fit
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 414 The dependence of T c with total C B concentration is shown in Figure4.14 a) and b)1 . A superconducting dome appears where the T c overcomes the concentration threshold C s , rises abruptly for C B ∼ C s and progressively slows down towards a maximum critical temperature T max as C B increases.

  9 a). The results obtained by Grockowiak et al. differ from ours on two main points. The first is the concentration onset for superconductivity, shown in Figure 4.14 a): in [2] C s ∝ 1/d, which implies that a critical dose of boron C B × d is required to reach the transition to the superconducting state. The second is the T c increase: while in our work all the rises in T c (C B , d) in Figure 4.14 c) seems to collapse around the same trend, those in Figure 4.3.1 are well distinct from one another. Even more surprisingly the T c curves can be rescaled on one single curve when plotting T c as a function of the dose C B × d, as shown on Figure 4.14 b).

  10 15 cm -2 and λ S = 0.45 are constant values. The resulting T c (C B , d) when incorporating λ ef f in Eq 4.16 are shown as thin lines in Figure 4.14 a) and b), and a good agreement with data is observed.
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 414 Figure 4.14 -Evolution of T c (in the increasing regime) with doping properties d and C B .Figure a) and b) are taken from [2] and Figures c) and d) are measurements realized in this work. a) T c (C B ) dependency compared to McMillan equation (thick line) by an ab-initio calculation of λ e-ph . Thin lines correspond to the description of the dislocation model that assumes the formation of two sub-layers, one fully strained sub-layer and on relaxed sub-layer. A schematic of this model is shown in the inset of b). Display of Tc as a function of the dose C B × d. The thick line is a guide line suggesting a T c (C B , d) = T 0 [1 -A/(C B × d)] with T 0 = 750mK and A = 8 ± 1 × 10 15 cm -2 . The thin line would correspond to λ ∝ 1/(C B × d). c) T c (C B ) for all depth series, over a range of concentrations that include both the quadratic and saturation doping regime. T c falling in the quadratic (saturation) regime are shown as triangles pointing upwards (downwards). The error bars in T c consists in the ∆T c measured at the superconducting transition, and the uncertainty C B comes from the error of the linear interpolation of the linear regime. The Black curve shows the T c (C B ) that is computed from the empirical relation T c ∝ n B and the combinatoric analysis made in Chapter 3 with n B (C B ) is given by n B = B 1 + 1/3 × B 3 , B 1 the single substitutional B atoms and B 3 the B-B-B complex that provides a single hole. The light pink area then shows the range of concentration where an ideally doped SiB layer with full substitutional B content is superconductor. Display of Tc as a function of the dose C B × d. The data are values of T c that falls in the quadratic regime. The black line is the same as in b) with A = 8 × 10 -15 cm -2 and T 0 = 1K.
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 415 Figure 4.15 -Comparison of T c (C B ) of the non-optimized laser (angled triangles) and the optimized laser (triangles pointing upward) with equal depths.
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 416 Figure 4.16 -Effect of the second peak E 2 /E 1 for various doping condition. Doping realized for fixed dof independently of E 2 /E 1 . Purple data : increase in T c for a layer depth d = 175nm (d measured by TEM) and synthesized with E 2 /E 1 = 4%; black data : increase of T c for a layer of depth estimated as d = 315nm from the calibration and synthesized with E 2 /E 1 = 10%. The linear curve that crosses T c of the SiB layer with no second peak correspond to that of Figure 4.10 (n c = 2 × 10 21 cm -3 , and a slope of 5 ± 1.5 × 10 -22 K.cm 3 ). The linear curve on the data of the T c for layers synthesized with a second peak corresponds to T c = 4.3(n B -n c ) × 10 -22 K.cm 3 , with n c = 1.5 × 10 21 cm -3
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 5 Figure 5.1a) Schematic representation of the density of states of the normal layer and of the superconducting layer at the interface. The Andreev reflections occur at the interface. Here we show how an electron that penetrates the superconductor is reflected as a hole that maintains the information of the phase of the Cooper pairs. Image taken from [125].b) Top : side view schematic representation of an SNS junction realized on SOI with two SiB superconducting (SiB++) electrodes on the top of a normal channel (SiB+) through which a non dissipative supercurrent flows. The SNS junction is separated from the Si substrate by an oxide layer (SiO 2 ) which allows back gating. Bottom : schematic representation of the top view of an SNS junction with the two superconducting electrodes on the sides and the channel in the middle. The coherent transport of Andreev electron -hole coherent pairs is represented in the normal channel.
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 52 Figure 5.2 -Fabrication process of S/N bi-layers by GILD doping technique (experiment on bulk Si). 1) The first step consists in doping the low p-doped normal layer with a few number of shots N ∈ [0; 10] laser shots on a depth of 80nm, i.e. n N reaching values up to 2.4 × 10 20 cm -3 . 2) The superconducting layer is synthesized in a second step by melting on the same spot a layer richer in B atoms, with fixed n S ≃ 3 × 10 21 cm -3 for all layers. The total depth d tot = d S + d N is systematically fixed at 80nm. In the case of Experiment 1, several S/N bi-layers are doped with fixed depth for the superconducting layer d S = 30nm (as well as the normal layer with d N = 50nm) and for various n N concentrations. In the case of Experiment 2, several normal layers and superconducting layers with fixed n S and fixed n N were synthesized and only the depth d S = {30; 37; 47; 54; 64} of the superconducting layer was varied. The same process has been repeated for 4 normal concentration conditions n N = { 0 ; 0.2 ; 1.2 ; 2.4 } × 10 21 cm -3 .
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 53 Figure 5.3 -Experiment 1 : Effect of the transparency of the S/N bi-layer on T c . Schematic illustration of the (top) and experimental T c (n N ) results for a bi-layer of superconducting depth d S = 30nm and d tot = 80nm, n S = 3 × 10 21 cm -3 and n N ∈ [ 0 ; 2.4 ] × 10 20 cm -3 (bottom). Lines between the points are guidelines. Because the interface is enhanced as n N increases towards n S , a value of ρ int is extracted for each point of the curve and is shown in the inset of the graph.
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 54 Figure 5.4 -Experiment 2 : Effect of the transparency of the S/N bi-layer on T c . Schematic illustration of the Experiment (top) and experimental T c (d N ) results for a bi-layers of superconducting concentration n S = 4 × 10 21 cm -3 and repeated for three n N = {0.2; 1.2; 2.4} × 10 20 cm -3 normal concentration conditions, in addition to a reference series with a single S layer (no N layer is doped by GILD). Because the interface remains the same as n N and n S remain constant, each T c (d N , n N = cst) curve can be fitted with a specific ρ int . The value of ρ int is indicated in the legend.
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 55 Figure 5.5 -Dependence of the interface transparency with respect to the normal concentration n N . a) Dependence of the extracted ρ int (left axis) from previous experiments as well as the contact resistance R int .A (right axis), calculated with λ F,S = 8π 3n S
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 56 Figure 5.6a) Designs of 4 SNS junctions on single laser doped spot. Optical images of the four 100 × 10µm 2 Mesas lines at the center of the sample (top image) that haven't been etched yet ; and of a 300nm long etched junction of on a single Mesa line (bottom).

Figure 5 .

 5 Figure 5.7 and 5.8 : -0) Process before the doping : Si samples are systematically cleaned before the doping process. Organic contamination on the surface of the sample is removed with an acetone bath under ultra sound for 10 minutes. Before the quick evaporation of the acetone in the open air, the sample is immediately transferred to an isopropanol (IPA) bath to avoid redeposition of the organic contaminations, and is left under ultrasound for 10 minutes to continue the cleaning. After cleaning with isopropanol, the sample is rinsed with ethanol to avoid possible traces on the sample surface The native oxide that forms on the surface is systematically removed with diluted hydrogen fluoride (HF, 10% in distilled water) during 30s to 60s. The sample is then transferred in the vacuum chamber of the GILD set-up within the 10 minutes that follows the SiO 2 wet etching. Then, GILD doping is performed, as discussed in Figure 5.2.
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 57 Figure 5.7 -Fabrication steps for the fabrication of the MESA structures. Schematic representations of the samples combined to optical images on the very right are used to show how the fabrication processes are achieved and how well they worked.
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 58 Figure 5.8 -Schematic representation of the fabrication process of the junction with the side view of the bridge where the ICP-RIE is performed. A top view optical image of the etched junction is also provided.
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 59 Figure 5.9 -Characterisation of the etched junctions. a) Top view SEM imaging allowing to measure the length of the junction. These images also allowed to check the presence of eventual non-etched area and short-cuts caused by the remaining S1813 residual resist after RIE etching of the MESAs. b) AFM topographic measurement of the junction.Here the measurement was realized on a 60nm superconducting layer etched on 65nm. These images reveal sharp etched edges and good agreement with the predicted etch calibration, provided that remaining S1813 resists was successfully removed in the junction by plasma O2 cleaning prior to the ICP-RIE.

  the Fermi velocity, l h the mean free path of holes and τ the relaxation time. Applying Drude model τ can be expressed as τ = m * h n B e 2 ρ , with m *
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 510 Figure 5.10 -The diffusion coefficient D S , calculated from Eq 5.11, with respect to the concentration C B . The doping regimes are indicated at the top of the graph, and are distinct by the vertical dashed line. The gray area shows the concentrations where C B still needs to be experimentally verified. The light blue area shows the range of concentrations (C B = 4.9 ± 0.3 × 10 21 cm -3 ) expected to be achieved, for a 70 ± 5nm thick layer, with N=250 laser shots
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 511 Figure 5.11 -Crossover between the short and long junction regimes. Image taken from ref [139] a) Calculated dependence of the zero-temperature eR N I c product in units of ∆ as a function of the ratio E T h /∆. The long junction regime is on the left part of the graph where E T h < ∆ and the short-junction regime is on the right part where E T h > ∆. b) eR N I c product in units of E T h as a function of the ratio ∆/E T h . The long junction regime is on the right and the short junction regime on the left. For both figures, the expected ratios eR N I c /∆ and eR N I c /E T h for E T h calculated with a coefficient diffusion D N = 7.5cm 2 .s -1 are shown in red.
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 512 Figure 5.12 -Characterization of the superconducting transitions of SNS junctions, d S = 70nm, n N = 1.2 × 10 20 cm -3 , L J = { 175nm ; 260nm ; 330nm } a) R(T )/R m superconducting transitions of the three junctions and of the "no gap". The superconducting transitions were measured by 4-probe measurements with an incident current I = 10nA, except for the junction L 1 for which I = 1nA was applied (the sources were filtered). The T c of the contacts is measured at 0.5R m , as depicted by the horizontal black line. The temperature transition of the junctions were taken at R = 0Ω, where the white circles are located. b) Resistance of the junction R J (the way we extracted R J is shown in Appendix C.2.0.1) and of the junctions in the normal state R m , with respect to L J /d N . The resistance of a single superconducting reservoir is shown in blue, and is approximately constant around 107Ω, highlighted by the dashed lane, with 10% of uncertainty, represented by the blue area. Red line : R J = 1.13 × L J /d N . Black curve : R m = 178 + 2.16 × L J /d N c) Evolution of the T c of the junction (red) and of the superconducting contacts (black) with L J /d N . The red line corresponds to the linear fit T J = 253 -1.43 L J d etch .

Figure 5 .

 5 Figure 5.13a) Graphic representation of the V(I) characteristics of a SNS Josephson junction at T = 0K, at different stages in current, from I = 0A to I > I c,J the critical current of the junction and I > I c,M ESA the critical current of the superconducting reservoirs. The V(I) transitions for upward and downward currents are indicated by arrows. The retrapping currents corresponding to the downward currents are indicated by the notation I r . b) Experimental V(I) curve for a 255nm long junction at several temperatures T = {50; 150; 200; 250; 280}mK.
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 5 Figure 5.14a) I c (T ) of the three junctions L J = { 175 ; 260 ; 335 }nm. b) I c (T = 0K) (left) and R J (right) against L J /d N
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 515 Figure 5.15 -Comparison of I c with theoretical models. a) Comparison with the model of J.Seto and T. Van Duzer [11] b) Comparison with tunneling model from Eq 5.15.

R

  (T) superconducting transitions have been measured in a He-free dilution system 1 and and were compared to those realised in the ADR/PMMS. An example for a 30nm thick layer with two doping conditions, N=275 and N= 600 laser shots is shown in Figure B.2.
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 2 Figure B.2a) R(T) measured on two doping conditions N=275 (blue) and N=600 (red), in both the PPMS (cross like markers) and the dilution (continuous line). b) Comparison of the T c in both dilution and PPMS. Colored zone are comparison of the full transitions, and black circles are the Tc taken at the top (at 85% of R N ) of the transition where the shape of the transition measured at the PPMS is the less affected

Figure B. 3 -

 3 Figure B.3 -Critical temperature with respect to the mobility calculated at low temperatures. Increase of the T c within the quadratic regime are shown as black markers. Decrease of the T c in the saturation regime is shown as colored triangles point downwards. The black line corresponds to an empirical linear fit with T c = 0.14×(µ-10), with 30% of uncertainty as shown by the light blue area.

  Figure C.2 a) shows the calibrated etched depth with respect to the etch time, for several (nominative) junction lengths L nom condition L nom = { 100nm ; 200nm ; 300nm ; 5µm }. The etched depth increases with increasing L nom (see also Figure C.2 b))

  .9. ICP-RIE allows etching with sharp edges. Still, we observed with AFM measurement (see the inset of Figure C.2 d)) differences between the top length of the junctions (measurement on the surface of the Mesa), and its bottom length (measurement on the etched area). The results are shown in Figure C.2 c). Thanks to this characterisation, it is possible to access the bottom length of the etched depth. For instance, the nominal junction L nom = 300nm revealed a length of ∼ 400nm, as indicated in the top SEM image of Figure C.2 c). Then, from Figure C.2 c), the length of this junction L J is of the order of ∼ 320nm.

Figure C. 2 -

 2 Figure C.2 -Characterisation of the etched junctions on SOI (specific to 88nm/145nm of Si/SiO 2 SOI) after the clean room processes. a) Calibration of the etched depth with respect to etching time, for different nominal lengths of junctions. b) Dependence of the etched depth with the nominal length of the junction. c) Top SEM image of a junction with nominal length L nom = 300nm and top length 400nm. d) Correspondence of the top / bottom lengths of the junctions with respect to the nominal length measured from AFM characterisation on SOI samples.

Figure C. 3 -

 3 Figure C.3a) differential resistance with respect to the I-bias current of a junctionL J = 260nm and for four bath temperature conditions T= 140mK ; 170mK ; 190mK ; 210mK . b) Evolution of the resistance of the junction extracted from ∂V /∂I measurements, with respect to the critical current, which is taken as the current at half of the resistance R J (T ) at the transition.
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 1 

1 -Characteristics of Si crystalline plane orientations obtained from

Table 1 . 2 -

 12 Various depths series and their values with their respective dof .

	30 45	60 100
	d (nm) 30 47 65 121 175 315

Table 2 . 1 -

 21 Number of shots and respective concentrations of 175nm layers. 2.3.1 Doping and lattice deformation 2.3.1.1 Description of the Figures 2.2 and 2.3

  21 cm -3 .

	d (nm)	30	47	65	121	175	315
	(linear regime) ∂D B /∂dN (10 14 cm -2 /shots)	1.25	1.4	1.37	1.6	1.67	1.76
	(quadratic regime) concentration onset (10 21 cm -3 )	1.9 ± 1 2.2 ± 0.8 2.1 ± 0.6 1 ± 0.3 0.7 ± 0.2	
	(saturation regime) n sat (10 21 cm -3 ) 3.1 ± 0.7 3.1 ± 0.5 2.8 ± 0.3 3.8 ± 0.2	∼ 4.1	
	(saturation regime) C sat (10 21 cm -3 )	4.2	4.5	4.2	6.3	∼ 6.7	

Table 3 . 1 -

 31 Synthesis of the characteristic concentrations of the three doping regimes.

  Luo et al. successfully reproduced the experimental data of G. Glass et al. . However, their calculation were specific to GS-MBE growing technique and cannot be applied to samples synthesized by PLME techniques. In the present work, we propose a simple model which computes the probability of finding n boron atoms on adjacent sites in the crystal. This model assumes the following conditions:

  × 10 16 cm -2 1.86 × 10 16 cm -2 1.45 × 10 16 cm -2 4.8 × 10 16 cm -2 10 16 cm -2 3.35 × 10 16 cm -2 2.94 × 10 16 cm -2

	model	Hall dose	ECV (total) dose SIMS (total) dose
	2.2 D N A peaks	SIMS -ECV	SIMS -Hall
	0.91 ×		

Table 3 . 2 -

 32 Summary of the non active doses

  × 10 -24 6.6 × 10 -24 6.1 × 10 -24

	d (nm)	30	47	65	121 175
	ρ min (10 -4 Ω.cm)	1.35	1.27	1.1	1.14 1.12
	active concentration n B at ρ min (10 21 cm -3 )	2.2 ± 0.2	2.5	2.4	3	2.9
	total concentration C B at ρ min (10 21 cm -3 )	2.5 ± 0.5	3	2.6	4	3.8
	ρ sat (Ω.cm)	1.9	1.79	1.29	1.39 1.4
	active concentration n B at ρ sat (10 21 cm -3 )	3.3	3.1	2.9	3.8	4.1
	total concentration C B at ρ sat (10 21 cm -3 )	6.3	6	4.2	6.63 6.63
	saturation regime ∂ρ/∂C B (Ω.cm/cm -3 )	4.5				
						24)

Table 3 . 3 -

 33 Synthesis of the characteristic resistivities and their corresponding active and total concentrations

  Thurber et al. [88] 44.9 9.23 × 10 16 470.5 2.23 × 10 17 0.719 G. Masetti et al. [94]

		44.9	9.23 × 10 16	470.5	2.23 × 10 17 0.719	29	6.1 × 10 21	2
	This work	44.9	9.23 × 10 16	470.5	2.23 × 10 17 0.719	102.08	9.7 × 10 21 0.88

Table 3 . 4 -

 34 Fit parameter of Eq 3.25 and Eq3.26. The adjusted parameters of equation Eq3.26 applied to our measurement are depicted on the third line.

  . Because the value of m * h in heavily doped SiB is not yet accurately known, we rewrite the expression via the Drude relation µ = 1 eρnn B = eτ

	h m *	which provides :

Table 4 .

 4 2 -Summary table of λ, µ and T c parameters obtained by ab-initio VCA, SC and RBA calculation methods. The last column shows the pre-factor of the power laws used in Figure4.3.

	used this model in several heavily doped semiconductors,

Table 4 . 3 -

 43 Ab-initio method power law : µ c * = a µ × (n B /n si ) x Constant values of the power law µ c * = a µ × (n B /n si ) x for the different abinitio calculations.

	VCA	n Si 0.36 ± 0.03 × n B	0.5
	SC	n Si 0.39 ± 0.05 × n B	0.6
	RBA	n Si 0.6 ± 0.15 × n B	1

  2 (rotation per second squared) for 60s. The sample is then prebaked on a hotplate for 180s at 180 • C to drive off excess photoresist solvent. The resulting resist is 400nm thick. Electronic lithography 4 is performed under high vacuum (P vac ∼ 10 -7 -10 -8 mbar) with a dose of 200µC.cm -2 and typical exposition times of the order of a few ms5 . The exposed resist is then developed in a solution of MIBK (Methyl isobutyl ketone) diluted in IPA (1:3 ratio) for 45s. Cr/Au markers are deposited by e-beam evaporation6 with Cr and Au thicknesses of 10nm and 100nm 7 respectively in vacuum condition P vac ∼ 5 × 10 -7 mbar. The total Cr/Au thickness must be thin enough to not cause resists thickness inhomogeneities in the following lithographies near the alignement crosses; Liftoff is performed in an acetone bath;

  .1.

	L J (nm)	175	260	335
	R M ESA;4K (Ω)	213	261	323
	d etch nm	70	73	75
	R J (Ω)	20	45	75
	d S/N			

  2 

Table 5

 5 .2. × 10 -24 5.1 × 10 -24 5.1 × 10 -24 E T h (J) 5.2 × 10 -25 2.8 × 10 -25 2 × 10 -25 I c,J (nA)

	L J (nm)	175 ± 10	255 ± 10	335 ± 10
	R J (Ω)	15 ± 5	45 ± 2	75 ± 2
	D(cm 2 .s -1 )	1.6 ± 0.2	1.8 ± 0.2	2.1 ± 0.2
	T c (mK)	210	210	210
	∆ BCS (J)	5.1 950	290	140
	eR N I c /∆	0.61	0.41	0.32

Table 5 .

 5 2 -Superconducting characteristics of the junctions

	Chapter 6

CompexPro 201C XeCl excimer laser

Lambda PhysikCompex 102 system 

Measurements were performed at Probion Analysis by B. Sermage, and multiple interactions with the group advanced the understanding of the samples

The imaging was done on[START_REF] Shim | Superconducting-Semiconductor Quantum Devices: From Qubits to Particle Detectors[END_REF] section profile of the samples, pre-cut by means of a Focused Ions Beam, a FEI ThermoFisher SCIOS dual beam SEM (UHR NiCol) / FIB (Siderwinder 550V-30kV) with an in-situ Easy-lift micromanipulator[START_REF] Hallais | STEM analysis of deformation and B distribution in nanosecond laser ultra-doped Si 1-x B x[END_REF]. The samples were observed in an aberrationcorrected FEI ThermoFisher TEM/STEM TitanThemis 200 operating at 200 keV.

Burger vector is a vector that describes the magnitude and direction of the dislocations where the magnitude corresponds to the amount of atomic shift caused by the dislocation.

Reciprocal maps were performed by the means of a Rigaku Smartlab diffractometer

Commercialized by Quantum Design, located at the Laboratoire de Physique des Solides in Orsay.

Measurement for ref.[START_REF] Marcenat | Low-temperature transition to a superconducting phase in boron-doped silicon films grown on (001)-oriented silicon wafers[END_REF][START_REF] Grockowiak | Thickness dependence of the superconducting critical temperature in heavily doped Si:B epilayers[END_REF] of the superconducting transitions were carried by PPMS set-up with[START_REF] Bonnet | Mesures résonantes des propriétés hautes fréquences du silicium supraconducteur ultra-dopé au bore par laser[END_REF] He and by[START_REF] Bonnet | Mesures résonantes des propriétés hautes fréquences du silicium supraconducteur ultra-dopé au bore par laser[END_REF] He -4 He dilution at the Institut Néel in Grenoble. C B values were either directly extracted from SIMS measurement, or from interpolation using SIMS's depth references and the relation C B = 1.1 × 10 14 /d SIM S

Measurements of T c have been achieved in the 3 He/ 4 He dilution system with Lateqs research group of Pheliqs Laboratory at CEA Grenoble

Indeed, the oxide underlying the silicon retains heat during doping and can cause changes in terms of melting and crystallization. Therefore, the doping can be affected. An example of such an effect on superconductivity is presented in Appendix C.1.

The current sources were filtered and the output signal was amplified by a room temperature, low noise, voltage amplifier.

located at the Laboratoire de physique des deux infinis Irène Joliot-Curie (IJCLab, Orsay). The measurement were performed by C.Marrache-Kikuchi
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increases with λ such that :

where Θ = ℏω D /k B is the temperature corresponding to the Debye energy ℏω D . Θ was evaluated by ab-initio calculation as Θ = 450K [START_REF] Boeri | Three-Dimensional MgB 2 -Type Superconductivity in Hole-Doped Diamond[END_REF][START_REF] Bourgeois | Superconductivity in doped cubic silicon: An ab initio study[END_REF]. A typical value of the coupling coefficient for SiB is expected to be λ ≃ 0.35 ± 0.05 [START_REF] Boeri | Three-Dimensional MgB 2 -Type Superconductivity in Hole-Doped Diamond[END_REF], that would lead to T c ≃ 29 ± 11K which is way higher than the actual measured T c ≲ 1K.

However, although the BCS theory does not allow to determine quantitative predictions of T c , all the measurements carried out, i.e., the differential conductances, the evolution of the gap value as a function of the temperature and the gap value at zero temperature as a function of the critical temperature, carried out for different doping conditions (concentrations and depths of the layers) at different points on the surface of the doped layers, are in good agreement with a weakly-coupled and phonon-mediated BCS type of superconductivity.

Extension of BCS theory : Intermediate coupling

In the weak coupling limit, the interaction potential only accounts for the overscreening of Coulombic repulsion by phonons and omits possible electron-electron and phonon-phonon interactions. The Midgal-Eliashberg theory [START_REF] Alexandre S Alexandrov | Theory of superconductivity: from weak to strong coupling[END_REF][START_REF] James | Superconductivity, superfluids and condensates[END_REF] extends the BCS theory in the limit of λ ≲ 1 by including these Coulomb effects in an electron-phonon effective interaction matrix α such that the Eliashberg function, defined as the product α 2 F (ω) with F (ω) the spectral density of phonons, provides the spectrum of phonons contributing to the electron-phonon coupling constant λ. Therefore, the λ is written as :

Computational analysis of the Eliashberg equations led McMillan [START_REF] Mcmillan | Transition Temperature of Strong-Coupled Superconductors[END_REF] to suggest an empirical formula for T c :

Where µ c * is the retarded Coulomb potential and is given by [START_REF] Morel | Calculation of the Superconducting State Parameters with Retarded Electron-Phonon Interaction[END_REF]: In a previous work, it was observed that such linear trend was conserved down to 100mK, independently of the T c of the layer [START_REF] Grockowiak | Supraconductivité et propriétés physiques du silicium très fortement dopé[END_REF], with an average slope of ∂B c2 ∂T = -0.25T.K -1 [START_REF] Grockowiak | Superconducting properties of laser annealed implanted Si: B epilayers[END_REF]. The study of ref [START_REF] Grockowiak | Superconducting properties of laser annealed implanted Si: B epilayers[END_REF] leads to the empirical relation :

∂T ∼ 0.4T . Linear fits for range of temperatures T ∼ T c were performed on our layers (see the black lines). Similar slopes, ranging from T = -0.15T.K -1 to T = -0.22T.K -1 have been recorded in our layers, with a tendency to decrease with increasing doping, and leads to B c2 (T = 0K) ∈ [ 0.6 ; 1.2 ]T , which is also in agreement with ref [START_REF] Marcenat | Low-temperature transition to a superconducting phase in boron-doped silicon films grown on (001)-oriented silicon wafers[END_REF]. The linear dependency of B c2 (T ) for T ∼ T c is described by the relation [START_REF] Tinkham | Introduction to superconductivity[END_REF]:

with Φ 0 = h 2e with h the Planck constant and ξ the coherence length. From equation 4.15 and the slope ∂B c2 ∂T at T ∼ T c , it is possible to extract ξ. This work has been done for most of the superconducting layers and the evolution of ξ with doping is shown in Figure 4.8 b). Typical values of ξ ∈ [ 100 ; 40 ]nm have been measured. The evolution of ξ seems to depend entirely on the doping, as we observe a good overlap of the values of ξ for all depth series. For C B ∈ [4 ; 7] × 10 21 cm -3 , concentrations attributed to the quadratic doping regime, we observe a continuous decrease of ξ with C B , from 110nm to 40nm on average, with a minimum value reached by the 65nm thick layers, with ξ = 27nm at C B = 6.7 × 10 21 cm -3 . Beyond the saturation concentration (averaged at 6 × 10 21 cm -3 ), ξ increases again to reach a maximum value of ξ = 57 ± 3nm around C B = 8 ± 0.5 × 10 21 cm -3 , before decreasing linearly to ξ = 45 ± 1nm at C B = 1 ± 0.3 × 10 22 cm -3 . In general, in this concentration range, the superconducting coherence length evolves little with doping. It should be noted that above C B ∼ 7 × 10 21 cm -3 , the total concentration values have not been verified experimentally by SIMS and the value deduced from the extrapolation of the linear regime may be wrong. This area appears shaded in the Figure . Finally, note the significant evolution of the 30nm thin layer with ξ = 44nm at 1.3 × 10 22 cm -3 , that In the following work, we will study the evolution of the Tc of S/N bi-layers doped on bulk Si entirely realized by the GILD doping technique (see Figure 5.2), in order to quantify the dimensionless resistivity ρ int = 1 T ∝ R int A. Thanks to the characterizations realized in Chapter 1 and 3, it is possible to easily access the parameters d N , d S , n N and n S . T c,0 is independently measured on a reference S layer fabricated at the same time as the bilayers. Θ D is constant, and does not affect much the fit results. v F,S has been estimated from independently measured parameters (T c , ρ, B c,2 , n S ) [START_REF] Shim | Superconducting-Semiconductor Quantum Devices: From Qubits to Particle Detectors[END_REF], but is not a well known quantity, and we estimate an error of at least ∼ 30 %. Its value will be kept constant to v F,S = 2.5 × 10 5 m/s, as in [START_REF] Chiodi | Proximity-induced superconductivity in all-silicon superconductor /normal-metal junctions[END_REF], in the following analysis. Two series of samples have been studied 1 :

• Experiment 1 : S/N bi-layers with fixed d S = 24nm and

. By fixing the parameter n S and varying n N , we change the transparency of the interface. Doing so, by probing the evolution of T c with n N , one can trace the dependence of ρ int with n N ; • Experiment 2 : In Experiment 1, the interface transparency is estimated from a single T c measurement for each given condition. In order to confirm the validity of the ρ int extracted, we have fabricated multiple series of samples where n S = 3×10 21 cm -3 and n N is kept constant within each series, thus fixing the interface transparency. d S is varied in order to obtain a curve whose fitting parameter is ρ int . The total depth of the bi-layers is also kept fixed with d tot = 80nm, so that d S and d N = d tot -d S both vary together. The experiment has been repeated for three concentration of the normal layer n N = { 0.2 ; 1.2 ; 2.4 } × 10 20 cm -3 .

The doping process of the S/N bi-layers for both experiments is presented in Figure 5.2.

and the normal semiconductor, as:

where Z int is the barrier at the interface, dependent on the fabrication, interface impurities, structural defects, etc... and T is the transparency. We can thus calculate the maximum transparency attainable (i.e. with a perfect interface) between superconducting SiB and a normal layer in the concentration range studied. We find a maximum transparency T ideal = 0.8 >> T exp = 0.06 in the case of our largest normal concentration n N = 2.4 × 10 20 cm -3 , and T ideal = 0.5 >> T exp = 6 × 10 -3 in the case of our smaller normal concentration n N = 2.4 × 10 19 cm -3 . In comparison to metal/Si interfaces, SiB superconductor/semiconductor interfaces have a net advantage: indeed, the limit to the transparency for the same normal concentration n N = 2.4 × 10 19 cm -3 would fall to T ideal = 0.1 for a doped Si/Nb interface. Thus, we are not limited by the (weak) difference in Fermi velocities, and a further increase of the transparency may be achieved. For instance, increasing the doping in the superconducting layer further from the relaxation threshold (in both experiments n B ∼ n r =∼ 3 × 10 21 cm -3 may allow avoiding the defects at the interface caused by the beginning of the relaxation. Despite the room for improvement, we will show in this Chapter that the obtained transparencies are good enough to induce sizeable Andreev reflections in the all-SiB Josephson junctions, and obtain non dissipative supercurrents in Si channels with doping as low as n N = 2.4 × 10 19 cm -3 .

SNS junctions

Now that we have seen that reasonable interface transparency could be reached with normal layers realised by GILD with a low number of laser shots, we are interested in realizing Josephson junctions in S/N bi-layers. The chosen substrate is a SOI substrate with 88nm of Si on top of 145nm of SiO 2 buried oxide (BOX). The doping of the bilayers has been realized with the same process described in Figure 5.2. We first doped the substrate on a depth of ∼ 80nm with a low number of shots N = {0; 5; 10} laser shots, which results in concentrations n N = { 0.24 ; 1.2 ; 2.4 } × 10 20 cm -3 . The S/N bi-layer is then realised by doping on top of the thick, low doped N layer, a superconducting SiB layer of thicknesses d S = 60 or 70nm with 250 laser shots 2 . The remaining normal layer is thus d N = 20 or 10nm thick.

In the following Section 5.2.1, we first introduce the different fabrication processes which were carried out in a clean room. In Section 5.2.2, we study the proximity effect of SNS junctions realized on S/N bi-layers for a superconducting layer d S = 70nm on a normal layer d N = 10nm, at fixed concentration in the superconducting layer, and at variable concentration in the normal layer. We study in particular the temperature evolution of the critical current I c , and identify the junction regime for which the proximity effect applies.

Clean room fabrication

Overview of the different elements of the system

The devices we have realized are Mesas, i.e. structures electrically isolated from their environment by etching, which consist of lines of 100 × 10µm 2 at the center of which the junctions, of length L J ∈ [ 100 ; 300nm ] nm, are realized by etching the entire superconducting layer with a precision of a few nanometers (see for example the schematic of Figure 5.1 b)).

The design 3 of the overall system on a single 2 × 2mm 2 doped spot (the S/N bi-2. Because the underlying oxide acts as a heat sink, the epitaxy process that includes both melting and solidification may change from that of bulk-Si. A few electrical characterisation at both room temperature and cryogenic temperatures were achieved. The results are reported in Appendix C. [START_REF] Bustarret | Superconductivity in doped cubic silicon[END_REF] 3. The design of the Mesas and of the SNS junctions have been done on the Layout Editor software linear limit for small induced pair correlations (T ≳ T c /2) :

The coherence length in the normal wire, ξ N , is dominated by the thermal coherence length is given by :

which is derived from The results of this model work actually well on our current data -provided that T c = 210mK -220mK, which is 16% lower than the T c observed in Figure 5.12and especially for the short junctions L 1 for which the model is valid even beyond the validity threshold of the model (represented in gray area). This agreement is consistent with the results on all-SiB SNS junction, with higher doping in the normal channel [START_REF] Chiodi | Proximity-induced superconductivity in all-silicon superconductor /normal-metal junctions[END_REF]. Finally, the role of this relaxation in superconducting devices is to be understood. Indeed, the dislocations that appear and seem to extend through the relaxed layer and the fully strained sublayer could strongly impact the phenomenon of Andreev reflections at the S/N interface, the proximity effect within the normal channel. A strategy considered to improve the quality of our interface would be to realize S/N bilayers, with a succession of several successive sub-layers in the normal layer, whose concentration would increase from the channel to the superconducting reservoir.

Appendix A Appendix -quality of the doping

A.1 Concentration profile and BF image 30ns -65nm 

A.2 Equilibrium phase diagram of SiB

C.2 Characterisation of the etched junctions

The calibration of the lenght and etched depth of the junctions are made in several steps.

C.2.0.1 Estimation of the resistance of the junction

The resistance of the junctions were extracted from V (I) and ∂V /∂I measurements (4 probes AC I-bias measurements with a Lock-in), between the transition of the Mesa and that of the junction. Figure C.3 a) shows the differential resistance with respect to the incident current for a junction of length L J = 260nm, and for 4 bath temperatures 140mK ; 170mK ; 190mK ; 210mK . The resistance of the junction R J is defined as the resistance before which a noticeable transition occurs. These are highlighted by horizontal black lines. Apparently, as the temperature increases, the resistance of the junction also increases, as shown in the Figure, from 56Ω at 210mK to 118Ω at 140mK. We attribute this increase of R J to the increasing value of the critical current at lower temperatures. When the junction transit from its superconducting state to its normal state, the injected power in the normal state induces a global heat-up. The larger the heat, the more the borders of the junction will be affected and made to transit themselves, thus increasing the resistance. We estimated R J from Figure C.3 b), which shows the evolution of the resistance of the junction with the critical current I c . I c was measured as the current at half the R J jump during the transition of the junction. R J was taken as the resistance at 0A from a linear extrapolation of the R J with I c .