Petru Ghenuche 
  
Emilie Sakat 
  
Gregory Vincent 
  
Paul Chevalier 
  
Emilie Steveler 
  
Cécile Joulaud 
  
Michaël Verdun 
  
Faycal Bai 
  
Thomas Lopez 
  
Manon De 
  
J'en oublie sûrement, mais
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C'est par un heureux hasard de circonstances qu'après un an et demi passé sous le soleil de l'Arizona, je suis venu discuter d'un sujet de thèse sur les cellules solaires un matin d'hiver sous la neige de Marcoussis. . . et le sujet coïncidait parfaitement avec les explorations que j'avais pu mener pour mon mémoire de Master aux USA. Mes premiers remerciements vont donc à Stéphane COLLIN, pour m'avoir proposé de travailler sur les cellules ultrafines. Mieux : les concevoir, les fabriquer et les caractériser ! La tâche (= les tâches toutes en même temps. . . ) ne fut pas toujours facile, mais en voici les principaux résultats ! Je souhaite pour tout le groupe de recherche qu'ils ouvrent la voie vers toujours plus de nouveaux records ! Un grand merci à Anna FONTCUBERTA et Emmanuel CENTENO pour leur lecture attentive et le temps consacré à rapporter cette thèse. Je remercie aussi les autres membres du jury, Béatrice DAGENS, Frank DIMROTH, Philippe LALANNE et Jean-François GUILLEMOLES pour leur curiosité, les discussions que nous avons pu avoir et les interactions futures qui promettent d'être tout aussi passionnantes.

Je n'oublierai pas l'accueil d'Inès MASSIOT et Clément COLIN dans leur bureau qui est devenu le mien. Il a toujours été formidable de travailler avec eux, dans le bon esprit, la musique et entouré de plantes (T'as vu le nouveau C++(+), Clem ?). D'Inès, je garde le sourire, les petits coups de gueule (ca m'a manqué sur la fin ;) ) et le plaisir de faire avancer la science ensemble. Je ne me passe plus des onomatopées musicales rythmant échecs et réussites que nous partagions avec Clément, et nous utilisons toujours les add-ons de la COLIN MATLABTech Inc.™ Malgré ses rares passages, un grand salut à Florian PROISE dont le scepticisme fut souvent marquant, mais pas autant que son amour de la politique et sa volonté d'action pour le bien commun. A la suite de nos discussions je reste convaincu (et j'espère encore de tout coeur) que l'humanité parviendra à survivre aux challenges climatiques et civilisationnels de ce XXIème siècle ! J'ai aussi eu la chance de croiser la route de Benjamin PORTIER, pour qui j'aurai aimé reporter beaucoup plus d'échantillons avec succès ! Sa gentillesse et son élégance (malgré les ongles qui font peur :) ) m'ont profondément marqué.

Je veux aussi remercier Benoît BEHAGHEL, arrivé un peu après. J'ai eu la chance de l'initier aux retraits de substrats ratés et je crois qu'il m'a beaucoup appris en tant qu'excellent Padawan. Je retiens sa volonté d'aller toujours au fond des choses. Merci pour ton soutien sans failles (même si parfois tu es un peu relou, surtout en tant ix qu'adjoint. . . ), ne lâche rien, même si tu as presque les yeux bridés maintenant ! J'ai particulièrement apprécié l'aide d'Alexandre GAUCHER et de Julie GOFFARD. Un merci tout spécial pour leur aide sur la plateforme de caractérisation. L'automatisation d'Alex nous a sauvé du recalage manuel et interminable des EQEs (même si ça fonctionnait !), tandis que la maitrise du chemin optique de Julie a permis de combiner nombre de caractérisations différentes sur le même banc (bon, ça reste dangereux pour les pointes à 500 euros pièce. . . ). En tout cas, la bonne ambiance, les échanges de bons plans techno et de boites d'échantillons, et même la reprise progressive du sport depuis la soutenance, m'ont permis d'atteindre des records.

R É S U M É

L'amincissement des cellules solaires semi-conductrices est motivé par la réduction des coûts de production et l'augmentation des rendements de conversion. Mais en deçà de quelques centaines de nanomètres, il requiert de nouvelles stratégies de piégeage optique. Nous proposons d'utiliser des concepts de la nanophotonique et de la plasmonique pour absorber la lumière sur une large bande spectrale dans des couches ultrafines de GaAs. Nous concevons et fabriquons pour ce faire des structures multi-résonantes formées de réseaux de nanostructures métalliques. Dans un premier temps, nous montrons qu'il est possible de confiner la lumière dans une couche de 25 nm de GaAs à l'aide d'une nanogrille bidimensionnelle pouvant servir de contact électrique en face avant. Nous analysons numériquement les modes résonants qui conduisent à une absorption moyenne de 80% de la lumière incidente entre 450 nm et 850 nm. Ces résultats sont validés par la fabrication et la caractérisation de super-absorbeurs ultrafins multi-résonants. Dans un second temps, nous appliquons une approche similaire dans le but d'obtenir des cellules photovoltaïques dix fois plus fines que les cellules GaAs records, avec des absorbeurs de 120 nm et 220 nm seulement. Un miroir arrière nanostructuré en argent, associé à des contacts ohmiques localisés, permet d'améliorer l'absorption tout en garantissant une collecte optimale des porteurs photo-générés. Nos calculs montrent que les densités de courant de court-circuit (J sc ) dans ces structures optimisées peuvent atteindre 22.4 mA/cm 2 et 26.0 mA/cm 2 pour les absorbeurs d'épaisseurs respectives t=120 nm et t=220 nm. Ces performances sont obtenues grâce à l'excitation d'une grande variété de modes résonants (Fabry-Pérot, modes guidés,. . . ). En parallèle, nous avons développé un procédé de fabrication complet de ces cellules utilisant la nano-impression et le transfert des couches actives. Les mesures montrent des Jsc records de 17.5 mA/cm 2 (t=120 nm) et 22.8 mA/cm 2 (t=220 nm). Ces résultats ouvrent la voie à l'obtention de rendements supérieurs à 20% avec des cellules solaires simple jonction d'épaisseur inférieure à 200 nm.

Mots-clés : photovoltaïque, nanophotonique, plasmonique, cellules solaires, couches minces, piégeage optique, réseaux de nanostructures, nano-impression, nanofabrication.

v A B S T R A C T

The thickness reduction of solar cells is motivated by the reduction of production costs and the enhancement of conversion efficiencies. However, for thicknesses below a few hundreds of nanometers, new light trapping strategies are required. We propose to introduce nanophotonics and plasmonics concepts to absorb light on a wide spectral range in ultrathin GaAs layers. We conceive and fabricate multi-resonant structures made of arrays of metal nanostructures. First, we design a super-absorber made of a 25 nm-thick GaAs slab transferred on a back metallic mirror with a top metal nanogrid that can serve as an alternative front electrode. We analyze numerically the resonance mechanisms that result in an average light absorption of 80% over the 450 nm-850 nm spectral range. The results are validated by the fabrication and characterization of these multi-resonant super-absorbers made of ultrathin GaAs. Second, we use a similar strategy for GaAs solar cells with thicknesses 10 times thinner than record single-junction photovoltaic devices. A silver nanostructured back mirror is used to enhance the absorption efficiency by the excitation of various resonant modes (Fabry-Perot, guided modes,...). It is combined with localized ohmic contacts in order to enhance the absorption efficiency and to optimize the collection of photogenerated carriers. According to numerical calculations, the short-circuit current densities (J sc ) can reach 22.4 mA/cm2 and 26.0 mA/cm2 for absorber thicknesses of t=120 nm and t=220 nm, respectively. We have developed a fabrication process based on nano-imprint lithography and on the transfer of the active layers. Measurements exhibit record short-circuit currents up to 17.5 mA/cm2 (t=120 nm) and 22.8 mA/cm2 (t=220 nm). These results pave the way toward conversion efficiencies above 20% with single junction solar cells made of absorbers thinner than 200 nm.

Un grand merci à tous les ingénieurs et les utilisateurs de la salle blanche, sans lesquels je n'aurai jamais pu fabriquer de cellules solaires. Je pense en particulier à Christophe DUPUIS qui m'a beaucoup appris, dont le « Deviant Art » (les photos MEB les plus loufoques et inattendues) a fait le tour du monde des conférences PV dans un template fait maison, et avec qui je partage un amour inconditionnel du fromage. Merci aussi à Nathalie BARDOU, professionnelle de la litho électronique, que j'ai lâchement abandonnée quand mes problèmes d'oreille m'ont empêché d'aller nager le midi. Un dernier clin d'oeil pour les épitaxieurs de l'équipe d'Aristide LEMAITRE dont les couches de GaAs ont bien servi. Il m'était également sympathique de travailler en salle blanche entouré par des personnes faisant des « Microchoses » nageant dans des puces en verre. Merci donc à nos ennemis de toujours du groupe Nanoflu puis Kleria. Vous les avez reconnus, il s'agit bien sûr de Hugo SALMON (son engagement de chef des doctorants fut fortement apprécié) et Anne-Claire LOUER ! Je n'aurai pas pu effectuer ces travaux de thèse sans le soutien inconditionnel de toute l'équipe administrative du LPN, représenx tée par son directeur Dominique MAILLY. Merci de son accueil et de nous offrir un cadre de travail aussi facile. Merci d'ailleurs aux autres permanents du laboratoire avec qui j'ai eu l'occasion de discuter plus (trop ?) brièvement, peut-être plus particulièrement Jean-Luc PELOUARD et Fabrice PARDO. J'ai aussi pu enseigner durant deux années au cours de ma thèse grâce à Arnaud BOURNEL de l'IEF. Je tiens à le remercier pour m'avoir donné cet aperçu de la vie d'enseignant-chercheur et aussi pour son implication dans la mise en place du Student Chapter NanoSC (vous verrez, sur le plateau de Saclay, ça finira par marcher !). A tous, je leur souhaite de poursuivre les efforts de construction d'un des plus beaux labos du monde, puisqu'ils travailleront ensemble au C2N à l'avènement des nanosciences dans quelques années.

Je remercie aussi toutes les personnes de l'IRDEP avec lesquelles de nombreuses interactions fructueuses ont été mises en place et dont les travaux continuent aujourd'hui de m'inspirer dans mon travail. En particulier, merci à Pierre RALE pour les mesures de photoluminescence et pour l'imagerie hyperspectrale, et à Myriam PAIRE, Laurent LOMBEZ et Anne-Laure JOUDRIER pour les discussions intéressantes que nous avons pu avoir au sujet de la caractérisation d'échantillons un peu atypiques. Je veux également saluer le rôle et le soutien que Jean-François GUILLEMOLES, déjà cité plus haut, puis Daniel LINCOT ont eu dans la promotion des résultats décrits cidessous, et les remercier pour leur accompagnement et les opportunités qu'ils m'ont permis de saisir dans le lancement de l'aventure IPVF.

Je n'oublie pas, bien sûr, mes amis de l'Institut d'Optique et plus particulièrement Gabriel et Erwan (ce dernier soutiendra bientôt sa propre thèse, courage !) sans lesquels l'optique serait sans doute restée une science certes lumineuse mais sans autant d'éclat. Un grand merci enfin à toute ma famille. D'abord à mon père pour avoir tenté de m'expliquer très tôt les rouages des mathématiques et dont j'espère avoir hérité du sens de l'intérêt général. A ma mère pour son amour de la culture et des belles choses et son soutien sans faille depuis 28 ans (et même un peu plus). Merci aussi à mes soeurs Céline et Marie, auxquelles je n'ai jamais assez bien su expliquer ce en quoi consistait mon travail. Je dédie cette thèse tout spécialement aux enfants de la première, puisqu'ils me rappellent sans cesse ma propre curiosité et mon désir de leur expliquer le monde qui nous entoure. Mes derniers remerciements vont à me femme, Marie. Il n'est pas toujours facile pour la vie à deux de se plonger dans la rédaction d'un manuscrit de thèse juste après s'être marié, ni de vivre au quotidien aux côtés d'un physicien sans trop comprendre ce qu'il fait de ses journées. Je lui suis reconnaissant pour son soutien inconditionnel et son amour sans faille.

G E N E R A L I N T R O D U C T I O N

In 2050, 15 to 30% of global energy needs will probably be covered by photovoltaics (PV) [1]. The growing awareness of climate change and its serious consequences plays in favor of solar cells as they convert sun power into electricity without greenhouse gases emissions [2,3]. Tapping solar energy without requiring any fuel supply makes PV a virtually unlimited renewable resource, widely available anywhere on Earth [4]. In parallel, the cost of solar cells has decreased as more and more efficient devices were produced, and PV technologies are becoming competitive with other electricity sources [5].

Recent research efforts support this trend, proposing new solutions to enhance efficiency and decrease production costs simultaneously. The reduction of absorber thicknesses has been a widely spread strategy to reduce material costs [START_REF] Shah | Photovoltaic technology: The case for thin-film solar cells[END_REF][START_REF] Chopra | Thin-film solar cells: an overview[END_REF]. Solar grade crystalline silicon prices and cell processing costs accounted for a large part of the final module costs in PV systems using solar cells from the first generation. It led to the development of a second generation of PV devices using much thinner absorbers made of direct bandgap materials. But even for these thin film technologies, the cost of raw materials such as III-V or II-VI is still largely impacting module prices. Again, thickness reduction has been suggested to further reduce costs. Such an approach would also tackle the issue of raw material scarcity encountered in the terawatt scale development of thin film photovoltaics using In, Te or Se [START_REF] Feltrin | Material challenges for terawatt level deployment of photovoltaics[END_REF][START_REF] Coby | Natural resource limitations to terawatt-scale solar cells[END_REF].

In this thesis, we have focused our study on GaAs solar cells. The opto-electronic properties of this material are well known, as well as its processing techniques. The highest efficiency of 28.8% for a single-junction PV device was achieved with a GaAs solar cell [START_REF] Kayes | 27.6cell under 1 sun illumination[END_REF]. GaAs thus constitutes a perfect playground to fabricate high-efficient proof-of-concept devices and test fabrication techniques before they are extended to other materials such as CIGS, CdTe or even c-Si solar cells. We examine the possibility to reduce the thickness of GaAs solar cells by at least a factor 10 with respect to current thin film technology. This leads to the study of ultrathin single-junction absorbers that are less than 200 nm thick.

If most of the light is absorbed in a single pass in micrometer-thick conventional solar cells, this is not the case in such thin devices. New photon management and light harvesting schemes need to be developed to enhance absorption in these very thin absorbers. In this regard, plasmonics and nanophotonics have offered novel strategies to confine light at the sub-wavelength scale [START_REF] Catchpole | Plasmonic solar cells[END_REF][START_REF] Pillai | Plasmonics for photovoltaic applications[END_REF][START_REF] Vijay | Nanostructures for photon management in solar cells[END_REF]. In particular, metal nanostructure arrays were proposed to use localized resonances or to couple light in waveguide modes in ultrathin a-Si:H solar cells [START_REF] Söderström | Photocurrent increase in n-i-p thin film silicon solar cells by guided mode excitation via grating coupler[END_REF][START_REF] Zhu | Nanodome solar cells with efficient light management and self-cleaning[END_REF][START_REF] Paetzold | Plasmonic reflection grating back contacts for microcrystalline silicon solar cells[END_REF][START_REF] Ferry | Plasmonic nanostructure design for efficient light coupling into solar cells[END_REF]. However, these concepts have been poorly investigated for ultrathin solar cells made of crystalline materials until now.

We originally combined specific bonding techniques with contacting grid architectures on ultrathin GaAs absorbers to transfer them onto flat or nanostructured silver mirrors. These metal nanostructure arrays induce resonant mechanisms inside the device structures leading to broadband absorption over the visible spectrum, very high short circuit current densities and promising efficiencies for such thin solar cells.

To push forward this concept of ultrathin solar cells, we explore further the possibility to use ultimately thin absorbers. The study of a 25 nm-thick super-absorber opens perspectives towards the development of ultrathin plasmonic opto-electronic devices. Such designs also represent a first step towards third generation solar cells. Indeed, the very high confinement of the electromagnetic field or carrier densities in our devices may be really profitable to new concepts such as hot carrier, up-conversion or intermediate band solar cells. Therefore, research on ultrathin absorbers offers the opportunity to access a wide new range of solar energy converters with increased efficiency promises.

In the first introductive chapter of this thesis, we discuss the market trends and challenges that photovoltaics will have to face to become a major contributor to the global energy mix in the next decades. Chapter 2 gives an overview of the basic principles of photovoltaic energy conversion and the main properties of solar cells. It also surveys record conversion efficiencies for the different PV technologies currently available and describes more precisely the techniques that have been studied in literature to fabricate transferred thin film GaAs solar cells. The development of thin film solar cells have been accompanied by important progress in light trapping to reduce the drawbacks associated with the thickness reduction of the absorbers. Chapter 3 reviews the strategies that have been investigated to harvest light in PV devices. It reports a detailed state-of-the-art of plasmonic and nanophotonic solutions that have been proposed to fulfill that goal.

In Chapter 4, we set a new frontier for solar absorber thicknesses by studying light absorption in a 25 nm-thick GaAs layer. We propose an original design which couples a two-dimensional metal nanogrid with a back mirror. It leads to the optimization and fabrication of a semiconductor super-absorber whose performances are discussed. The achievement of multi-resonant broadband absorption in such a thin slab is described step-by-step through simulations and optical measurements on the fabricated demonstrators.

Chapters 5 and 6 are dedicated to the study of thicker devices which are still 10 times thinner than conventional GaAs solar cells. We shown in Chapter 5 that the combination of a highly reflective flat back mirror with localized ohmic contacts leads to absorption enhancements in 120 and 220 nm-thick GaAs p-i-n junctions. High short circuit current densities are achieved in these devices thanks to Fabry-Perot resonances and the deposition of an anti-reflection coating.

Chapter 6 is finally focused on the transfer of ultrathin GaAs solar cells on a nanostructured back mirror. We design the light trapping architecture and analyze the resonances mechanisms through numerical calculations and derive an analytical model to describe grating-coupled waveguide modes inside the ultrathin solar cells. Solar cells with a back grating are fabricated with nano-imprint lithography and exhibit very high current densities for such thin absorbers. Spectral measurements are presented and electrical performances are discussed.

This thesis presents results from both electromagnetic simulations, fabrication in clean room, and characterization of the ultrathin absorbers. I want to acknowledge here the different contributions to the work presented in this manuscript.

All the numerical calculations of Chapters 5 and 6 have been performed by myself with the Reticolo software provided by Philippe Lalanne and Christophe Sauvan (Institut d'Optique, Palaiseau -see Appendix B). The numerical results and analysis of Chapter 4 were conjointly performed by Inès Massiot and myself.

The entire fabrication process for the super-absorber and ultrathin solar cells has been performed at LPN. The GaAs layers were epitaxially grown at LPN by Aristide Lemaître and Carmen Gomez. Most of the following fabrication steps have been performed by myself. A special acknowledgment goes to Christophe Dupuis, whose help and advice have been really appreciated along the different fabrication process. All SEM images presented in this thesis have been taken at LPN by coworkers (Clément Colin, Andrea Cattoni, Christophe Dupuis and Julie Goffard).

Regarding the fabrication of the super-absorber with the metallic nanogrid, the e-beam lithography was performed by Nathalie Bardou. Other fabrication steps were performed conjointly with Inès Massiot. Some results in Chapter 4 have been obtained on her samples, whereas some other have been obtained on samples entirely fabricated by myself. The deposition of dielectric coatings on all samples was performed by Xavier Lafosse and Nathalie Bardou.

In Chapter 5, the process of transfer using a UV reticulation polymer glue was proposed by Andrea Cattoni. He also trained me to Nano-Imprint Lithography for the fabrication of the nanostructured back mirror on ultrathin cells of Chapters 6. The sol-gel TiO 2 was provided by David Grosso and his team (LCMCP, Collège de France, Paris).

Regarding characterization, the IV and EQE measurements presented in Chapters 5 and 6 were carried out by Hung-Ling Chen during his internship that I supervised, Julie Goffard and myself with an automated LabView interface developed by Alexandre Gaucher (see Appendix A). The hyper-spectral images of transferred ultrathin cells in Chapter 5 have been performed at IRDEP by Pierre Rale. I finally want to acknowledge the fruitful discussions that we had with Benoît Behaghel and Jean-François Guillemoles, especially on the electrical and photo-luminescence characterization of solar cells.

The figures speak for themselves: a simple thermodynamic calculation proves that the Earth surface receives more power from the sun in one minute than the whole humanity consumes in one year. Even with a doubling or tripling of these needs with economic and social growth in emerging countries in the next decades, this comparison will stand.

Recent trends in the PV market and predictions indicate that this is only a matter of time before PV becomes one of the major electricity source. A large development of solar energy is one solution to face the challenge of climate change and decrease dependency on fossil fuels. With extremely low carbon emissions, PV may help limit the temperature rise and disastrous impacts of global warming.

Along with the increasing share of PV in the energy mix, the development of new approaches for the electrical grids will be necessary. The differential between current conversion efficiencies and theoretically achievable ones is still important, meaning that plenty of room remains for new concepts and research perspectives.

1.1 photovoltaics: a future major electricity source 1.1.1 A bright future for PV Testing various scenarios, the International Energy Agency (IEA) estimates that the global energy demand will grow by at least 25% and up to 70% in the next 35 years [1]. The share of electricity in the energy mix will increase between 15% to 30%. In the so-called 2DS scenario, the agency examines a highly sustainable energy production scheme, with limited greenhouse gases emissions leading to a limited rise in global temperature of 2 • only. Radical action in favor of energy efficiency and renewable energy production is however needed to sustain this goal of a limited global warming. It supposes a sweeping change in the use of fossil fuels, and a reduction of 30% in oil consumption. In the 6DS scenario, recent trends are extended and lead to an inevitable increase of 6 • of the global temperature.

In the 2DS scenario, 40 000 electrical TWh will be required to satisfy demand in 2050. Renewables provide at least 65% of this total amount, and among them, solar photovoltaic (PV) accounts for 10% of global electricity production. This trend is reinforced in the case of a larger use of renewables: in the hi-Ren scenario (which examines extensive use of clean energy sources), PV will provide 16% of the overall electricity demand. It means the annual generation of 6 000 TWh from PV with an installed capacity of more than 4 500 GW around the world. Nowadays, 100 additional MW of capacity are installed each day in the world, representing the equivalent of a new EPR nuclear reactor every couple of weeks. With this current installation rate, the capacity described by the hi-Ren scenario will be reached in 120 years, meaning that an acceleration of production and installation in an extended market is expected in the future decade.

Replacing fossil fuel ?

The success of PV is directly related to its ability to transform directly sunlight into electricity. Generation is intrinsically realized without noise, fuel or emission. Solar panels do have an environmental cost if their entire life cycle is considered [2,[START_REF] Stoppato | Life cycle assessment of photovoltaic electricity generation[END_REF]. Their only carbon footprint depends on the energy necessary for panel fabrication, and how panels are transported and mounted. Semiconductor metallurgical grade purification requires energy, and material preparation may represent hazards for the environment in case of toxic waste leaks. Moreover, module fabrication requires a certain amount of water. Nevertheless, the impact of PV is negligible with respect to other energy sources: thermal power plants use at least 100 times more water for cooling, with much more emissions and ecological risks.

The largest impact of PV on the environment is land usage. But in France, covering all the built surfaces facing South (1/4 of the already built surface) would suffice to produce the electricity needs. More globally, the amount of required surface covered with PV to feed world's energy requirements is depicted in Figure 2. In this viewgraph, black dots correspond to land surface that would be required in order to power the entire world. The solar PV conversion efficiency taken for the calculation is 8%, well below commercial efficiencies. The energy consumption considered corresponds to the actual one for 2010 with an additional 50%. Only a few amount of land is required to satisfy world's needs, and solar farms can be installed in inhabitable areas.

Solar PV is undoubtedly an energy that will be developed massively in the future to fight global warming. Energy production is the first contributor and accounts for at least 25% of greenhouse gases emissions in the world [START_REF] Herzog | World greenhouse gas emissions in 2005[END_REF]. Coal and fuel burning represents the largest amount of carbon emissions in the atmosphere. The idea that a lack of oil resources will force a transition towards solar photovoltaic energy is nowadays behind us [START_REF] Anne | Energy Supply and Renewable Resources[END_REF][START_REF] Owen | The status of conventional world oil reserves: Hype or cause for concern?[END_REF][START_REF] Verbruggen | Views on peak oil and its relation to climate change policy[END_REF]. Peak oil has been postponed as non conventional source of fossil fuels, especially shell gas have multiplied by five the known resources since ten years ago. There are more than one century of oil reserves to cover mankind needs at present rate. The development of solar PV is thus mainly due to public will, economic competitiveness and environmental concerns.

In his fifth assessment report (2014, [4]), the Intergovernmental Panel on Climate Change (IPCC) has defined new targets for greenhouse gases emissions limitations in order to maintain global warming below 2 • C. In terms of carbon quantities, scientists estimate that a release of 3 000 Gt carbon in the atmosphere corresponds to a global warning up to 2 • C. 2 000 Gt have already been released in the atmo-Figure 2: Land surface required by solar farms to power the whole world with PV energy only [19].

sphere by human activities. Emissions should then be divided by 2 in 2050 and totally suppressed or balanced with carbon storage technology at the end of the century to avoid worse consequences. It requires drastic measures to limit emissions in the future months, that will be discussed in the conference on Climate Change in 2015 in Paris (COP 21). A more important release of CO 2 in the atmosphere would result in more pronounced changes: IPCC wonders if Bordeaux will have the same climate than Seville (Spain) in 25 years, or translates the most likely temperature rise of 4 • C in terms of a rise of sea level by 0.8 m. PV systems installed by the end of 2013 are generating 160 TWh/yr of clean electricity, thus avoiding the emission of 140 million tonnes of CO 2 .

With respect to overstated goals, the development of a credible alternative to fossil energy is necessary and new ways of life will have to be imagined. On the long-run, IPCC estimates that investments for climate change mitigation will be lower by far than the cost of inaction. Electricity will occupy the major role as it is transportable, and easily exchangeable in other forms of energy (chemical, work...). The use of oil or coal as powering energy is probably called to an end in favor of sober displacements and the use of electrical vehicles. PV has an important role to play in favoring the change and the replacement of fossil fuels at a reasonable cost. Moreover, sunlight is the most shared energy resource in the world. It could reinforce energy supply where no other production means are adapted. Despite the hard time fuel lobbies will give to solar PV because of the decrease in revenues it represents for fuel producers, its development is likely to reduce energy dependency and diplomatic tensions or crisis in the future.

In terms of sustainability, PV faces mostly material issues. There is a competition for raw material supply between PV manufacturers and the semiconductor industry in general. The amount of available silicon is not a limitation in principle, as it is one of the most common element in the terrestrial crust. Even if shortages of metallurgical Si just before 2010 were responsible for a price increase of raw materials for solar cells, the production capacity has increased and deliver Si at lower prices today. Similarly, metals used for mounting, wiring and contacts are highly recyclable. Some stress in the supply chain may be more problematic for rare-earth elements such as Indium, Gallium or Tellurium whose known reserves are limited. These elements are the building blocks of direct bandgap materials used in thin film solar cells. Large deployment of this PV technology is thus directly related to the ability to develop thinner cells, and to recycle modules [2]. With the enforcement of effective recycling policies, PV costs, resource and environmental constraints will be greatly released.

pv and economics 1.2.1 Overview of the solar PV market

In 2013, more than half of the investments in energy production worldwide are going to renewables [START_REF]Renewable energy: Medium-term maket report[END_REF]. For the first time in 2013, China invested more in renewable energy than did all European countries combined, and more in renewable power capacity than in fossil fuels. Solar PV fully benefits from this trend as it captures 48% of the total investment amounts (53% for the entire solar power sector) [START_REF] Renewables | Global status report[END_REF]. Solar electricity generation is a growing market with an annual investment of more than 100 billion dollars (USD 96 billion in 2013). Figure 3 shows the global market evolutions before 2013 (actual data) and its expected growth until 2018 [START_REF]Global market outlook for photovoltaics[END_REF]. Information on both annual market size and cumulative installed capacity is given. 37 GW capacity was installed in 2013, taking the overall worldwide capacity to over 135 GW. Total capacity is expected to reach at least (low scenario) 210 GW in 2015. Three scenarios have been studied accordingly with the adequation of incentives and political actions in favor of solar PV (High, Moderate, and Low). The compound annual growth rate (CAGR) of PV installations was 44% during the period 2000-2013. Growth was almost not affected by the financial crisis as annual growth rates were above 70% in 2010 and 2011. With the optimistic scenario in orange, CAGR reaches 15.3% over the 2014-2018 period. More generally, the growth rate of PV industry will probably decrease in the next decades, but it will remain very large in comparison with growth rates in other industries. In the last five years, we have witnessed a market flight to Asia, for both production and installation of solar PV modules. Solar cell fabrication is highly automated in typical semiconductor processing fabrication lines. There are almost no labor costs related to PV production. The main expenditures item of the fabrication process concerns the cost of the energy required to power the lines. This partly explains the shift of production from US and Europe to Asia, principally because of low energy prices in the developing Asian countries [1]. China and Taiwan are now responsible for 70% of the global production of modules. In 2013, 27% of the total capacity worldwide was still installed in Germany, producing 5.3% of the German electricity con-sumption. As China leads the market, Asia gains important shares in installed capacity (+5% in 2013) whereas Europe contributes less to global electricity generation (-7% shares of global installed capacity).

The cost of PV electricity

The solar photovoltaic industry has made tremendous progress in efficiency leading to important price reduction. The learning curve, presented in Figure 4, shows that module prices (in EUR/Wp) decrease by 20% for each doubling of the cumulative production. In 2014, the average price for modules in rooftop systems in Germany is EUR 0.66 /Wp. It represents only 50% of the system costs, as balance of system (mounting, wiring...), inverter costs or soft costs (permitting, investment...) are not included in the total price per Wp [27]. As another example, PV system costs were divided by three in Italy between 2008 and 2013 [1].

Figure 4: Learning curve for the PV Industry: module price decreases by 20% when the cumulative production is doubled [1].

Today, this evolution leads to a price of electricity between EUR 70 and EUR 230/MWh (USD 90 to USD 300/MWh) for solar utility-scale production [1]. Until now, the lowest commercial prices were obtained in Austin, Texas, in which solar PV electricity was sold at USD 5 cents/kWh [START_REF]Recurrent energy awarded 150 mw utility-scale solar contract by austin energy for texas solar projects[END_REF]. The energy provider benefited from both good climate conditions (Austin is in a sunny region), and particularly low prices in general. These prices are likely to decrease again in the next decades, not only because the efficiency of the PV systems will increase but probably more because of a reduction in balance of system and soft costs than in hardware costs. The IEA roadmap assumes an average cost reduction of 65% by 2050, leading to electricity prices ranging from EUR 30 to EUR 120/MWh (USD 40 to USD 160/MWh).

The overstated costs indicate that utility scale PV offers today one of the cheapest electricity on the energy markets. In order to compare electricity costs between the various energy sources available, the levelized cost of energy (LCOE) of each energy source must be calculated. The LCOE represents the cost of an energy generating system over its lifetime; it is calculated as the per-unit price at which energy must be generated from a specific source over its lifetime to break even. It usually includes all private costs that accrue upstream in the value chain, but does not include the downstream cost of delivery to the final customer; the cost of integration, or external environmental or other costs. Subsidies and tax credits are also not included [START_REF]Special report on renewable energy sources and climate change mitigation[END_REF]. Figure 5 gives the LCOE estimates for solar PV and other alternative and conventional energy sources. Utility-scale PV has lower prices than most of the other production means. Solar PV power plants offers today very competitive prices for electricity production. This is not the case yet for unsubsidized residential or commercial/industrial PV, which still have the highest LCOE among electricity production means. For these sectors, incentives and technical efforts would have to reduce costs to ensure development for the few next years. In rooftop systems however, the costumer does not pay the delivery and other services offered by the grid. The cost of electricity produced by individually-owned residential systems may thus be lower than retail electricity prices offered by conventional distribution companies even if the LCOE appears to be larger than for conventional electricity sources. As a consequence, this situation called 'grid parity' has already been achieved in several locations. The European Photovoltaic Industry Association (EPIA) estimates that France, Italy, Germany, Spain and the United Kingdom will reach grid parity before 2020 [5] if not already achieved. This should boost selfconsumption and the development of PV rooftop systems in a close future.

Acceptable additional costs for efficiency improvements

Considering a solar panel with a constant surface, the higher its efficiency will be, the more energy it will produce. Nevertheless, an increase of efficiency has a price, which should be limited in order to maintain or diminish the USD/W or EUR/W price of the hardware. The following calculation gives an idea of the typical price increase acceptable for the industry.

Let's consider a solar module of 1 m 2 with an efficiency η of 20%. Using the standard conditions for sunlight irradiation, the energy flux arriving on the module is 1000 W/m 2 . The power output of the module is 200 W, sold at a price P, and consequently, a price P/200 in EUR/W. An increment of efficiency ∆η is obtained in fabrication for a supplemental price ∆P. The final price per capacity unit is thus the ratio P + ∆P η + ∆η . For this number to be lower than the previous cost in EUR/W, the maximum price increase is given by:

% price increase = 100 × η + ∆η η -1 (1) 
Nowadays, a Si solar panel of 300 Wp with an efficiency close to 20% costs between 200 and 400 EUR. To pass from 20% to 25% is possible if the related price increase is limited to 25%, roughly 50 EUR per square meter. Note that it is always more interesting in economic terms to improve a low efficient device than improve a solar cell with an already good efficiency. For example, for a panel at 12% improved to 15% of efficiency, the acceptable price increase reaches the same 25% of the initial price. This gives higher flexibility on prices and technological solutions.

Similar ballpark figures are regularly used to evaluate the opportunity of a change in the conventional fabrication process of solar cells. In her presentation at the 'Nanophotonic parallel event' of the EU-PVSEC 2014, Dr. Catchpole estimated that the implementation of a nanophotonic light trapping strategy bringing an increase of 5% in efficiency should cost less than one dollar cent per 10 cm by 10 cm wafer, at a throughput of 1 wafer treated every second [START_REF] Catchpole | What can nanophotonics offer the photovoltaic industry? EUPVSEC 2014 -Nanophotonics parallel event: From Research to Driving Competitiveness in Solar Cells[END_REF]. This demonstrates the difficulty of implementing new strategies industrially. If the approximations done here are sufficient to get a rough idea of what could be expected in terms of fabrication costs, it points out that any change in the fabrication process should be the object of a careful costs over benefits analysis.

Finally, when the efficiency increases, a smaller surface is required to produce the same amount of power. This also reduces the cost, and presents a direct advantage for systems under concentrated light [START_REF] Paire | Highly efficient solar cells in low dimensionality based on Cu(In,Ga)Se2 chalcopyrite materials[END_REF].

next challenges 1.3.1 Allow for large PV deployment

Despite the bright future of PV as a major electricity source, a certain number of technical and societal difficulties have been raised. These societal and political issues however are likely to blur with the continued development of the market and awareness of citizens.

The most difficult challenge that PV faces nowadays is the distrust of people and politicians. Solar PV indeed remains a policy-driven business, where political will and incentives considerably affect markets and decide for take-offs or declines. PV is often unfairly described or regarded as very expensive, inefficient, water, material and land consuming. The amount of energy necessary for solar panel production was commonly believed to be greater than the panel throughput along its lifetime. Consequently, the environmental footprint of solar cells was supposed to be as large as the other electricity sources. Most people also think of panels as potential chemical hazards, producing toxic waste whereas they are mostly composed of glass and highly recyclable metals. These authentic urban myths are disappearing slowly.

In fact, life cycle analysis show that solar panels have a low energy and carbon footprints [START_REF] Mariska | Energy payback time and carbon footprint of commercial photovoltaic systems[END_REF]. The energy pay-back time (EPBT) is today of 1 to 3 years for most solar panels whose performances are guaranteed over more than 25 years [START_REF] Peng | Review on life cycle assessment of energy payback and greenhouse gas emission of solar photovoltaic systems[END_REF]. The carbon footprint of a solar cell along its life cycle is below 20 grams of CO 2 per kWh [3]. This figure has to be compared with the footprint of natural gas 120 g/kWh, or coal 300 g/kWh. Land usage may be seen as lower for PV than for any other electricity source: rooftop PV benefits from already built areas, and PV is compatible with other activities such as extensive farming. A better integration of PV in buildings and in architecture would also help to reduce the impact of PV. Finally, the efficiency of industrial solar modules is now close to 20%. The efficiency of CPV commercial systems reach 28%, which is close to the 30-40% range for more traditional thermal power plants (33% average efficiency of conversion between heat and electricity for the French nuclear reactors, or around 40% for coal/fuel-fired plants).

Concerning prices, repeated and sometimes radical or retroactive changes in incentive policies have diminished the confidence of in-vestors in PV systems. Installing PV panels or a PV plant requires generally an important investment with no financial gain in the short term. Moreover, this investment is naturally postponed as future modules, with a better efficiency, will reduce the cost per kWh of the installation, and increase potential gains in the long term. Subsidy schemes (Feed-in-tariffs, auctions, investment tax credits...) should allow for capital costs mitigation and balance this effect, especially for small investors installing PV on their home roof. A clear vision of expectations and risks in predictable regulatory frameworks are thus required to help the development of PV on a large scale. Moreover, administrative and transactions 'soft-costs' 1 and time-consuming procedures (permitting, connecting) are serious obstacles to PV development. Regulators should simplify PV installation to make solar PV accessible to the greatest possible number of people.

As well as regulatory, costs and incentive frameworks, the reliability of PV systems is a key for large-scale deployment, as lifetime and efficiencies define the final benefits generated by the PV system. Certification should lead to international standards reinforcing confidence in PV. Along with this normalization, reasonable efforts in education in public awareness would give an overall better understanding of the force of PV as a power source. Constant support to PV (and other renewables), popularization and democratization of this means of production would lead to social acceptance. An overall better knowledge about PV will necessarily reduce stereotypes and forge future progress in this field.

Make PV dispatchable

From a technical point of view, an important share of PV or renewables in the energy mix has important effects on the electricity distribution sector. Today's network is characterized by a directed power flux from centralized production centers (nuclear, thermal and hydro power plants) towards the end-user. As sketched in Figure 6 representing schematically the electrical grid and the most important power flux inside the transmission lines, the electricity is exchanged in the extra-high voltage transmission network, and dispatched to the consumer through the distribution network at lower voltages. Difficulties arise when the grid is supposed to transport a reverse power flux. Indeed electricity from renewables is generally produced in the heart of the distribution grid and the power output of solar or wind farms is much lower than the high voltage standards. Whereas standalone installations and PV can bring power access in rural areas, with their proper local grids, the connection to the conventional 1. Costs other than hardware, representing growing shares of system prices. Contrary to the hardware costs, the soft costs are not following the PV learning curve. Their limited decrease is responsible for overall high prices for PV systems. It reinforces the need for a real intelligence of the 'smart-grid' system. Self-consumption could also help reduce the transportation capacity of the grid.

grids in developed countries represents an issue: nothing has been designed in these to distribute the new dispersively produced amounts of electricity. Renewables can thus be a threat to grid stability and are considered as non-dispatchable energy producers. Moreover, producers and distributors constantly balance electricity demand and production. Through modeling and constant monitoring, they manage very precisely the power output required to fulfill demand. Operating the system at optimal efficiency requires to switch-on or shutdown production centers. When they fail to prevent shortages or overloading, power blackouts or severe damages to the distribution network may occur, with potentially disastrous consequences. In this very determinist system, renewables and especially PV are seen as disruptive energies. Especially for small producers, the amount of generated power is often unknown and depends on variable climatic conditions. Worse, if PV energy production may support the morning ramp in power demand, panels do not produce during the evening hourly peak demand or at night. The capacity factor of PV is thus typically around 20%, forcing the ignition of coal plants at night in Germany to keep up with demand. These points represent major challenges when 20% of the electricity demand is supposed to be fed by renewables.

In order to allow larger shares of renewables in the distribution grid, several evolutions are needed. First, it is necessary to adapt grid's components to multi-directional flux of power. This represents enormous investments and will take time but some companies have already developed strategies for old systems to accommodate a larger amount of PV electricity. Second, the intelligence of the network has to be strengthened, and so-called 'smart-grids' will be required [START_REF]Smart grids and renewables: A guide for effective deployment[END_REF]. Able to communicate with the grid operator and capable of feeding the grid or switching off PV production, smart transformers appear as key elements of the future installations. They will encourage and regulate self-consumption or generation as function of the electricity prices. They are also very likely to promote energy efficiency at the home level. Large solar farms or PV plants are less problematic as their energy output is sufficient to consider them as sources of dispatchable electricity. Nevertheless, their production is still dependent on weather conditions. This is directly related to a third evolution of the grid: the information and prediction tools will be of increasing importance. They will combine weather forecasts, existing databases, and market analysis with constant information flux arriving from end-consumers (probably through the overstated smart transformers). With regards to nowadays techniques, it appears that the production of a solar installation can be reasonably determined in advance at various time scales, and appropriate response taken in the rest of the grid to balance the effects of PV production. Finally, the development of efficient storage capacities will compensate for the low capacity factor. Either centralized storage (e.g. hydro pumped storage power plants) or distributed storage (e.g. a network of electrical cars with batteries) in the grid may offer solutions to decorellate energy consumption and production. A large amount of PV during the day would thus suffice to cover the night needs. Efficient and affordable storage will help PV and renewables becoming more dispatchable and flexible.

Move to high-efficiency (at lower costs)

The bright future of PV also depends on the ability of scientists to propose efficient and cost-effective solutions to absorb light and convert it to electricity. The cost reduction due to scale effects and efficiency increase in the learning curve for PV will mostly be due to efforts in research and improvements of the photovoltaic cells them- selves. Scientists will have to face a increasing demand for higher efficiency as power demand increases. They will also have to guarantee the availability of raw materials to fabricate the devices. Solar panels will thus have to be designed as recyclable devices and answers to material scarcity issues will have to be found. This is the only possibility to allow PV for becoming a major player in electricity production, passing from a GW-scale to TW-scale capacity [START_REF] Feltrin | Material challenges for terawatt level deployment of photovoltaics[END_REF][START_REF] Coby | Natural resource limitations to terawatt-scale solar cells[END_REF].

Various thermodynamic considerations have led to establish maximum efficiency for sunlight conversion into electricity. The efficiency of any converter of direct solar radiation into work is thermodynamically limited to 93%. Considering a Carnot cycle, the temperature on earth and at the sun's surface, the efficiency of any converter is limited to 86%. With more precise hypothesis, it is possible to obtain more accurate limits depending on the type of cells and operating conditions. For instance, Shockley and Queiser established an efficiency limit of 33% for solar cells with one bandgap operating in the terrestrial conditions. With respect to this figure, the best values of efficiency for GaAs single junction solar cell around 29% are really close to the maximum achievable.

To improve the experimental records, it is necessary to make the best use of the solar spectrum. In this regard, multi-junction solar cells or concentration techniques have been proposed. For example, maximum efficiency goes up to 72% at a concentration of 1000 suns for a cell comprising 36 energy gaps over the solar spectrum [START_REF] Henry | Limiting efficiencies of ideal single and multiple energy gap terrestrial solar cells[END_REF]. In all cases, the record efficiencies obtained experimentally for solar Figure 8: Module price (USD/W) with respect to efficiency performance. The price/efficiency area targeted for ultrathin solar cells is drawn in red on the base diagram taken from reference [START_REF]Technology roadmap: Solar photovoltaic energy[END_REF].

The three generations of solar cells are represented in this graph. Multi-junction devices do not lie in the third generation area (added in purple), according to the meaning that was given to this generation by Green in his own chart [START_REF] Green | Third Generation Photovoltaics: Advanced Solar Energy Conversion[END_REF].

cells (29% single junction, 46% multi-junction) are far from what can be expected from a thermodynamic point of view. A comparison between actual efficiencies and thermodynamics limits for solar PV and other enrgy sources is given in Figure 7. It shows that solar PV has one of the highest potential efficiency of the overall energy mix. Moreover, it has the largest room for improvement between experimental records and thermodynamic limits. Scientific research should help improve the record values and push towards really high efficiencies in solar PV. The more this can be done at lower costs than nowadays prices, the more solar energy will play an important role in tomorrow's energy mix.

In the short term, ultrathin devices represent an interesting solution to answer to material scarcity and cost issues. This is the lead that has been followed during my PhD. Material costs or deposition times does not depend only on absorber thickness, but on the total thickness of the entire cells. Nevertheless, a decrease of absorber thickness by one order of magnitude should bring a decisive economical advantage to ultrathin cells by comparison with conventional thin-film solar cells. For Silicon based technology, ultrathin absorbers are thus a few micrometer thick whereas they are reduced to a few hundred nanometers for cells made of GaAs, InP or other direct bandgap materials. To present a true advantageous alternative, the reduction in cell thickness should not come at the expense of reduced efficiencies. Thanks to light management techniques, mirrors and nanostructures, I demonstrate in this thesis that it is possible to maintain absorption and thus efficiencies in such ultrathin devices. On the traditional chart representing module prices vs efficiency performances given in Figure 8, if thin film technology is taken as a starting point, ultrathin cells may be considered as a step towards the third generation. In this regard, ultrathin solar cells pave the way for the future high-efficient cells built on novel concepts.

summary

Solar photovoltaic energy has a huge potential to become one of the major player in tomorrow's energy mix. With virtually unlimited resource, IEA predicts that 16% of the electricity will be produced by solar PV in 2050. This will help reduce carbon emissions and prevent global warming. The global market has been undergoing a growth of more than 40% each year since 2005, even during the economic crisis. Installed capacities are still growing each year to fulfill demand in clean energy, especially in China. Electricity generated from PV systems at the utility scale is now cheaper than from other energy sources.

To face the growing demand at low prices, technical and scientific progress must lead to more efficient devices requiring less raw materials. The use of ultrathin solar cells may fulfill this goal if devices thicknesses can undergo a ten-fold thickness reduction without losing efficiency. In combination with recycling, it also represent a way to avoid semiconductor material shortages when moving towards the TW-scale production. Ultrathin cells constitute a first step towards the third generation of solar cells, in which many new concepts (hot-carrier, intermediate-band or up-conversion) could also benefit from very thin architectures. This opens new perspectives in terms of maximal achievable efficiencies.

Having examined the main economical aspects of photovoltaics and the challenges encountered in the development of PV as a major electricity source, this chapter reviews the basic properties of solar cells. It begins with a description of the solar spectrum as the power source and the solar cell as its absorber. We also define the important parameters used in the analysis of solar cell performances: short circuit current density J sc , open-circuit voltage V oc , filling factor FF and efficiency η.

The performances of solar cells for silicon and most thin film technologies are then reviewed. A special focus is given to the current technology of GaAs thin film solar cells for which we survey the state-of-the-art. Other cell architectures and new concepts to achieve enhanced efficiencies in photovoltaic devices are finally described.

the solar cell as an optical absorber

The solar spectrum

As photovoltaic devices convert directly the solar radiation into electricity, this section starts by describing the power flux coming from the Sun. Figure 9 describes the power spectral density and photon flux of solar radiation on Earth. More specifically, Figure 9a displays the spectral irradiance from the Sun received on Earth. In orange, the solar spectral irradiance outside the atmosphere, also called air mass 0 (AM 0) because light does not cross the atmosphere, is very close to the one of a black body at 6000 K, plotted in purple. The Sun behaves basically like a black body whose emission follows the Planck's law.

The effect of the atmosphere is taken into account through modeling: the Simple Model of the Atmospheric Radiative Transfer of Sunshine, or SMARTS, is used to generate the standard solar spectra [START_REF] Gueymar | SMARTS2: a simple model of the atmospheric radiative transfer of sunshine: algorithms and performance assessment[END_REF]. The photovoltaic industry uses American standards for solar spectral irradiance. Thus, the irradiance on Earth surface is conventionally considered for a system tilted towards the sun with an inclination corresponding to the average latitude of the U.S.A. states (41.8 • above the horizon). For this orientation, light geometrically crosses a distance of 1.5 atmosphere's thickness before reaching the system. This leads to the NREL normalized and tabulated AM 1.5 D ('direct') spectrum. The AM 1.5 G ('global') spectrum corresponding to the effective illumination conditions is calculated by modeling the typical diffusion of the atmosphere. It is plotted in red in Figure 9a [START_REF][END_REF]. The presence of absorption bands can be noticed, due to atmosphere elements such as O2 with an absorption peak at λ = 760 nm, water vapor with absorption peaks at λ = 936 and λ = 940 nm and between 1100 and 1150 nm, or vapor and CO2 for the 1300-1500 wavelength range. On Earth surface, the global irradiance integrated over all wavelengths is close to 1000 W/m 2 , which is defined as the irradiance used in standard testing conditions (STC). Otherwise stated, we will always work with the AM 1.5 G spectral irradiance in the rest of this thesis.

In the following chapters, we will be focused on short circuit density improvements, and thus on the number of charges extracted form the cell. The number of collected electrons is directly related to the number of photons absorbed. The real data to be considered is consequently the number of photons available per wavelength. The photon flux is calculated directly from the spectral irradiance by dividing it (a) Solar spectral irradiance outside the atmosphere and its approximation as a black body at 6000 K. The standard AM 1.5 G spectral irradiance is plotted in red. In blue, the part of the solar light power density available for photovoltaic energy conversion with GaAs (see Section 2.1.3 below).

(b) Incident photon density: outside the atmosphere in orange, corresponding to the AM 1.5 G spectral irradiance in red, and the photon flux available for photovoltaic conversion in blue. by the energy of a photon for each wavelength. The result of this operation is given in Figure 9b for the same spectra that were used to describe solar irradiance. On the blue curve, we notice immediately that the gap of the GaAs occurs at 870 nm, just before an absorption band caused by water vapor around 940 nm. This limits the energy conversion in GaAs cells to photons whose energy is higher (equivalently wavelength is lower) than the bandgap. The photon flux reaches its highest values for wavelengths between λ = 600 and λ = 800 nm. Strategies to absorb photons in this wavelength range are crucial for the efficiency of solar cells.

Light absorption in two-band systems

A solar cell is an opto-electronic device in which solar energy is converted into electrical energy. It relies on the photovoltaic effect that was discovered in 1839 by Edmond Becquerel [START_REF] Becquerel | Mémoire sur les effets électriques produits sous l'influence des rayons solaires[END_REF]. In certain materials, there is an energy range called bandgap where no electron states can exist. A device made of this material can thus be sketched as a two-band system, with a large number of electrons in a ground state (valence band) and a small number of electrons free to move in the material (conduction band). The energy hν brought by incident photons can promote electrons from the low energy state to the high energy state, and thus give rise to electron-hole pairs in the material. The electrons can then be collected to generate a current while the light-driven carrier separation creates a maximum potential corresponding to the energy separation between the bands.

Let us consider a material with a specific bandgap with an energy E gap . When a photon enters the absorbing part of the solar cell, three cases featured in Figure 10 have to be distinguished:

-The photon energy is lower than the bandgap. The photon cannot be absorbed and carrier separation is not achieved. These photons do not contribute to the photo-generated current. -The photon energy is the one of the bandgap. The photon is absorbed, creating an electron-hole pair which is collected with no energy loss. This constitutes an ideal case for a solar cell with one bandgap. -The photon energy is higher than the bandgap. Thus the photon is absorbed, an electron-hole pair is created but the energy of the electron is much higher than the one of the bandgap. In a few picoseconds, the interactions between the charge and the semiconductor crystal leads to the emission of phonons and the thermalization of the electron to the energy of the conduction band. A similar process occurs with the hole that finally reaches the energy level of the valence band. The energy collected within the device is limited by the bandgap.

(a)

(b) (c)
Figure 10: Interaction of a photon with carriers in a two-band system. (a) E γ < E gap : the photon is not absorbed (transmission loss). (b) E γ = E gap : the photon is absorbed and one electron-hole pair is collected (ideal case). (c) E γ > E gap : the photon is absorbed but the energy given to carriers is much higher than the bandgap. Very rapid thermal relaxation occurs through carrier-phonon interaction (phonons are represented in purple here). Carriers are finally collected with a maximum potential corresponding to the bandgap energy (thermalization loss).

In accordance with these different mechanisms, the maximum light power convertible into electricity by GaAs solar cells is plotted as the blue line of Figure 9a.

The Shockley-Queisser limit

In 1961, Shockley and Queisser were the first to express the efficiency limit of a single-junction solar cell as a function of its bandgap [START_REF] Shockley | Detailed balance limit of efficiency of p-n junction solar cells[END_REF]. They considered a solar cell at 300K under the AM1.5G illumination, only impacted by radiative recombination (ideal case). Combining altogether the different loss contributions due to black body radiation, radiative recombination and spectral losses (thermalization, transmission), they calculated the maximal conversion efficiency as a function of the material bandgap. Figure 11 represents this limit and gives the actual experimental records for comparison. The curve gives a maximal efficiency of 33.5% for bandgaps close to 1.4 eV. GaAs has a bandgap very close to these optimal value. Si and GaAs solar cells show experimental record efficiencies very close to the Shockley-Queisser limit.

Other phenomena can impact and further limits the maximal efficiency of certain solar cells. For instance, the absorption process in silicon is very dependent from phonon-photon interactions, and Auger constitute an intrinsic non-radiative recombination channel. Taking 1). GaAs ans Si are the materials for which experimental efficiency records approach the theoretical efficiency limit. The dashed line shows the theoretical efficiency limit calculated for Si taking into account Auger recombinations.

into account these effects reduces the theoretical efficiency of the device to 29.4% (see the dashed line in Figure 11). Auger recombinations can usually be neglected in the case of direct bandgap materials such as gallium arsenide.

To go beyond this limit, the use of multiple bandgaps or specific light or charge management techniques are required. For instance, PV systems under concentrated sunlight or multi-junction solar cells have been developed, with current efficiencies well above 33.5%. Other approaches such as hot carrier solar cells or up-conversion are still in the early stage of investigation or development (see Section 2.5).

Optical generation rate

From electromagnetic calculations, it is possible to express the density of power absorbed in a volume of material with respect to the imaginary part of its permittivity and the electric field amplitude E. For non-magnetic materials, the absorbed power per unit volume is expressed as:

P abs ( r, ω) = 1 2 ω ( r, ω)|E( r, ω)| 2 (2)
where ω is the frequency and the imaginary part of the permittivity (that can be directly related to the optical index). The total power absorbed can then be calculated by integration over the absorber volume V:

Abs = V P abs dV (3) 
In the following chapters, we will use RETICOLO to calculate numerically the electromagnetic field inside our semiconductor structures. A brief description of this Rigorous Coupled Wave Analysis (RCWA) simulation tool is given in Appendix B.

jsc, voc, fill factor and efficiency

P-n and p-i-n junctions and band structure

In order to benefit fully from the charge generation process, it is necessary to separate spatially the photo-generated electron-hole pairs before they recombine. In photovoltaics, carrier separation is generally achieved with p-n junctions. In 1939, Ohl was the first to identify and analyze the mechanism of a p-n junction. He proposed to use it to separate photo-generated charges in semiconductors in 1941, in a patent entitled 'Light sensitive device', which is the first description of a single junction solar cell [START_REF] Russell | Light-sensitive electric device[END_REF]. Until nowadays, the p-n or p-i-n junctions have remained the basic electrical scheme in solar cell designs.

In a junction, the juxtaposition of two inversely doped semiconductors leads to the creation of a built-in potential. The derivation of this potential and the related electric field across a p-n junction is given in most textbooks on photovoltaics [START_REF] Green | Third Generation Photovoltaics: Advanced Solar Energy Conversion[END_REF][START_REF] Nelson | The Physics of Solar Cells[END_REF]. In this general picture, the carriers created by light absorption in the solar cell have to migrate towards the depletion region to be separated.

Similarly in Würfel's electro-chemical description, charges have to travel to their selective membrane (the n-doped region for electrons, and p-doped region for holes) in order to be collected [START_REF] Wurfel | Physics of Solar Cells: From basic principles to advanced concepts[END_REF]. This means that diffusion lengths and carrier mobilities inside the solar cells must be high enough to allow for charges to reach the depletion region and contribute to the output current of the cell.

To avoid recombination in the contact area of the solar cells, barrier or back surface field layers are usually used to separate selectively the charges. In figure 12, a barrier layer has been represented on the left of the band structure. Because of its high bandgap, it does not prevent incoming light to reach the junction but repel minority electrons from the left contact.

The band structure gives useful information on the presence of potential barriers for charge transport in semiconductor structures, or on the formation of energy wells at interfaces, likely to induce high recombination rates. In this regard, band engineering is a very powerful tool to design the semiconductor junctions. We will use it extensively in Chapter 5 to design the semiconductor stack and window layers of our ultrathin GaAs solar cells.

For p-i-n junctions, an intrinsic semiconductor region is sandwiched by the two doped regions. As there is no charge accumulation inside this layer, the electric field is constant in the entire intrinsic region and the potential varies linearly through all the junction. The situation is thus really similar to the p-n junction case, with smoother evolutions of the potential over a longer distance. Moreover, carrier mobilities are not affected by doping inside the junction, potentially reducing parasitic recombinations due to doping. As a result, p-i-n junctions may present electrical properties that ease the charge separation and collection process.

Carriers in the cell: motion and recombinations

After charge separation, charges have to travel to the extremities of the band structure in order to be collected. The motion of charges is directly related to the charge density as follows. When the p-n junction is enlightened, the solar cell is brought out of the equilibrium. In this regime, called steady-state, the minority carrier density follows the continuity equation:

G(x) -R(x) + D d 2 n dx 2 + µE dn dx = 0 (4) 
whose terms can be identified to:

-The carrier generation rate G(x) depending on the intensity of light inside the semiconductor (see Section 2.1.4 above). -The recombination rate R(x). As the minority carrier density is different from the equilibrium distribution, in-excess carriers will recombine. -The diffusion process from regions with high carrier densities towards regions with lower densities, characterized by a diffusion coefficient D. The diffusion length or free mean path of the carrier is related to D and the lifetime τ by the Einstein's relation:

L = √ Dτ (5) 
-The drift current, characterized by the mobility of carriers µ and depending on the internal electric field E. Different recombination phenomena can be distinguished in solar cells. Among them:

-Radiative band to band recombinations.

-Non-radiative Auger recombinations are due to energy transfers between the electrons of the conduction band. One electron decays to the valence band when another is promoted at a higher energy. -Non-radiative single-level traps recombinations (Shockley-Read-Hall or SRH) occur when impurities or defects of the crystal structure form traps inside the bandstructure of the material. Electrons decay whereas holes are promoted to the trap energy level. The Shockley Read Hall model gives the recombination rate for a trap with a single energy level. These are the most likely source of recombination in bulk semi-conductors in which doping atoms can constitute trap states. -Non-radiative surface recombinations happen at interfaces, typically near to the contact electrodes or at the surface of the cell. Whereas radiative or Auger recombination are inherent with the use of semiconductor materials, SRH and surface recombinations are related to the quality of the material and the design of the cell. For ultrathin devices, the surface vs volume ratio is much higher than for conventional solar cells. A particular attention should be paid to these different loss channels, with a careful study of the photovoltaic device behavior with respect to cell size [START_REF] Paire | Highly efficient solar cells in low dimensionality based on Cu(In,Ga)Se2 chalcopyrite materials[END_REF]. In this thesis, this is the object of Section 5.5.4.

On one hand, the limited thickness of the absorber should lead to limited volume recombinations as the number of defects in the layer is reduced. This should lead to Lower SRH recombinations. We thus expect a better open-circuit voltage in our cells, similarly than in Benagli's study on a:Si-H cells [START_REF] Benagli | High-efficiency amorphous silicon devices on lpcvdzno tco prepared in industrial kai tm-m r&d reactor[END_REF].

On the other hand, ultrathin cells offer large surfaces for potential surface recombinations. However, electrical losses can be handled through band engineering or during the fabrication process. It is however possible to engineer barriers for minority carriers in order to prevent surface recombinations on the cell front surface.

The photo-generated current of the cell is extracted by contacts at the extremities of the cell. This is the last loss channel for charges in a solar cell. On the front of the cell, charges are usually collected through a contact grid or a transparent conductive oxide (TCO) layer. The back contact can be uniform on all the back surface, or may consist in another grid or TCO layer. The contact architecture induces a series of resistive losses inside the solar cell:

-The resistance of the grid itself -with Joule's losses in the metal wires -or the resistance of the TCO layers. -The resistance between the contact layer and the semiconductor, or contact resistance. Although there is a wide diversity of contact types, ohmic contacts have been widely used in the solar PV industry [START_REF] Schroder | Solar cell contact resistancea review[END_REF]. -The resistance of the semiconductor just beneath the contact, in the emitter of the cell. Given in Ω/ , it quantifies the ability for charges to travel laterally from the point where the current was generated by absorption towards the contact. Generally, this layer is hugely doped to ensure a very large lateral conductivity. A compromise has to be found between these losses and potential optical loss like the shadowing subsequent to the deposition of a grid on the front surface. Several tools are available to optimize the design of different kinds of grids such as the PV lighthouse Grid Calculator 1 . A detailed description of the design used for the ohmic back contact grid in our solar cells is given in Section 5.2.

IV characteristics

Dark IV characteristics

The current density of a solar cell in the dark is a function of the applied bias and mostly depends on the recombination mechanisms at stake inside the semiconductor junction. Usually, these recombination phenomena are very well described by a diode equation, whereas other source of loss can be taken into account by a series resistance for a direct flow of charges through the contacts and the bulk semiconductor, and a shunt resistance for leakage currents. Several analytical models have been developed to analyze the dark IV characteristics of a solar cell [START_REF] Wolf | Investigation of the double exponential in the current-voltage characteristics of silicon solar cells[END_REF][START_REF] Lei | An improved diode modeling approach for solar cells[END_REF][START_REF] Hejri | On the parameter extraction of a five-parameter double-diode model of photovoltaic cells and modules[END_REF][START_REF] Vandana Khanna | A three diode model for industrial solar cells and estimation of solar cell parameters using pso algorithm[END_REF]. In this thesis, we use the double diode model. As sketched in Figure 13, the equivalent electrical circuit of a solar cell is composed of an ideal current generator with two parallel diodes, a parallel or shunt resistance (R sh = R p ) and a series resistance (R s ).

In comparison with a single diode model, it has the advantage to better analyze the evolution of the ideality factor with the voltage. Indeed, at high voltage, the recombination in the device are dominated by the surfaces and the bulk regions leading to an ideality close to n = 1. However, at lower bias, recombinations in the junction dominate and the ideality approaches n = 2. We thus consider a first diode with an ideality n = 1 and a second diode representing non-radiative recombinations with n = 2.

In the 2-diode model, the current equation is given as:

J dark = J 01 exp q(V -J dark R s ) kT + 1 +J 02 exp q(V -J dark R s ) 2kT + 1 - V -J dark R s R p (6) 
where J 01 and J 02 are the saturation currents of the diodes with respective ideality factors of n = 1 and n = 2, R s the series resistance, R p the shunt resistance, V is the applied voltage, q is the elementary charge, k is the Boltzmann constant and T is the temperature. Equation 6 being implicit, it is generally solved numerically (although a Lambert W-function allows for analytical studies in very simple cases [START_REF] Ghani | Extraction of solar cell modelling parameters using the lambert w-function[END_REF]). Parameters values for saturation currents of the two diodes and for resistances are extracted from measurements us- ing a least squares variational minimization fitting procedure, as described in Section A.3.3 of Appendix A. The experimental data that we measured at LPN are generally very well approached by the 2diode model with this procedure.

In order to allow for comparison between different diodes and different technologies, these values are normalized with the size of the diode, final resistance values are thus given in Ωcm 2 .

IV characteristics under illumination

For a solar cell in operation, the junction also produces a current due to absorption, photo-generation, and collection of charges. The total current in the cell can be written as the sum of the previous J dark with a photo-generated current J light :

J = J dark -J light ( 7 
)
This expression is consistent with electrical conventions, for which the power of the diode must be negative P = J × V < 0 in the case of power production. In other words, the curve lie in the specific photovoltaic quadrant in which the current is negative while bias is positive (see Figure 14).

Short-circuit current densities

The short-circuit current density corresponds to the flux of charges coming out of the cell at V = 0 due to the generation and collection of photo-generated carriers. It can be directly measured on the IV characteristics.

For an ideal cell, every absorbed photon creates an electron-hole pair which is collected at the contacts of the cell. Yet, charge recombinations and other electrical losses impact directly the current density. It leads to the definition of a quantum efficiency to determine how correctly photo-generated carriers created by the absorption of a photon can be collected. The External Quantum Efficiency (EQE) is defined as the ratio between the number of collected charges and the number of incident photons for each wavelength:

EQE(λ) = Nb collected electrons Nb incident photons (8) 
The external quantum efficiency accounts consequently also for optical losses by transmission or reflection on the solar cell. It is in principle possible to deduce optical losses effects from the EQE by measuring transmission, reflection and parasitic absorption outside the absorbing junction of the device. It defines the internal quantum efficiency IQE, which gives directly information about the electrical losses inside a solar cell:

IQE = EQE 1 -R (9) 
The short-circuit current density J sc depends on the useful absorption fraction EQE(λ) integrated over the whole spectral range (typically between λ = 300 nm and the semiconductor bandgap) and weighted by the incident spectral power density per unit area P(λ):

J sc = q hc EQE(λ) P(λ) λ dλ , ( 10 
)
with q is the electron charge, h Planck's constant, c the speed of light. We will consider the solar spectrum as the excitation source, P(λ) is then the spectral irradiance associated to the normalized AM1.5G solar spectrum. J sc is thus expressed in mA/cm 2 and a high value of J sc reflects high absorption intensity values as well as a wide absorption band in accordance with the solar spectrum. Equation 10 allows for measuring J sc through the EQE measurement, without requiring a solar simulator.

From numerical calculations, it is also possible to relate a theoretical short circuit current directly to the useful absorption in the cell A(λ) and the number of incident photons on the cell as follows:

J th = q hc A(λ) P(λ) λ dλ , (11) 
This calculation assumes a perfect collection of photo-generated carriers in the device. J sc should be close to J th if the electrical losses are limited in the cell. Similarly to J th , we can define J tot by taking into account the total absorption of the solar cell, instead of the useful absorption. The difference between these two values can be seen as an 'internal optical efficiency' and the optical loss in each part of the device can be estimated in terms of equivalent short-circuit current density losses.

Short circuit current densities are directly offering information about useful absorption in a solar cell and how beneficial a light trapping strategy can be. J th or J sc will thus be considered as a figure-of-merit in the rest of this thesis.

Voc and FF

The open-circuit voltage V oc is the voltage measured for a perfect balance between photo-generated current and dark current in a cell: J(V oc ) = 0. It is directly measured on the J-V characteristics. With J sc , it forms the boundaries of the area of the J-V characteristics where electrical power can be extracted. The V oc is limited by the bandgap of the cell: V oc E gap q .

Generally, an analytical expression is given for V oc by setting the net current flow in the cell to zero in Equation 7with J light = J sc . In the 2-diode model, one of the two component for the saturation currents J 01 and J 02 is usually negligible with respect to the other. Note that at V oc , there is no macroscopic current flowing through the cell, so that the series resistance does not affect V oc . If the effect of the parallel resistance is neglected, we are brought back to the ideal one-diode model and we obtain the logarithmic V oc dependence on the value of J sc :

V oc = nkT q ln J sc J 0n + 1 ≈ nkT q ln J sc J 0n (12) 
with k the Boltzmann constant, T the temperature, q the elementary charge. n and J 0n are respectively the ideality and the saturation current of the diode whose behavior is predominant for voltage values close to V oc (n = 1 or n = 2). The V oc is thus intrinsically defined and limited by the dark current in a cell.

We also see in Equation 12that the concentration of incident light plays a major role in V oc improvements. The light concentration factor C can change by orders of magnitude quite easily, and as the current output of the cell depends directly on it, the V oc can be increased along with ln(C).

In a electrochemical vision of the solar cell, the V oc results from the quasi Fermi level splitting inside the semiconductor, limited by the bandgap of the semiconductor. It corresponds to the chemical potential ∆µ created by light between the two carrier populations.

The fill factor FF relates the maximum power P max obtainable from the cell to the product of the open-circuit voltage V oc and short-circuit current I sc of the cell. In operating conditions, the working point of a cell follows the IV curve. The differentiation of the output power of the cell I × V allows to find the point where the maximum output power is reached for a current I max and a bias V max .

FF = P max I sc V oc = I max V max I sc V oc (13) 
An easy way to relate the FF with other cell parameters extracted from its IV curve is to calculate the derivative of the power output. The FF thus obtained is directly impacted by the values of the shunt and series resistances. A high R s value induce a smaller slope of the IV curve at V = V oc whereas a high R p value leads to the increase of the slope around the point I = I sc (the IV is no more horizontal at V = 0). For the case where the impact of both resistances is negligible, FF 0 can be accurately described by simple functions of V oc [START_REF] Wurfel | Physics of Solar Cells: From basic principles to advanced concepts[END_REF][START_REF] Green | Solar cell fill factors: General graph and empirical expressions[END_REF].

Solar-cell efficiency

Finally, the efficiency of the solar cell is the ratio between its electrical power output, and the incident power of the light entering the device. In standard enlightening conditions, we express the efficiency as a factor of the other parameters deduced form the IV curve:

η = I sc × V oc × FF P in (14) 
2.3 overview of solar cell technologies

Latest efficiency records

This section gives a brief overview on the current technologies used in the solar PV industry. Latest records for laboratory cells are summarized in Table 1. The main characteristics of the cell, such as J sc and V oc are given along with the efficiency itself. These efficiencies material η % J sc ma/cm are compared with the Shockley-Queisser theoretical limit for singlejunctions solar cells in Figure 11.

The efficiency of the 'traditional' crystalline silicon solar cells is approaching slowly the theoretical limit of 29.4%. Since 2000, we have assisted to the development of thin film technologies with direct bandgap materials, in response to the increasing material costs of silicon cells. They are not far behind, as most of them approach nowadays the 20% efficiency range in laboratory. Commercial efficiencies for modules should follow with fabrication procedures reaching maturity. The record efficiency for a single junction cell was obtained by Alta Devices, with a 28.8% efficient GaAs solar cell [START_REF] Kayes | 27.6cell under 1 sun illumination[END_REF].

Wafer based silicon solar cells

Historically, crystalline silicon technology leads the research and the market of photovoltaics. With a current market share close to 90%, it will likely remain the dominating player in the photovoltaic industry for several decades. It takes advantage from the abundance of silicon on Earth, and from its non toxicity. Silicon technology benefited fully from knowledge transfers from the electronics industry.

The technology is based on the use of 100 to 200 µm-thick wafers, sawed into purified ingots of mono-crystalline or poly-crystalline silicon. Tremendous successes have been accomplished to replace the CZ pulling technique of cylindrical Si mono-crystals by casting techniques to form rectangular ingots [START_REF]New silicon growth process yields higher efficiency in commercial cells and modules[END_REF]. This led to the fabrication of cheaper mono-like silicon wafers, whose electrical transport properties approach the ones of mono-crystalline silicon wafers.

In the major technical improvements of recent years, the use of interdigitated back contact has brought a solution to free the front surface from any contact grid and limits the drawbacks of shadowing. Continuous progress in surface and interface passivation and in contacting schemes have driven cell performances significantly since 2000. The latest efficiency record for a crystalline silicon cell is 25.6%, achieved by Panasonic in 2014 [START_REF]Panasonic achieves world's highest conversion efficiency of 25.6% at research level[END_REF]. They used a mono-crystalline silicon layer (CZ growth) of around 200 µm sandwiched by passivation layers in an heterojunction configuration. The HIT cell architecture is completed by the use of an anti-reflection coating and interdigitated rear contacts, to prevent shadowing and maximize performances.

In parallel with this latest improvements on crystalline silicon solar cells, the development of a second generation of solar cells has occurred in response to the important raw material costs in this technology. Indeed, as thick wafers were required due to the low absorption of the indirect bandgap Si, the material and wafering costs represented more than half of the final module price. This has led to the emergence of thin film solar cells, made with direct bandgap materials with thicknesses limited to a few micrometers.

Thin film photovoltaics

III-V semiconductors: GaAs and InP

Gallium Arsenide (GaAs) is a III-V semiconductor with a direct bandgap of 1.42 eV. This value corresponds to the optimum gap energy to reach the highest theoretical efficiency values in the Shockley-Queisser limit (see Figure 11). The direct bandgap allows for strong absorption coefficients of 1 × 10 4 cm -1 at λ = 800 nm. The 28.8% record efficiency for single junction solar cells has been achieved by Alta Devices with a GaAs thin film cell of 1 µm only [START_REF] Kayes | 27.6cell under 1 sun illumination[END_REF].

Due to its relatively high cost, GaAs is not used in large scale terrestrial applications. It is however the most commonly used material for spatial or concentration applications in multi-junction architectures. The use of GaAs as thin films however could prove profitable. Next Section 2.4 reviews in details the existing GaAs thin film solar cells architectures.

Indium Phosphide (InP) is the other III-V compound of choice for PV, offering interesting optical and electrical passivation properties. But InP is almost twice as expensive as GaAs because of the high costs of InP wafers. Consequently, it is not used for stand alone PV applications.

Both materials are widely used in association with ternary or quaternary compounds with a matching lattice constant to form multijunction solar cells, often used under light concentration. The highest efficiency ever reached in photovoltaics of 46.0% has been certified on cells made of a bonded couple of double-junctions associat-ing InP and GaAs and their derivative compounds fabricated by the Soitec/CEA/FhG-ISE consortium [START_REF]New world record for solar cell efficiency at 46cooperation confirms competitive advantage of european[END_REF]. The corresponding module efficiency of 36.7% has been reported [START_REF] Steiner | Flatcon® cpv module with 36.7four-junction solar cells[END_REF]. Records on dual and triple junctions have also been obtained with III-V cells. Alta Devices and Sharp demonstrated respectively efficiencies of 30.8% and 44.4% for these cells [START_REF]Alta devices achieves 30.8% efficiency record with new generation solar cell technology[END_REF][START_REF]Sharp develops concentrator solar cell with world's highest conversion efficiency of 44[END_REF]. Thanks to their growth properties, III-Vs are also base materials of the most efficient nanowire solar cells with a record of 13.8% achieved with InP nanowires [START_REF] Jesper Wallentin | Inp nanowire array solar cells achieving 13.8% efficiency by exceeding the ray optics limit[END_REF].

CdTe

Cadmium Telluride (CdTe) is a II-IV compound semiconductor with a direct bandgap of 1.45 eV, close to the Shockley-Queisser optimal bandgap (see Figure 11). Its absorption coefficient of 2 × 10 4 cm -1 is 20 times greater than the one of silicon, or 2 times greater than the one of GaAs at λ = 800 nm, but is less absorbing than GaAs for wavelengths higher than λ = 800 nm.

CdTe is the predominant industrial player of the thin film technologies with more than half of the market shares. Research and manufacturing is led by only one major company, First Solar, based in Arizona. They hold a cell record efficiency of 21.0%, and produce CdTe panels with commercial efficiencies of 14% with a reported module price of less than 0.6 USD/W. The polycristalline CdTe absorbing layer of around 5 µm is grown by high-rate vapor transport deposition (developed by First Solar together with NREL) directly on glass or metal foils, in a non-stop continuous-feed process. It results in very high throughput for fabrication lines.

In spite of its success, wide-scale production of CdTe panels is limited by the scarcity and price of Tellurium. The Cadmium toxicity is also a major challenge, as highly reliable encapsulation throughout the module lifetime and recycling policies are required to prevent environmental damages.

CIGS

Copper Indium Gallium Di-Selenide (Cu(In,Ga)Se 2 or CIGS) is a chalcogenide semiconductor material engineered specifically for photovoltaic applications. The bandgap of the material can be chosen between 1 and 1.7 eV by varying the Ga content in the elemental composition of the alloy. Best efficiencies achieved with this material were obtained for a bandgap close to 1.2 eV. The current record efficiency of 21.7% is held by ZSW [START_REF] Powalla | Cigs thinfilm solar cells with an improved efficiency of 20.8%[END_REF].

The absorbing layer is generally around 2 to 3 µm-thick. The material can be grown either by vacuum deposition, roll to roll deposition on flexible substrates or by chemical bath deposition. The film resulting from this process is constituted by adjacent grains, similarly to the CdTe case. The diversity of growth techniques offers a large panel for industrial development and the possibility to design large-scale facilities, whose cost can potentially be balanced by the perspective of a very high throughput.

In order to relax the Indium scaricity constraints, it has been tried to replace Indium and Selenium by earth-abundant Zinc and Sulfur atoms. The resulting Cu 2 ZnSnS 4 or CZTS forms kesterite films whose efficiencies have remarkably progressed but are still limited to 12.6% so far [START_REF] Wang | Device characteristics of cztsse thin-film solar cells with 12.6% efficiency[END_REF].

Amorphous silicon

Amorphous silicon (a-Si:H) has an absorption coefficient 60 times higher than the one of silicon. It can consequently absorb light efficiently in much thinner devices than wafer-based crystalline silicon cells. a-Si:H can be deposited very rapidly and on large areas by plasma enhanced chemical vapor deposition (PECVD), even on rough substrates. It opens opportunities to reduce processing and fabrication costs.

Despite these advantages, interest and markets in amorphous silicon have declined due to the very limited efficiencies. Material properties and instability over time (notably because of the Staebler-Wronski effect) affect its usage and efficiency. Record cells feature efficiencies that are roughly the half of what is achieved with other thin film technologies: a 10.2% efficiency was obtained at AIST [START_REF] Matsui | Development of highly stable and efficient amorphous silicon based solar cells[END_REF].

Attempts to insert the amorphous silicon layer in multi-junction designs together with micro-crystalline and nano crystalline silicon have led to slight improvements. LG Electronics has reported a 13.4% record efficiency on a triple junction a-Si:H/µc-Si:H/nc-Si:H [START_REF] Ahn | Toward commercialization of triple-junction thin-film silicon solar panel with >12% efficiency[END_REF].

Emerging photovoltaics

Accordingly with NREL classification, we group all the other thin film technologies as emerging photovoltaics. Most of these technologies have not entered the market yet, or are not mature yet. Generally, their efficiencies are still close to 10% or below. For most of these applications, the greatest challenge remains the limited stability and lifetime of the material or module.

Following the line drawn by the O-LED (Organic Light Emitting Diodes) industry, it is possible to produce very cheap organic or plastic photovoltaic devices. The cell can be made very thin in comparison with conventional cells thanks to the very high absorption coefficients. But the limited quantum efficiency and low charge mobilities as well as short lifetimes are usually detrimental to the overall efficiency. The certified record is held by Mitsubishi Chemicals, with a measured cell efficiency of 11.1% [START_REF] Service | Outlook brightens for plastic solar cells[END_REF].

Dye sensitized solar cells, composed of a mesoporous layer coated with an absorbing dye and an electrolyte for charge transfer, have also shown interesting properties of transparency and 'high' efficiency under low or artificial light conditions. With a lot of fancy features and colors available, they present a particular interest for architectural purposes.

The use of metal-organic compounds in photovoltaics has also been a great success. Among emerging technologies, perovskites have notably drawn much attention because their efficiency doubled from 10% to the 20% range in the last two years. An unstabilized record efficiency of 20.1% has been achieved [START_REF] Noh | Chemical management for colorful, efficient and stable inorganicorganic hybrid nanostructured solar cells[END_REF]. Based on very cheap and abundant inorganic-organic lead or tin halide materials, these cells are easy to manufacture on very large scales. The material is a material of choice with high absorption coefficients and long diffusion lengths for holes and electrons, often overcoming one micrometer [START_REF] Samuel | Electron-hole diffusion lengths exceeding 1 micrometer in an organometal trihalide perovskite absorber[END_REF]. Unfortunately, the water solubility of organic compounds make perovskites very vulnerable to their environment [START_REF] Green | The emergence of perovskite solar cells[END_REF][START_REF] Severin | Carbon nanotube/polymer composites as a highly stable hole collection layer in perovskite solar cells[END_REF]. Interactions between photo-generated charges and oxides in the cell structure leads also to internal degradation phenomena when light is shined on the device [START_REF] Leijtens | Overcoming ultraviolet light instability of sensitized tio2 with mesosuperstructured organometal tri-halide perovskite solar cells[END_REF]. This limits both lifetimes and the dimensions of current perovskites solar cells.

Other technologies like the use of core-shell nano-particulates have been proposed, but are only at the very first stages of development.

gaas thin-film photovoltaics

As evoked previously, III-V materials have extremely interesting properties for solar energy conversion, especially GaAs. We review the different state-of-the-art GaAs solar cell architectures and the fabrication techniques developed to transfer the few-micrometer-thick GaAs layers onto back mirrors. We will see that ultrathin solar cells with a silver back mirror should present an economical advantage as compared with current thin film technology.

Finally, this state-of-the-art for GaAs solar cells is summarized in a benchmark comparing the performances of current designs in terms of short circuit current densities, used as a figure of merit, versus absorber thickness. We will come back to this viewgraph at the end of the present thesis, to conclude on the validity of our approach, and the opportunities offered by ultrathin GaAs solar cells.

GaAs properties

As a direct bandgap semiconductor, Gallium Arsenide (GaAs) is a material of choice for opto-electronic devices. This is especially true for solar cells: the process of absorption is free from phonon-photon interactions (unlike in Silicon), and radiative recombinations are predominant in high-quality materials. The value of the gap is 1.42 eV at 300 K, very close to the optimal 1.4 eV calculated by Shockley and Queisser for single junction cells [START_REF] Shockley | Detailed balance limit of efficiency of p-n junction solar cells[END_REF] (see 2.1.3). Figure 15 gives the absorption coefficient as a function of wavelength for GaAs and other PV materials. GaAs also offers higher electron mobility and higher temperature stability than Si. It is thus the perfect candidate for concentrated PV.

GaAs is consequently the most commonly used material for spatial applications in multijunction cells. For example, the electricity produced on Mars surface by NASA rovers Spirit and Opportunity is coming from triple junction solar cells (GaInP2/GaAs/Ge) with an initial efficiency of 27.5% under the AM0 irradiance [START_REF]Afrl solar cells power nasa's mars rovers[END_REF].

Moreover, GaAs offers a central position in Figure 16, which represents the lattice constant vs bandgap energy of various III-V semiconductor compounds. GaAs lies on the first dotted line drawn for a lattice constant of 5.65 Å. Materials on the same line can be epitaxially grown on one another with a negligible mismatch. Ge is lattice matched with GaAs as well as a wide variety of ternary or quaternary compounds like AlAs 0.96 P 0.04 , In 0.51 Al 0.49 P, In 0.49 Ga 0.51 P or Ga 0.47 As 0.51 In 0.53 P 0.49 ... For instance, the GaAs lattice constant is very close to the one of Aluminum Arsenide (AlAs) (5.66 Å). As a result, any composition of Al x Ga 1-x As can be grown epitaxially with only little strain on a GaAs wafer.

Yet, GaAs is a high cost material: a 6-inch GaAs wafer costs around USD 200 whereas Si costs only USD 40 for a 200-millimeter wafer. This is partly due to the scarcity of Gallium, whose annual production rate is slightly above 170 metric tons par year. This would limit GaAs solar cell production to 10 GW per year considering wafers of 400 µm assuming a 28.8% efficiency at a concentration of 232 suns [START_REF] Coby | Natural resource limitations to terawatt-scale solar cells[END_REF]. This makes GaAs unsuitable for large-scale terrestrial application (except in multi-junctions or under concentrated light). Nevertheless, the use of only 1 µm of GaAs for solar cell absorbers would relax scarcity constraints with a possible production over 2 TW per year. For the growth of thinner layer (such as 100 or 200 nm-thick), this effect is even more pronounced. An efficient and affordable transfer technique of the cells on a host substrate would have to be managed to allow for epitaxial growth substrate re-use. With this technology, better efficiencies can be achieved with single-junction GaAs solar cells than with other materials and its use as thin-film solar cells may present an economical advantage over other thin film technologies (specifically in niche applications). This has been the strategy of Alta Devices whose record cells performances are detailed in Section 2.4.3.2.

Growth and transfer of GaAs solar cells

General cell architecture

Considering a 1 µm-thick GaAs layer on a GaAs substrate with a perfect anti-reflection coating, single-pass absorption of the layer between λ = 300 and λ = 1000 nm gives a calculated short circuit current density of J th = 28.14 mA/cm 2 . This value is to be compared to the maximum for an absorption of 1 between λ = 300 nm and the GaAs bandgap at λ = 870 nm: J th = 31.78 mA/cm 2 .

Due to this very good absorption, GaAs solar cells consist of a few micrometer-thick absorbing GaAs p-n junction. The junction is passivated with other III-V compounds of higher bandgaps with a lattice constant matching the one of GaAs. Typically, very thin window lay-ers (≈ 20 nm) of AlInP, GaInP or AlGaAs are used as carrier barriers preventing undesired recombinations. Achieving ohmic contacts on III-V ternary compounds is much more difficult than onto GaAs. For this reason, a GaAs contact layer is generally added on top of the window layer. Very often, annealed metallic alloys with gold form the contacting grid on GaAs cells. The back contacts are deposited directly at the rear of the native doped substrate. Additionally, a double layer anti-reflection coating (ARC) is generally used on top of the cell to reduce the reflection on the front interface of the cell. MgF2/ZnS commercial coatings constitute ideal candidates to form broadband ARC on GaAs [START_REF] Jung | Design and fabrication of multi-layer antireflection coating for iii-v solar cell[END_REF].

Cell growth conditions

In spite of the very high absorption coefficient allowing for almost total absorption of light between 300 and 900 nm in only 1 µm-thick GaAs layer, the epitaxial growth of that layer requires a crystalline GaAs substrate in order to obtain a high quality crystalline material. Indeed, GaAs cells are grown by molecular beam epitaxy (MBE) or metal organic vapor phase epitaxy (MOVPE or MOCVD). These two techniques have competed since the first GaAs solar cell proofs-ofconcept [START_REF] Melloch | Highefficiency gaas solar cells grown by molecularbeam epitaxy[END_REF][START_REF] Pelzel | A comparison of movpe and mbe growth technologies for iii-v epitaxial structures[END_REF]. MOCVD is known to be faster, but produces more waste than MBE in terms of unused compounds in the growth reactor.

All the semiconductor materials (window layers and absorber) are traditionally grown sequentially in the same vacuum epitaxy chamber on thick (≈ 300 µm) crystalline GaAs wafer substrates. They can be considered as inactive but nevertheless represent important raw material costs, and make GaAs unaffordable for most terrestrial applications. This architecture has consequently been questioned, and the transfer or growth of GaAs thin-films on host substrates have been studied.

Other techniques have been studied to release a crystalline layer on which the cell can be grown. Soitec notably used their Smart:Cut® technology. Usually used for SOI substrate fabrication, they apply hydrogen implantation and annealing procedures to release crystalline layers from their native substrates [START_REF] Aspar | The generic nature of the smart-cut® process for thin film transfer[END_REF]. By proceeding to the implantation before the growth of the multi-junction cell, they can separate the useful stack from the growth substrate and re-process it for a next epitaxy while the cell is transferred on another host substrate. This allows to achieve many epitaxial growths with only one initial 400 µm-thick InP wafer, and thus reduces the substrate cost in the fabrication process.

Other attempts to deposit III-V absorbing materials for solar cells directly on host substrates such as glass or mirrors have been studied. For instance, Kapadia et al. have deposited high purity indium films by Vapor Liquid Solid growth on a molybdenum foil [START_REF] Kapadia | A direct thin-film path towards low-cost large-area iii-v photovoltaics[END_REF][START_REF] Kapadia | Deterministic nucleation of inp on metal foils with the thin-film vapor-liquid-solid growth mode[END_REF]. The thin film is capped with a silicon oxide membrane. Then, a diffusion process of gaseous Phosphorus through the membrane leads to the formation of InP crystals whose size can reach 100 µm after coalescence. Interestingly, they show that they can localize nucleation sites on the metal foil thanks to molybdenum oxide islands. As another example, Dutta et al. have succeeded to fabricate GaAs/Ge tandems on metal foils thanks to an ion beam assisted deposition technique [START_REF] Dutta | High mobility singlecrystalline-like gaas thin films on inexpensive flexible metal substrates by metal-organic chemical vapor deposition[END_REF]. The X-ray diffraction patterns observed during growth are similar to the ones observed in the case of GaAs growth onto GaAs wafers. High mobilities were also evidenced through electrical measurements on the final GaAs layers, showing that the thin film behaves almost like a single crystal.

These examples present many advantages: the cell is deposited directly on a host substrate, potentially cheap, flexible and highly reflective, and deposition is cheaper and done at a higher rate. They also show that it may be possible to overcome material issues like the multi-crystalline nature of thin films deposited on amorphous materials. Indeed, such materials generally suffer from a grain size which is usually around a few micrometers, just as in poly-crystalline CIGS (standing for copper indium gallium selenides) or CdTe solar cells In these systems, carrier lifetime is affected because of high recombination rates at grain boundaries. The lateral conductivity of the devices is also limited. In spite of the promising approaches previously mentioned, the transfer of crystalline films solve these electrical issues and has been preferred in this thesis.

Note that the fabrication of the cell requires more material than for the absorber layer itself. Indeed, a buffer to ensure crystalline growth, and a release layer for cell lift-off from the GaAs wafer are needed. Additionally, a doped contact layer is often grown to be used under a collection grid, deposited after transfer. If we sum up all these contributions, we obtain the total thicknesses given in Table 2. According to these numbers, the total thickness grown for a conventional epitaxy is close to 5 µm. Reducing the absorber thickness is consequently not the only goal when working on ultrathin solar cells, but every complementary layer in the cell architecture should be designed to be thin (a few tens of nanometers).

Photon-recycling

If the GaAs substrate is replaced by a mirror, radiative emission towards the back side of the cell can be reflected and re-absorbed. This effect has been called photon recycling (PR). It leads to a reduction of radiative recombinations and dark current, and an increase in V oc (see Equation 12).

This self-absorption effect was first predicted in 1957 by Moss [START_REF] Moss | Theory of the spectral distribution of recombination radiation from insb[END_REF], Landsberg [START_REF] Landsberg | Lifetimes of excess carriers in insb[END_REF] and Dumke [START_REF] William | Spontaneous radiative recombination in semiconductors[END_REF], who gave the first quantitative description of the phenomenon. In bulk GaAs/AlGaAs double het- GaAs ultrathin with silver back mirror 120 920 [START_REF] Vandamme | Ultrathin gaas solar cells with a silver back mirror[END_REF] Table 2: Comparison between the thickness of the absorber of thin film GaAs solar cells and the total thickness of grown material during the deposition or growth of the total structure of the cell. All thicknesses are expressed in nm. The thickness of material grown for a cell much higher than the absorber thickness.

erostructures, PR results in an increased lifetime of minority carriers and enhanced photoluminescence [START_REF] Asbeck | Self-absorption effects on the radiative lifetime in gaas-gaalas double heterostructures[END_REF][START_REF] Kuriyama | Effect of photon recycling on diffusion length and internal quantum efficiency in alxga1-xas-gaas heterostructures[END_REF][START_REF] Ahrenkiel | Ultralong minoritycarrier lifetime epitaxial gaas by photon recycling[END_REF][START_REF] Bensaid | Influence of luminescence self-absorption on photoluminescence decay in gaas[END_REF]. It is thus a key asset for solid-state devices and especially for solar cells. More and more complex numerical models have been created to predict the potentially beneficial effects of PR in solar cells [START_REF] Parrott | Radiative recombination and photon recycling in photovoltaic solar cells[END_REF][START_REF] Durbin | Numerical modeling of photon recycling in solar cells[END_REF][START_REF] Badescu | Influence of photon recycling on solar cell efficiencies[END_REF][START_REF] Marti | Photon recycling and shockleys diode equation[END_REF]. It outcomes from these various studies that V oc can be enhanced by several tens of mV. The resulting cell conversion efficiency has been shown to improve by around 1 to 2% for GaAs conventional cells (around 4% for InP cells) [START_REF] Balenzateguia | Detailed modelling of photon recycling: application to gaas solar cells[END_REF]. These simulation results were confirmed by experimental works on LEDs and solar cells, with improved luminescence and internal quantum efficiency (the ratio between the number of photons absorbed by the cell versus the number of electrons collected) [START_REF] Patkar | Thin crystalline leds and solar cells using epitaxial lift-off[END_REF][START_REF] Lee | Thin film gaas solar cells on glass substrates by epitaxial liftoff[END_REF]. Note that a conclusion of reference [START_REF] Lee | Thin film gaas solar cells on glass substrates by epitaxial liftoff[END_REF] is the possibility to use GaAs layers as thin as 320 nm to achieve solar absorption with an enhanced V oc .

More recently, PR has also been observed in cells with strain balanced quantum wells [START_REF] Johnson | Observation of photon recycling in strain-balanced quantum well solar cells[END_REF]. The use of a Distributed Bragg Reflector used to double the light pass through the quantum wells also leads to an important decrease of dark current and radiative recombination. As another example, Sheng et al. proposed to use PR in multi-junction solar cells by introducing low-index spacers between the different cells [START_REF] Sheng | Device architectures for enhanced photon recycling in thin-film multijunction solar cells[END_REF]. In their design, photon re-emitted by radiative recombinations in one cell of the multi-junction are trapped in that layer, what leads to higher V oc in accordance with predictions. Similarly than with PR, V oc enhancements were also observed in cells whose acceptance angle is reduced (the radiative channel towards the incident medium is narrower in this case) [START_REF] Kosten | Experimental demonstration of enhanced photon recycling in angle-restricted gaas solar cells[END_REF].

In 2012, Miller et al. evaluated the potential gain on V oc that could be achieved with the help of back planar or textured mirrors on GaAs cells [START_REF] Miller | Strong internal an external luminescence a solar cells approach the shockleyqueisser limit[END_REF]. By studying the internal fluorescence in the cell, they show that PR could improve V oc by approximately 100 mV, from 1.03 V (value taken from a reference cell with an efficiency of 26.4% fabricated by the Fraunhofer ISE [START_REF] Green | Solar cell efficiency tables (version 36)[END_REF]) up to 1.18 V, considering a cell thickness of 100 nm. Such an increase is equivalent to a relative efficiency increase close to 10% for GaAs cells whose V oc is close to 1 V. For the reference cell, the use of a mirror could thus lead to efficiencies above 29%, what was almost achieved by Alta Devices with the current record solar cell (see Section 2.4.3.2).

Transfer and epitaxial lift-off

To benefit from a doubling of the light path inside the absorber, and from photon recycling effects, the cell must have a reflective back surface.

Bragg reflectors (BR) may appear as good candidates as they constitute very high reflective surfaces. They are made of alternate layers of optical media with different refractive indices (1D photonic crystals). This succession results in specific reflection/transmission properties for the semiconductor stack (many reflections combine with constructive/destructive interferences). They are especially adapted to define filters and are extensively used in the laser diode industry [START_REF] Renk | Basics of laser Physics[END_REF]. Tobin reported the use of such reflectors for GaAs thin film solar cells, resulting in J sc improvements up to 1 mA/cm 2 [START_REF] Tobin | Enhanced light absorption in gaas solar cells with internal bragg reflectors[END_REF].

However the efficient use of BR for photovoltaic applications requires the growth of a large number of layers to achieve broadband reflection. If made in semiconductors, it means that important quantities of materials have to be grown, inducing a much higher fabrication cost. Unless they are fabricated by spin-coating with cheap materials, such as polymers like in reference [START_REF] Bailey | Thin film polymer photonics: Spin cast distributed bragg reflectors and chirped polymer structures[END_REF], BR appear to be expensive and thus not suitable for ultrathin solar cells.

A more affordable solution consists of the deposition of a metallic mirror on the cell, and its transfer on a cheap host substrate for handling (typically glass). The reflective properties of the back surface depends from the chosen metal. Gold and silver offer the highest reflectivity in the visible range with very low absorption loss.

The transfer can be realized with various processes. Gluing is the easiest way to proceed but requires the use of a very stable glue along very large time scales as well as techniques to ensure the flatness of the cell layers for further processing. Its adhesion properties on metals are also to be taken care of. For GaAs thin film solar cells, this approach has been chosen by Bauhuis' group who used transparent adhesive and UV sensitive cements to bond their cells to glass substrates [START_REF] Bauhuis | Thin film gaas solar cells with increased quantum efficiency due to light reflection[END_REF][START_REF] Schermer | Photon confinement in high-efficiency, thin-film iii-v solar cells obtained by epitaxial lift-off[END_REF].

Ion or matter exchange at the interfaces of the cell can also lead to strong bonding. For example, anodic bonding was used to bond semiconductor wafers together or to transfer them on glass substrates [START_REF] Wallis | Field assisted glassmetal sealing[END_REF][START_REF] Gerlach | Low-temperature anodic bonding of silicon to silicon wafers by means of intermediate glass layers[END_REF][START_REF] Nitzsche | Ion drift processes in pyrex-type alkali-borosilicate glass during anodic bonding[END_REF]. The use of thermal bonding by alloying metal layers deposited on both the glass substrate and the cell layers was also reported. They however generally require the use of high temperatures, detrimental with respect to metal diffusion in the semiconductor layers.

Molecular bonding can also create strong chemical bonds at the interface between two semiconductors. Generally, two hydrophilic surfaces are put in contact leading to the formation of strong covalent bonds [START_REF] Masteika | A review of hydrophilic silicon wafer bonding[END_REF]. Bonding techniques using Van der Walls surface forces have also been investigated [START_REF] Yablonovitch | Van der waals bonding of gaas epitaxial liftoff films onto arbitrary substrates[END_REF].

In the work presented in this thesis, we used anodic boning and gluing. Our specific processes are described in the fabrication sections of Chapters 4, 5, and 6.

After transfer on its host substrate, the cell is separated from the substrate serving for growth. Various alternatives to substrate etching have been developed to re-use this substrate in order to limit the fabrication cost of GaAs solar cells.

In 1987, Yablonovitch demonstrated that it was possible to etch AlAs over GaAs by a selectivity ratio superior to 1 × 10 7 [START_REF] Yablonovitch | Extreme selectivity in the lift-off of epitaxial gaas films[END_REF]. He succeeded to release 3 µm-thick GaAs layers protected by Al 0.3 Ga 0.7 As capping layers by etching the sacrificial AlAs layer. Since then, there has been a growing interest for this epitaxial lift-off (ELO) of the useful semiconductor stack [START_REF] Bauhuis | 26.1% thin-film gaas solar cell using epitaxial liftoff[END_REF][START_REF] Yoon | Gaas photovoltaics and optoelectronics using releasable multilayer epitaxial assemblies[END_REF][START_REF] Youtsey | Epitaxial lift-off of large-area gaas thin-film multi-junction solar cells[END_REF]. Among the advantages of this process, the treatment steps of the remaining GaAs growth substrate before its re-use can be minimized [START_REF] Cheng | Epitaxial lift-off process for gallium arsenide substrate reuse and flexible electronics[END_REF].

The use of porous layers or horizontal cleavage layers such as CLEFT have also been proposed to release thin semiconductor layers from their growth substrates [START_REF] Fan | Thin films of iii-v compounds and their applications[END_REF][START_REF] Gale | Large-area gaas cleft layers for solar cell application[END_REF][START_REF] Gale | Highefficiency thin-film algaas-gaas double heterostructure solar cells[END_REF][START_REF] Hendrik Petermann | 19%efficient and 43um-thick crystalline si solar cell from layer transfer using porous silicon[END_REF]. It allow the further processing of cell front surface. Such transfer and lift-off techniques offer an interesting playground for the architecture of back and front surface of thin-film PV devices. We will use them combined with the design of ohmic contacts and with nano-texturation in Chapters 5 and 6.

Cost estimates for a silver back mirror

The use of relatively precious metals like gold, platinum or silver could be detrimental to the overall cell pricing. The cost of raw materials for different mirrors is given in Table 3. It is calculated with the actual prices per mass unit of Ag, Au, Pt, Cu, and Al found for different suppliers on the Internet. The mass of material required for the back mirror is calculated and multiplied by these prices to estimate the final cost. As the penetration depth of light in metals does not overcome a few tenths of nanometers, we considered metallic mirrors volume density mass metal thickness on 1 m 2 @300k used price cost nm cm 3 g/cm with a thickness of 200 nm that do not affect the reflection properties.

A layer of Cr is added for corrosion protection. We estimated that a thickness of 40 nm was reasonably protecting the metallic mirror, especially the one in silver. A similar approach is adopted to evaluate the cost of Ga and As semiconductor materials and see if a thickness reduction of the cell can help reducing the overall raw material costs during fabrication. This pricing for the back metallic mirrors only takes into account the cost of raw materials. There has been no assumption about other costs related to deposition techniques, specific fabrication or handling requirements. It appears from that calculations that the material costs are around EUR 6.56/m 2 for a silver back mirror with a Cr capping layer. For more common metals such as Cu or Al with the same Cr capping layer, material costs are much lower at less than EUR 1.5/m 2 . The use of silver is however very profitable in comparison of gold or platinum materials: with better optical properties, mirror material cost are divided at least by a factor 30.

Noteworthy, the pricing of Table 3 reveals that the price of the silver material of the back mirror is roughly equivalent to the deposition of 600 nm of GaAs according to material prices highlighted in orange. This means that for ultrathin solar cells of 100 or 200 nm in comparison with a 1 µm-thick cell, the cost reduction induced by the reduction in thickness and the addition of the mirror correspond to the cost of the deposition of 300 or 200 nm of GaAs, respectively. Ac-cording to the same figures, this represents a cost reduction between 2.4 and 3.6 EUR/m 2 in the solar cell fabrication process.

These figures have to be compared with the price of a PV device. Considering an efficiency of 20%, a panel of 1 m 2 would produce 200 W. With an electricity price of 0.5 EUR/W, it should cost 100 EUR. The use of a silver mirror represents at most 7% of the panel cost. We can even think of thinner mirrors: a reflective silver layer of 50 nm should be sufficient to reflect all the light inside the cell. If we use a mirror with this thickness, the use of a silver back mirror impact the cost of the PV system by only 2%. Silver mirrors appear consequently as suitable reflectors to be used for ultrathin solar cells. The transfer of thin film GaAs of large surfaces was extensively studied by Bauhuis et al. They developed a weight-induced epitaxial lift-off (ELO) to make possible the transfer of films of more than 1 cm 2 in 1997 [START_REF] Van Geelen | Epitaxial lift-off gaas solar cell from a reusable gaas substrate[END_REF]. At that time, they did not use any mirror or specific contacts, but a gold or copper layer was used on the GaAs film to reinforce the mechanical strength of the stack during lift-off an thus avoid cracks in the resulting layer. The final cell was lying on its back contact (deposited on the full layer surface) and defined by mesa etching. A UV hardening cement was used to bond the structure to a glass substrate. Due to resistance issues, the process led to cells with efficiency below 10%.

A few years later in 2004, they successfully fabricated a bi-facial GaAs ELO cell that benefited from internal reflection on the back GaAs/glass interface [START_REF] Bauhuis | Thin film gaas solar cells with increased quantum efficiency due to light reflection[END_REF]. They varied the thickness of the p-type layer in their junction design to optimize charge transport with respect to the place where absorption occurs in their cells. They noted an increase of external quantum efficiency for red photons due to light reflection on the back interface. Improvements brought to the fabrication process enabled the group to transfer entire 2-inch wafers a couple of years later. They achieved efficiencies of 24.5% on cells of 2 µm transferred on a gold mirror with comparable performances than non-transferred cells of 3.5 µm [START_REF] Schermer | Photon confinement in high-efficiency, thin-film iii-v solar cells obtained by epitaxial lift-off[END_REF]. Typically, they measured a maximal V oc of 1.03 V and a J sc of 28.8 mA/cm 2 on their record cell. After they achieved this world-class record, they chose to optimize the front window of their cell by using AlInP layers, the material beign slightly more transparent than InGaP for wavelengths below 500 nm [START_REF] Van Deelen | On the development of highefficiency thin-film gaas and gainp2 cells[END_REF]. The short circuit current improved by 0.1 mA/cm 2 .

Finally, a special care was paid to the contacting scheme in the cells. The gold back mirror that was deposited at the rear of the cell was also used for back contact. Bauhuis et al. had to reduce drasti-cally the thickness of the highly doped GaAs contact layer (outside the junction) to limit parasitic absorption in that layer (from 300 to 20 nm). Moreover, the front contact could not be annealed in these transferred cells, leading to higher resistance and lower FF in comparison with substrate cells. The development of Pd/Ge/Au front contacts annealed at low temperature (175°Cinstead of the traditional 450°Cfor NiGeAu contacts) on the front n-doped GaAs layer was necessary to prevent a too important deterioration of the reflectivity of the back p-type contact between GaAs and the gold mirror. The final cell efficiency was greatly improved with these new ohmic contacts to 26.1% [START_REF] Bauhuis | 26.1% thin-film gaas solar cell using epitaxial liftoff[END_REF]. The internal quantum efficiency was above 99% between λ = 500 and 875 nm, indicating remarkably low internal losses. Nevertheless, the reflectivity at the cell/ohmic contact interface is still 8% less reflective than the one of a gold mirror.

We propose in Chapter 5 a possible improvement to solve the same contacting issue. The epitaxial growth of the semiconductor stack can be reversed with the n-doped layers on top of the epitaxy. Localized contacts can be formed and annealed on that layer without impacting the reflectivity of the back mirror, deposited after temperature exposure. The contact can be very localized to free most of the cell back surface on which a metallic mirror.

Alta Devices record GaAs solar cell

In 2011, Alta Devices [START_REF] Kayes | 27.6cell under 1 sun illumination[END_REF] broke the record efficiency for single junction solar cells with a 28.8% efficient GaAs solar cell. For an absorber thickness of about 1 µm, the J sc reaches 29.68 mA/cm 2 with a remarkable certified V oc at 1.122 V and FF of 86.5%. The record cell benefited clearly from its transfer on a back metallic mirror in Au or Ag. Although only a few details were given on that specific point, photon recycling plays a major role in the very high V oc . The high value of V oc was also supported by an extremely high quality of the GaAs crystal growth and the passivation with AlGaAs layers.

A discussion on saturation (dark) currents measured on the record cell is given in reference [START_REF] Kayes | 27.6cell under 1 sun illumination[END_REF]. The very high V oc of the cell is particularly due to the transition close to 1 V between the behavior of a diode dominated by recombination effects (with an ideality n=2) to a cell behaving like an ideal diode (with an ideality n=1). Dark IV measurement revealed saturation currents of J 01 = 6 × 10 -21 mA/cm 2 and J 02 = 1 × 10 -12 mA/cm 2 in the two diode model described earlier. The very low value for J 01 explains the very high value achieved for V oc , demonstrating the necessity to reduce dark saturation currents to achieve record solar cells. Resistances values are not given by Kayes et al. but the current-voltage characteristics given in reference [START_REF] Kayes | 27.6cell under 1 sun illumination[END_REF] shows no impact either by a low shunt or a high series resistance.

Other interesting approaches

Following the record achieved by Alta Devices in 2011, a few research groups have proposed GaAs solar cell architectures with remarkable performances. We present in this section the results of three different strategies to improve the performances of GaAs solar cells. The thickness of the absorber layer goes down to 300 nm in the last example.

First, Steiner et al. have studied the effects of photon-recycling in thin film GaAs solar cells at NREL [START_REF] Steiner | Optical enhancement of the open-circuit voltage in high quality gaas solar cells[END_REF]. By modeling the escape/absorption probability of photons from the cell, they evaluate the V oc of the cells varying the thickness of the back GaAs contact layer and the thickness of the absorber. V oc increases when these two thicknesses are reduced. V oc are expected to rise from 1.070 V to 1.095 V when the GaAs contact layer thickness decreases from 7 µm to roughly 0 nm due to a decrease of the parasitic absorption and self absorption. Bringing the back mirror closer to the junction also allow for a more efficient photon-recycling phenomenon. The model also predicts a rise of V oc when the thickness of the absorber is reduced from 4 µm to 1 µm: for an internal efficiency of 95%, it passes from 1.080 V to 1.115 V. Unfortunately, the model is not applied to thinner cells, but even better performances are expected in this thickness range.

Steiner et al. also fabricated high quality solar cells and tested their numerical model by varying the thickness of the different layers in their cell design. As expected they measure an improve of V oc when the contact layer is removed (1.100 V instead of 1.080 V). However, they do not obverse a clear trend in V oc variations for thinner absorbing layers. They discuss the flat V oc as an indication for relative improvements of the material quality in the case of thicker cells. This could be due to the diminishing influence of the cell interfaces in thicker devices [START_REF] Kurtz | Modeling of twojunction, series-connected tandem solar cells using top-cell thickness as an adjustable parameter[END_REF] or to an increase of luminescence with thickness. Nevertheless, thanks to the guidelines they established with their model, they achieve very high V oc of 1.101 V along with J sc of 26.46 mA/cm 2 an FF close to 86%. The cell efficiency thus reaches 27.8% for a 2 µm-thick GaAs absorber.

In comparison with this work, there is no GaAs contact layer at the back surface of our cell in the design we propose in this thesis to fabricate high-efficient ultrathin GaAs solar cells. This will clearly take advantage of the first conclusions of Steiner on the use of a GaAs back contact layer. The only is between the semiconductor junction an the localized ohmic contacts on a very small part of the cell back surface. Losses by light absorption and photon recycling in that layer will consequently be limited. This should lead to better performances in terms of V oc .

Liang, in Harris' group at Stanford, investigated the use of nanostructuration for improved anti-reflection on thin film GaAs solar cells. They show that the use of a nanocone window layer in Al 0.8 Ga 0.2 As on top of a 3.3 µm GaAs p-n junction leads to an increase of the J sc by 15% from 21 to 24.4 mA/cm 2 [START_REF] Liang | High-efficiency nanostructured window gaas solar cells[END_REF]. In their design, the semiconductor junction remains flat, what ensures a small junction area and a subsequent high V oc . The quality of the material grown by MOCVD is thus preserved along with longer carrier lifetimes and diffusion lengths, and lower saturation currents than what was obtained with structured junctions. Thanks to nanostructuration, the average total absorption of the cell between λ = 350 and 900 nm rises from 80% to more than 95%. The J sc is increased by 3.4 mA/cm 2 , and the EQE is flattened around 90% between λ = 500 and 875 nm instead of varying around 75% in the same wavelength range for the analogous planar cell. Most of the absorption loss in the cell stems from the parasitical absorption of the too low bandgap front window below λ = 500 nm. This limits the achievable short circuit current. But interestingly, a part of the additional photocurrent measured on the fabricated samples was produced outside the GaAs p-n junction in the nanocone window, showing that the photons absorbed in the AlGaAs also contribute to the photocurrent.

Thanks to the nanostructure window, they achieve high V oc of 0.982 V, higher than in the planar cell (0.979 V) because of the larger photocurrent. The difference between this value of V oc and the bandgap energy of GaAs is inferior to 0.5 eV. This is the lowest difference found in the literature for AlGaAs/GaAs nanostructured solar cells. Due to the improvements on J sc , V oc and FF, the conversion efficiency of the nanostructured cell increases from 13.3% to 17%. These results are still far from the state-of-the-art values but they prove that the introduction of nanostructures can lead to important improvements of efficiency as far as the junction is not nanostructured itself.

More recently, Yang et al. proposed the use of a nanostructured back mirror on ultrathin GaAs solar cells with an absorber of only 300 nm [START_REF] Yang | Ultra-thin gaas single-junction solar cells integrated with a reflective back scattering layer[END_REF]. The junction is covered by a 5 µm-thick AlInP layer. The growth conditions of this layer result in the formation of a surface with random pyramidal semiconductor structures. A gold mirror has been deposited directly onto the pyramids to constitute a diffusive mirror at the back of the solar cell after transfer. Indeed, AlInP being transparent for λ 475 nm, the thick semiconductor serves only as a spacer layer between the mirror and the solar cell junction. These ultrathin cell also benefits from an MgF 2 /ZnS bilayer antireflection coating.

With this architecture, an experimental J sc of 24.5 mA/cm 2 and a V oc of 1.00 V were achieved. The cell clearly benefits from light reflection at the bottom of the structured AlInP layer. The use of the natural roughness of the AlInP induces scattering and results in an increased optical path in the absorber. Yang compared its experimental results with modeling and show potential room for improvements in the fabricated structure (notably the contact grid and the roughness has to be optimized).

A few other studies on GaAs layers, especially numerical calculations, have pointed out interesting results on different light trapping techniques [START_REF] Grandidier | Gallium arsenide solar cell absorption enhancement using whispering gallery modes of dielectric nanospheres[END_REF][START_REF] Harris | Gcep research symposium 2013: High-efficiency thin film nanostructured multi-junction solar cells[END_REF][132]. Some of their findings are reviewed in next chapter on light trapping in ultrathin semiconductor layers.

GaAs thin film solar cell benchmark

In order to simplify the comparison between results of the literature, our work and the modeled limits given for absorption in thin film solar cells, we use the short circuit current density (experimental J sc as well as numerical J th ) as a figure of merit. In Figure 17, we plotted its value for the GaAs thin film solar cells reviewed in previous sections versus the thickness of the absorber considered. This benchmark represents the state-of-the-art for thin film GaAs solar cells.

The short-circuit current densities associated with absorption singlepass and Lambertian limits are respectively plotted in solid and dashed orange lines. The dotted line features the multi-resonant critical coupling absorption limit [START_REF] Collin | Multi-resonant absorption: A new paradigm for light-trapping in ultra-thin solar cells[END_REF][START_REF] Collin | In preparation[END_REF]. Most of the previously mentioned experimental works (full dots) lie close to single-pass absorption with absorber thickness of around 1 µm [START_REF] Kayes | 27.6cell under 1 sun illumination[END_REF][START_REF] Steiner | Optical enhancement of the open-circuit voltage in high quality gaas solar cells[END_REF].

With thinner absorbers, the use of nanoparticles on top of the cell was but lead to limited performances when compared to the singlepass absorption. The only experimental work to clearly overcome this limit is the one of Yang et al. with a scattering mirror at the back of a 300 nm-thick absorber [START_REF] Yang | Ultra-thin gaas single-junction solar cells integrated with a reflective back scattering layer[END_REF]. Open circles show the calculated performances of new designs for ultrathin absorbers: Grandidier et al. proposed the use of dielectric nanospheres to trap light in the device (J th = 28.8 mA/cm 2 ) [START_REF] Grandidier | Gallium arsenide solar cell absorption enhancement using whispering gallery modes of dielectric nanospheres[END_REF] whereas Eyderman et al. designed tapered nanowires to almost overcome the Lambertian limit with an absorber whose average thickness is of 200 nm (J th = 18.

1 mA/cm 2 ) [132].
This state-of-the-art reinforces our interest in the development of efficient light-trapping strategies for ultrathin devices with thickness between a few tens and a few hundreds nanometers. In this thesis, we specifically target the area highlighted in red on Figure 17. With short-circuit current densities over 20 mA/cm 2 , GaAs ultrathin solar cells may reach the 20% efficiency range. 16), the Lambertian limit (see Equation 17, [START_REF] Green | Lambertian light trapping in textured solar cells and light-emitting diodes: Analytical solutions[END_REF]), and the Multi-resonant critical coupling limit [START_REF] Collin | Multi-resonant absorption: A new paradigm for light-trapping in ultra-thin solar cells[END_REF][START_REF] Collin | In preparation[END_REF]. The red cloud features the performance area that is targeted in this work: ultrathin GaAs absorbers with high J sc .

Figure 18: Usage of the solar spectral irradiance by mutli-junction solar cells (sketch in inset). The efficiency constraint related to the use of only one bandgap in the Shockley-Queisser limit is released: thermalization and spectral losses can thus be minimized.

multi-junction cells and new concepts

Multi-junction cells with GaAs and concentration

We have seen in Section 2.1.3 that spectral and thermalization loss limit the maximal efficiency achievable in single junction solar cells. This can be overcome by the superposition of several cells with different bandgaps in a multi-junction solar cells. Thus a maximum of light will be absorbed in a material with a bandgap close to the energy of incident photons. Multi-junction (MJ) solar cells take advantage from this principle. As illustrated in Figure 18, a material of wide bandgap absorbs the blue photons and transmit the rest of the spectrum towards cells with lower and lower bandgaps. This ensure a very large collection of carriers whereas the potential of the cell is not limited by the Fermi level splitting in the cell with the lowest bandgap value. In these cells, J sc have to be balanced between the cells as charges produced in one cell will have to cross the other cells. The V oc add up to one another, leading to values usually over 2 V.

However, MJ cells are very expensive to grow. To benefit fully from their advantages and reduce costs, they are used under concentrated sunlight, what reduces the surface required for a cell and dilute the heavy material and production costs.

In 1994, Bertness et al. achieved an efficiency of 29.5% at 1-sun with a dual junction GaInP/GaAs cell with a J sc = 14.0 mA/cm 2 and a V oc = 2.385 V [START_REF] Bertness | 29.5%-efficient gainp/gaas tandem solar cells[END_REF]. Under a MgF2/ZnS anti-reflection coating, a 25 nm-thick window of AlInP is used on top of the ≈ 700 nm-thick GaInP cell, grown on top of a 3.6 µm-thick GaAs p-n junction with InGaP barriers. A 22 nm-thick tunnel junction in highly doped GaAs joins the two cells. With the same materials, Alta Devices achieved in 2013 a 30.8% and NREL a 31.1% efficient dual junctions [START_REF]Alta devices achieves 30.8% efficiency record with new generation solar cell technology[END_REF]137]. The record for triple junctions is held by Sharp with a 4 × 4 mm 2 44.4% efficient cell at 302 suns. The stack is composed of InGaP, GaAs and InGaAs cells on top of a Si handler. The main advance realized in that cell concerns the reduction of the contact layer lateral expansion under metallic contacts on the front of the cell [START_REF]Sharp develops concentrator solar cell with world's highest conversion efficiency of 44[END_REF].

Today, the experimental efficiency record is held by Soitec/ CEA/ Fraunhofer-ISE with a 46%-efficient 4-junction solar cell at 508 suns [START_REF]New world record for solar cell efficiency at 46cooperation confirms competitive advantage of european[END_REF]. The record cell is composed of two double junction cells bonded together. A GaAs/GaInP cell is grown on a GaAs substrate and a GaInAsP/GaInAs is grown on a thin InP layer obtained from InP wafers using the Smart:Cut technology. Thanks to molecular bonding, the two cells are stacked together. Finally, the GaAs substrate is removed and the cell is transferred on a host substrate and forms a GaInP/GaAs//GaInAsP/GaInAs cell [START_REF] Dimroth | Wafer bonded four-junction gainp/gaas//gainasp/gainas concentrator solar cells with 44.7[END_REF]. These growth and transfer techniques mastered on III-V cells may be of special interest for handling GaAs thin films. Such technology allows the development and use of new substrates in this type of cell, notably to improve the efficiency or reduce the thickness of the bottom layer of the final semiconductor stack.

New concepts

New concepts such as hot-carrier solar cells, intermediate band, down or up-conversion are investigate in order to make a better use of the solar spectrum and avoid thermalization or transmission losses. Their principles are described in Figure 19. Their theoretical efficiency limits are consequently much higher than for conventional cells.

In the case of hot carrier solar cell, electrons and holes are extracted from the solar cell before they thermalize. The output potential between captured charges is thus higher than the forbidden energy band of the absorber. This could theoretically lead to efficiencies up to 66% [START_REF] Ross | Efficiency of hot-carrier solar energy converters[END_REF].

In intermediate band solar cells, an intermediate and independent level of energy is created inside the bandgap. This allow for absorption of lower energy photons in a three level system. For the best association of bandgap energies between the different bands, a maximum efficiency of 63% is theoretically achievable [START_REF] Luque | Increasing the efficiency of ideal solar cells by photon induced transitions at intermediate levels[END_REF].

Up-conversion for photovoltaic applications aims to prevent the non-absorption of low energy photons usually lost by transmission in the cells. Inversely, down-conversion provides a way to avoid thermalization loss. They both involve two photon processes and the use of a luminescent element able to capture certain wavelengths and reemit light in other spectral regions. They may require non-linear absorption phenomena, only possible or efficient with very high electric fields inside the converting material. Recently, Boriskina and Chen demonstrated a concept using thermal up-conversion with a theoretical efficiency of 73% [START_REF] Boriskina | Exceeding the solar cell shockley-queisser limit via thermal up-conversion of lowenergy photons[END_REF]. In intermediate band solar cells, the presence of a independent band inside the bandgap allows for lower energy photons to be absorber without loss in the chemical potential between the conduction and valence bands for collected carriers [START_REF] Luque | Understanding intermediate-band solar cells[END_REF]. (c) The up-converter transform low energy photons in high energy photons, with an energy higher than the solar cell bandgap. These photons are sent back to the solar cell by a mirror, and participate in total absorption [144].

In these three cases, the system may benefit from the thinness of the cell. Easier and quicker charge extraction, or higher optical densities are indeed easier to achieve in ultrathin devices that are only a few hundreds of nanometer thick. However, new strategies are required to concentrate light in these very sub-wavelength devices. Nanotechnology offers today a possible answer to this issue: nanostructures can be used to localize light inside ultrathin layers. As a result, the presence high fields in the material enhance light-matter interactions in these structures.

toward ultrathin gaas solar cells

The development of the thin film solar cell technology has been a first step towards more efficient and cheaper photovoltaic devices. We summarize here the advantages of using thinner devices.

First, there is a clear advantage of fabricating thinner devices for economical reasons if the efficiency of the cell is maintained. The use of lower quantities of raw materials combined with shorter deposition times should drive down the fabrication cost of ultrathin solar cells. Even with a silver metallic back mirror, a reduction of the overall cell price can be expected. The efficiency has to be maintained such that the cost per watt is reduced. For ultrathin absorbers, this means the use of powerful light trapping strategies that will be discussed in Chapter 3.

Second, the use of thinner devices releases the stress on material availability. For example the scarcity of In for CIGS or Ga for GaAs solar cells should not limit the TW-scale development of PV production with these technology if the ultrathin absorbers are 10 times thinner than nowadays conventional cells.

Gains are also expected in the V oc of the ultrathin solar cells because of a reduced number of defects inside the absorber layers. The collection efficiency may also virtually increase as the time of flight is reduced for charges that are collected very quickly by contacts (distances to travel closer to 100 nm than to a few µm). However, surface effects and lateral transport will have to be handled.

Finally, the very high optical and electronic densities that are expected in ultrathin devices are essential for the development of new concepts such as hot carrier solar cells or up-conversion. Ultrathin devices thus represent a perfect platform to test and design the future high-efficient PV devices.

With regard to this analysis, we have defined a target in terms of thickness and efficiency for our ultrathin devices. We propose in this thesis to study and fabricate ultrathin GaAs solar cells with absorber thicknesses at least 10 times lower than the ones of conventional cells.

To maintain efficiency at a reasonable level, we face the challenge of obtaining short circuit current above 20 mA/cm 2 in layers that are less than 200 nm-thick. This corresponds to final desired performances highlighted in the red area of Figure 17. In order to do so, we have to design new light harvesting schemes. In next chapter, we review the different solutions that have been investigated recently to improve absorption in very thin devices.

summary

The most important parameters to analyze solar cell performances have been reviewed. In particular, we defined the different short circuit current densities that will be extensively used in the following chapters: the experimental or measured J sc and theoretical or calculated J th an J tot . Their link with absorption and EQE has also been precised.

We gave state-of-the-art efficiencies obtained with different photovoltaic technologies. For single-junction solar cells, the record is held by Alta Devices. They achieved a 28.8% efficient device with a GaAs absorber whose thickness has been estimated around 1 µm. This cell featured a J sc of 29.6 mA/cm 2 , a V oc of 1.12 V and a FF of 86.5%.

With respect to cell performances, thinning the absorber may have a beneficial impact on V oc . It also present a large advantage in terms of fabrication costs, even with the deposition of a back metallic mirror. But this thickness reduction should not come at the expense of efficiency. The development of powerful light trapping strategies are thus required to increase absorption in ultrathin layers and maintain efficiencies. As introduced in Chapter 2, the performances of solar cells are directly impacted by their ability to absorb sunlight. Among other reasons, cost issues push towards the reduction of the average cell thickness. This directly impacts the absorption of thin absorber layers.

A large variety of light trapping schemes have been developed to maintain the efficiency of thin devices and ensure large short-circuit currents. This chapter gives an overview of the strategies that have been developed to enhance absorption in solar cells. Single-pass and Lambertian light trapping limits are introduced to qualify such improvements.

e then describe the usual texturation of cell interfaces to scatter light in PV devices. For ultrathin layer however, more powerful light management tools such as plasmonic or nanophotonic structures are required. They are reviewed through the description of numerous examples taken from literature, especially on a-Si:H cells for which these techniques have been extensively studied, and GaAs cells.

Last, we give a brief outlook on nanowire solar cells, as the cells are grown with very little raw materials and present very high absorptions thanks to the absorber nanostructuration.

conventional light trapping

Single-pass absorption

In a semiconductor layer, photons whose energy is larger than the bandgap are absorbed provided they can interact sufficiently with the material. This interaction depends on the complex refractive index of the material ñ = n + iκ. For a plane wave propagating in an homogeneous material, the intensity of light decreases exponentially with the traveled distance, according to Beer-Lambert's law:

I(d) = I 0 exp (-αd) ( 15 
)
where α is the absorption coefficient and is directly related to the imaginary part of the refractive index by the relation α = 4πκ λ . The relative absorption depth in the material is defined as δ = 1/α, and is commonly used to compare absorption in different media.

Assuming no reflection on the front and back surface on an absorbing slab of thickness d, single pass absorption is given by:

Abs = (1 -exp (-αd)) (16) 
In Figure 20, we plot the single pass absorption in GaAs slabs of different thicknesses varying from 25 nm to 3 µm. Single-pass absorption in ultrathin layers is very low: only 10% of the photons are absorbed in a 25 nm-thick slab at λ = 600 nm. For a thickness of 100 nm, this number has increased to 40% but is still really low for photovoltaic applications. A light trapping strategy is definitely required to overcome this low absorption if such ultrathin layers are to be used as absorbers, and especially in the case of solar cells.

Lambertian light-trapping

Light scattering is the most common technique used to improve absorption in solar cells. Incident light is scattered in every direction, increasing the optical path in absorbers. For thick films relatively to the wavelength, light is not coherent over the film thickness. There are no interference, and the behavior of light is well described by ray optics. In 1982, Yablonovitch and Cody formulated the theoretical limit of light trapping achievable in semiconductor slabs with Lambertian scattering surfaces [START_REF] Yablonovitch | Intensity enhancement in textured optical sheets for solar cells[END_REF]. By comparing the energy densities inside and outside the semiconductor slab at the thermodynamic equilibrium, they expressed the intensity of the light in and out the slab and found a n 2 enhancement inside the medium of index n. With a back reflector, the absorption or path length enhancement is doubled to 2n 2 . By taking into consideration Lambertian surfaces (diffusing light isotropically) for the slab, light rays propagate in any direction in the slab (see Figure 21) and exit the material only if they they are reflected in the escape cone of the slab. Averaging over all the possible angles leads again to a doubling of the absorption enhancement factor up to F = 4n 2 , known as the Yablonovitch or Lambertian limit. The maximal absorption can then be approximated by:

A = αd αd + 1/F ( 17 
)
This limit is valid only for low absorbing semiconductors films with a thickness much greater than λ. It is therefore not valid for ultrathin cells of only a few hundreds of nanometers in the visible range. Nevertheless, it remains the main reference to evaluate the absorption enhancement of various light trapping techniques. Other assumptions lead to different light trapping upper limits. Most of these strategies used in the literature have been reviewed by Mokapati and Catchpole in 2012 [START_REF] Mokkapati | Nanophotonic light trapping in solar cells[END_REF]. 

Micro-texturation to capture light

In order to approach the Lambertian limit in solar cells, the most common technique is to texture the interfaces of the solar cell. Front or back surfaces thus mimic Lambertian surfaces. Random texturation on crystalline silicon solar cells has been widely used since 70's and is generally achieved by anisotropic wet chemical etching [START_REF] Bean | Anisotropic etching of silicon[END_REF][START_REF] Campbell | Light trapping properties of pyramidally textured surfaces[END_REF][START_REF] Vazsonyi | Improved anisotropic etching process for industrial texturing of silicon solar cells[END_REF][START_REF] Papet | Pyramidal texturing of silicon solar cell with tmah chemical anisotropic etching[END_REF]. TMAH or KOH have indeed the property to etch selectively crystalline planes of the semiconductor. Wet etching results in the formation of random pyramids (See Figure 22a). But it is also possible to define etching directions by using masks along the crystalline planes of the wafer. In this case, periodic texturation like inverted pyramids can be obtained (see Figure 22b). This approach has led very recently to the fabrication of a 10 µm-thick silicon solar cell (SOI substrate thinned down to 10 µm) with a J sc up to 34 mA/cm 2 and efficiency of 15.7% [START_REF] Branham | 7periodic nanostructures[END_REF].

These scattering surfaces allow for light collection at large angles and for a very large spectral range. They have for main effect an increase of the J sc in cells. For instance, the world record on a-Si:H solar cell has been achieved by deposition of an a-Si:H absorber (with an intrinsic layer of 250 nm) on ZnO:Al electrodes with random pyramidal texture whose geometrical shape has been optimized carefully [START_REF] Benagli | High-efficiency amorphous silicon devices on lpcvdzno tco prepared in industrial kai tm-m r&d reactor[END_REF][START_REF] Battaglia | Light trapping in solar cells: Can periodic beat random?[END_REF]. In that cell, it led to an increase of J sc of about 5 mA/cm 2 up to 17.1 mA/cm 2 . Yet, this approach has often the drawback to create defects in a-Si:H or µc-Si:H absorbers [START_REF] Python | Influence of the substrate geometrical parameters on microcrystalline silicon growth for thin-film solar cells[END_REF][START_REF] Hanni | On the interplay between microstructure and interfaces in high-efficiency microcrystalline silicon solar cells[END_REF]. This is a motivation for the development of strategies that aim at texturing window layers with flat absorbers. By doing so, gains in both J sc and V oc are expected as the material quality is not affected [START_REF] Sai | Flattened light-scattering substrate in thin film silicon solar cells for improved infrared response[END_REF][START_REF] Söderström | Thin-film silicon triple-junction solar cell with 12.5efficiency on innovative flat light-scattering substrate[END_REF].

The use of periodic structures has also been studied with the emergence of low-cost and large-area patterning techniques. Thus, nano- moulding or nano-imprint lithography have been used to create patterned solar cells. Another widely spread process to structure films is nanosphere lithography. A self-arranged array of nanospheres is used as a mask for an etching process, leading to arranged asperities on the film surface [START_REF] Fredriksson | Hole-mask colloidal lithography[END_REF][START_REF] Colson An | Nanosphere lithography: A powerful method for the controlled manufacturing of nanomaterials[END_REF]. This technique has been used on Si solar cells [START_REF] Battaglia | Light trapping in solar cells: Can periodic beat random?[END_REF] but also on GaAs thin films [START_REF] Liang | High-efficiency nanostructured window gaas solar cells[END_REF]. Nanophotonic periodic patterns may have additional interesting properties for light trapping besides the scattering of light, especially when the pattern size decreases to a few hundred nanometers.

For ultrathin cells however, most of the micro-texturation examples given above are unadapted. The thickness of the cell does not allow for a direct patterning of the absorber. We can also wonder about the pertinence of simple light scattering for very thin films as light is coherent over the device thickness and interferences play a major role in field localization. To meet the need of light confinement in layers of a few tens of nanometers, resorting to more elaborate plasmonic and nanophotonic light trapping strategies is essential. These are addressed in the following sections.

plasmonics for solar cells

Plasmonics for solar cell applications has been a tremendously active field around 2010 [START_REF] Pillai | Plasmonics for photovoltaic applications[END_REF][START_REF] Atwater | Plasmonics for improved photovoltaic devices[END_REF][START_REF] Ferry | Design considerations for plasmonic photovoltaics[END_REF][START_REF] Spinelli | Plasmonic light trapping in thin-film si solar cells[END_REF][START_REF] Green | Harnessing plasmonics for solar cells[END_REF]. The ability to design and fabricate metallic nanostructures opened new perspectives for sub-wavelength photon management. It offered the possibility to develop techniques for light confinement in very small material volumes. For photovoltaics, this presents a major interest as absorption depends directly from the electric field intensity achievable in thin layers of semicon-ductor.

Plasmonic effects are due to the interaction of electromagnetic radiation with conduction electrons in metals. Two main mechanisms can enhance the electric field in the vicinity of nanostructure: propagating surface plasmon polaritons (SPP) at the interface between a metal and a dielectric, and localized surface plasmon resonances (LSPR) in metal particles. For both phenomena, light confinement is achievable well below the diffraction limit, what makes plasmonic a very powerful tool to manage absorption in ultrathin absorber layers.

In the case of SPP, the collective oscillations of electrons at the metal surface create evanescent waves confined at the metal/dielectric interface. The wave amplitude thus decays exponentially with the distance from the interface in both dielectric and metal.

For LSPR, the local excitation of electrons by incoming light results in local field enhancements. These are generally modeled as the result of equivalent electromagnetic dipoles created in the nanostructure. The geometry of the nanostructure and its surrounding material defines the resonance properties of the dipole. For specific wavelengths, the scattering and absorbing cross sections of the particle can be much greater than its geometrical cross section. Particles of very small volumes and occupying limited areas on a device may thus redistribute the electromagnetic energy very efficiently inside the cell. In that sense, nanoparticles have the properties of optical antennas that may serve as couplers between the incoming solar radiation and localized modes inside the semiconductor layers [START_REF] Novotny | Antennas for light[END_REF].

In a reference paper published in 2010, Atwater and Polman reviewed the different ways metallic nanostructures can interact with light to improve light absorption in solar cells [START_REF] Atwater | Plasmonics for improved photovoltaic devices[END_REF]. As figured in Figure 23, they classified these strategies in three different categories: scattering effects, localized field enhancements and coupling of incident light to guided modes of the structure. The following section is divided in three parts in accordance with this classification. It addresses the pros and cons of each strategy and gives an overview on plasmonic enhanced solar cells.

Scattering effects

The scattering of light by nanoparticles deposited on top of solar cells results in an optical path length increase inside the device. Thus a photon has a highest probability to be absorbed and contribute to the photocurrent. It is especially interesting for photons at high wavelength whose interactions with the semiconductor are limited by large absorption depths. The deposition of metal islands or particles on fabricated cell is relatively easy and can constitute an additional last step of the fabrication processes. The formation of such particles has been widely studied [START_REF] Stuart | Absorption enhancement in silicon-on-insulator waveguides using metal island films[END_REF][START_REF] Stuart | Island size effects in nanoparticle-enhanced photodetectors[END_REF]. This approach has thus been applied both on c-Si [START_REF] Schaadt An | Enhanced semiconductor optical absorption via surface plasmon excitation in metal nanoparticles[END_REF][START_REF] Pillai | Surface plasmon enhanced silicon solar cells[END_REF][START_REF] Beck | Tunable light trapping for solar cells using localized surface plasmons[END_REF][START_REF] Diukman | How front side plasmonic nanostructures enhance solar cell efficiency[END_REF][START_REF] Daif | Front side plasmonic effect on thin silicon epitaxial solar cells[END_REF][START_REF] Gao | Designing metal hemispheres on silicon ultrathin film solar cells for plasmonic light trapping[END_REF] and a-Si:H [START_REF] Derkacs | Improved performance of amorphous silicon solar cells via scattering from surface plasmon polaritons in nearby metallic nanoparticles[END_REF][START_REF] Matheu | Metal and dielectric nanoparticle scattering for improved optical absorption in photovoltaic devices[END_REF][START_REF] Van Lare | Mode coupling by plasmonic surface scatterers in thin-film silicon solar cells[END_REF] solar cells. Catchpole and Polman showed notably in 2008 that the use of hemispherical Ag particles could lead to path enhancement factors over 28 [START_REF] Catchpole | Plasmonic solar cells[END_REF][START_REF] Catchpole | Design principles for particle plasmon enhanced solar cells[END_REF]. They also demonstrate the influence of shape on the radiation pattern of the nanoparticles leading to a redistribution of light towards the absorber.

On GaAs, Nakayama et al. used Ag nanoparticles of different sizes and shapes to enhance the efficiency of as-grown solar cells with an absorber thickness of 200 nm [START_REF] Nakayama | Plasmonic nanoparticle enhanced light absorption in gaas solar cells[END_REF]. With this design, they achieve a 8% increase in the J sc up to 12 mA/cm 2 . The V oc of the cell is limited to 760 mV, and the FF to 65% , what leads to a conversion efficiency of only 5.9%. Figure 24 shows the design of the cell Nakayama fabricated and their EQE measurement on cells with (colored lines) and without Ag particle arrays (black line). The dark blue line represents the best EQE on a cell with nanoparticles. Before λ = 600 nm, it is below the EQE of the reference cell. This is the sign of an increased parasitic absorption likely due to the presence of Ag. For wavelengths greater than 600 nm, the EQE is enhanced by around 10% in absolute value until the GaAs bandgap. This can be interpreted as the effective scattering of the nanoparticles, increasing the path length of low energy photons in the cell.

Hylton et al. also studied the effects of depositing periodic arrays of metallic nanoparticles on the front surface of GaAs solar cells [START_REF] Hylton | Al nanoparticle arrays for broadband absorption enhancements in gaas devices[END_REF]. By simulating the absorption of devices with different nanoparticles in Au, Ag and Al, they determine potential rises in efficiency. At best, they achieve an increase of 45% in power conversion efficiency with respect to an analogous flat cell. This result was obtained for the use of Al nanoparticles, and was interpreted as an effect of Al optical index leading to higher scattering cross sections and lower parasitic absorption loss than for Au or Ag particles.

In many of these approaches, the gain in short circuit current is balanced by additional absorption loss at short wavelengths. This led to the integration of the scattering nanostructures into the back contact design. Thus, most blue photons will be absorbed in their first pass in the cell and red light will be able to interact with the particles at the bottom of the device. This strategy has been widely adopted for silicon solar cells. Ouyang et al. deposited Ag nanoparticles on the BSF layer of a superstrate 2-µm-thick a-Si:H cell and achieved a 38% increase in J sc [START_REF] Ouyang | Effective light trapping in polycrystalline silicon thinfilm solar cells by means of rear localized surface plasmons[END_REF]. A number of other works reported similar improvements in their devices thanks to metal back scatterers [START_REF] Paetzold | Plasmonic reflection grating back contacts for microcrystalline silicon solar cells[END_REF][START_REF] Beck | Tunable light trapping for solar cells using localized surface plasmons[END_REF][START_REF] Tan | Plasmonic light trapping in thin-film silicon solar cells with improved self-assembled silver nanoparticles[END_REF], or metal back scatterers mixed with dielectric scatterers to limit parasitic absorption loss [START_REF] Basch | Combined plasmonic and dielectric rear reflectors for enhanced photocurrent in solar cells[END_REF].

Near field effects

The excitation of LSPR in nanoparticles can be used directly to enhance the electric field, and thus absorption, in the vicinity of the particle [START_REF] Atwater | Plasmonics for improved photovoltaic devices[END_REF]. Interestingly, dye-sensitized solar cells benefit directly from this resonant mechanisms when the cells are conceived as nanoporous metals covered with photosensitive dye [START_REF] Hägglund | Enhanced charge carrier generation in dye sensitized solar cells by nanoparticle plasmons[END_REF]. One can indeed imagine the covering of gold nanospheres with dyes benefiting from the very high field enhancement on its surface. Embedding nanoparticles inside or very close to the absorber layer represents a major challenge in the cell fabrication process. For instance, it is impossible to grow epitaxial materials on metal nanoparticles. Subsequently, this strategy of near-field enhancement with embedded nanoparticles has been adopted mostly for organic solar cells [START_REF] Gan | Plasmonic-enhanced organic photovoltaics: Breaking the 10barrier[END_REF].

For semiconductor layers, potential gains in short circuit current obtained with near field effects are very limited. An enhancement of the electric field can be expected within a few tens of nanometers around the nanoparticle only. The absorption loss and plasmon decay in the particles are also detrimental. Metal particles were nevertheless deposited on flat Si layers to try to increase J sc by field enhancements effects [START_REF] Yu | Enhancement of optical absorption in thin-film solar cells through the excitation of higher-order nanoparticle plasmon modes[END_REF][START_REF] Yu | Nanoparticleenhanced thin film solar cells: Metallic or dielectric nanopar-ticles?[END_REF][START_REF] Shi | Full-band absorption enhancement in ultrathin-film solar cells through the excitation of multiresonant guided modes[END_REF] or with embedded nanoparticles in silicon solar cells [START_REF] Bergli | Direct generation of charge carriers in c-si solar cells due to embedded nanoparticles[END_REF][START_REF] Hägglund | Electromagnetic coupling of light into a silicon solar cell by nanodisk plasmons[END_REF]. Despite the growth problems of III-V materials when metal nanospheres are introduced in the semiconductor stack design, Wang et al. demonstrated numerically that it is possible to take advantage of embedded particles to improve absorption in InGaN 420 nm-thick solar cells with a back reflector [START_REF] Wang | Enhancing inganbased solar cell efficiency through localized surface plasmon interaction by embedding ag nanoparticles in the absorbing layer[END_REF]. Their design shows an efficiency increase of 27% with respect to cells without the nanoparticles.

Coupling to SPP modes

The third strategy consists of using surface plasmon polariton waves at the interfaces between metal and the absorbing medium to increase absorption in solar cells. As detailed in Figure 23c, most of the proposed designs were focused on the use of 1D [START_REF] Söderström | Photocurrent increase in n-i-p thin film silicon solar cells by guided mode excitation via grating coupler[END_REF][START_REF] Ferry | Plasmonic nanostructure design for efficient light coupling into solar cells[END_REF][START_REF] Haug | Influence of the zno buffer on the guided mode structure in si/zno/ag multilayers[END_REF] or 2D [START_REF] Zhu | Nanodome solar cells with efficient light management and self-cleaning[END_REF][START_REF] Paetzold | Plasmonic reflection grating back contacts for microcrystalline silicon solar cells[END_REF][START_REF] Ferry | Light trapping in ultrathin plasmonic solar cells[END_REF][START_REF] Ferry | Optimized spatial correlations for broadband light trapping nanopatterns in high efficiency ultrathin film a-si:h solar cells[END_REF][START_REF] Wei | Optical and electrical study of organic solar cells with a 2d grating anode[END_REF][START_REF] Michael | Design of nanostructured solar cells using coupled optical and electrical modeling[END_REF] metallic nanostructure arrays on the back surface of the cell. Particularly, Ferry et al. proposed the use of sub-wavelength ridges in c-Si and GaAs solar cells to enhance photocurrent and performances [START_REF] Ferry | Plasmonic nanostructure design for efficient light coupling into solar cells[END_REF]. Actual increases in J sc were demonstrated in ultrathin amorphous silicon solar cells with silver nanostructure arrays integrated to back contacts [START_REF] Söderström | Photocurrent increase in n-i-p thin film silicon solar cells by guided mode excitation via grating coupler[END_REF][START_REF] Zhu | Nanodome solar cells with efficient light management and self-cleaning[END_REF][START_REF] Ferry | Light trapping in ultrathin plasmonic solar cells[END_REF].

Similarly, Hall et al. use the same effect to couple incident light to horizontally traveling SPP modes enhancing absorption in a 1D photonic crystal of silicon oxide/oxynitride layers [START_REF] Shoji | Broadband light absorption with multiple surface plasmon polariton waves excited at the interface of a metallic grating and photonic crystal[END_REF]. The use of a 1D photonic crystal serves mostly to make the structure insensitive to light polarization, and eases the plasmon propagation. Along with the scattering of metal nanoparticles, Derkacs et al. also tried to excite horizontal modes on quantum-well solar cells [START_REF] Derkacs | Nanoparticle-induced light scattering for improved performance of quantum-well solar cells[END_REF]. There were many attempts to theorize the phenomenon of coupling to horizontal modes of the structure. For instance, Pillai et al. described the metallic nanostructured reflector as a series of electromagnetic dipoles, exciting horizontal modes of the device [START_REF] Pillai | Surface plasmon enhanced silicon solar cells[END_REF].

Based on the same principle, other approaches have been developed to benefit from SPP coupling, and SPP interactions between different nanostructures. For instance, front gratings have been proposed [START_REF] Ragip | Design of plasmonic thin-film solar cells with broadband absorption enhancements[END_REF][START_REF] Munday | Large integrated absorption enhancement in plasmonic solar cells by combining metallic gratings and antireflection coatings[END_REF] as well as dual gratings [START_REF] Akin | Volumetric plasmonic resonator architecture for thinfilm solar cells[END_REF][START_REF] Abass | Dual-interface gratings for broadband absorption enhancement in thin-film solar cells[END_REF][START_REF] Schuster | Dual gratings for enhanced light trapping in thinfilm solar cells by a layer-transfer technique[END_REF] in order to excite quasi guided modes in the structure. To achieve enhanced absorp-tion in their devices, Bai and Chi alternatively used arrays of holes in a metal structure instead of metallic nanostructure deposited on the back reflector [START_REF] Bai | Broadband short-range surface plasmon structures for absorption enhancement in organic photovoltaics[END_REF][START_REF] Chi | Optimizing surface plasmon resonance effects on finger electrodes to enhance the efficiency of silicon-based solar cells[END_REF]. The simulation of a meta-material-plasmonic absorber in which a perforated metal plays the role of grating on 20 nm-thick a-Si:H solar cell leads to J th of 19.7 mA/cm 2 , for a theoretical efficiency evaluated at 12% [START_REF] Wang | Metamaterial-plasmonic absorber structure for high efficiency amorphous silicon solar cells[END_REF].

However, this approach suffers from intrinsic limitations: -SPP do exist only in transverse magnetic modes, -the part of the electric field confined in the metal results in parasitic absorption loss, -and SPP modes are dispersive and very sensitive to incidence angles or geometrical parameters of the gratings. The use of 2D gratings partially solves the problem relative to polarization dependence. Resort to spacer layers was proposed to limit the parasitic loss related to light confinement close to metal parts in devices [START_REF] Haug | Influence of the zno buffer on the guided mode structure in si/zno/ag multilayers[END_REF][START_REF] Niraj | Using spacer layers to control metal and semiconductor absorption in ultrathin solar cells with plasmonic substrates[END_REF][START_REF] Massiot | Nanopatterned front contact for broadband absorption in ultrathin amorphous silicon solar cells[END_REF].

Conclusion on the use of plasmonics in solar cells

Plasmonics may favors absorption in solar cells in many ways. However, its use in relatively thick devices and thin films failed to assess advantageous trends for photovoltaic applications. Particularly, the use of small particles had detrimental effects such as parasitic absorpiton that limited the beneficial impact of short circuit current gains, or even deteriorated the cell performances. This led the community to avoid the use of metals and to focus more largely on dielectric particles. A careful attention is now paid to the use of high index nanostructures and nanostructure arrays [START_REF] Mark | Light management for photovoltaics using high-index nanostructures[END_REF], and the study of their scattering, using dipole models and Mie theory [START_REF] Van Lare | Dielectric back scattering patterns for light trapping in thin-film si solar cells[END_REF][START_REF] Spinelli | Light trapping in thin crystalline si solar cells using surface mie scatterers[END_REF].

In our perspective however, ultrathin solar cells require localized resonances in very small absorber volumes. Plasmonic effects can then impact the entire device whereas their use in traditional thin films will only have marginal effects. We demonstrate in Chapter 4 that these effects can undoubtedly help the conception of ultrathin super-absorbers, and probably ultrathin solar cells.

periodic nanostructure arrays for solar cells

Besides plasmonics, nanostructure arrays can involve many other resonance mechanisms and also interact with light as diffractive gratings. Because they redistribute light in their environment, they may become efficient couplers between incident light and trapped modes inside a solar cell structure. This is of primary importance for ultrathin devices in which the excitation of horizontal guided modes considerably increase the optical path of photons inside the absorber.

After a brief discussion on the utility of periodic vs. random nanostructures, we discuss in this section the opportunity to use gratings and nanophotonic structures to excite guided modes in solar cells. Finally, we describe the multi-resonant broadband absorption approach that has been developed for several years at LPN with periodic metallic nanostructure arrays.

Random or not random ?

In literature, two light trapping strategies coexist. The first one consider the use of random nanotexturation while the detractors of the other call for the use of periodic nanophotonic structures. For instance, Haase proposed in 2007 the use of a periodic diffraction grating as an alternative for conventional random textures [START_REF] Haase | Thin-film silicon solar cells with efficient periodic light trapping texture[END_REF]. Progress in nanofabrication techniques made also easier the fabrication of periodic nanophotonic structures.

This discussion on the final shape of light trapping schemes was sparked by the works establishing theoretical limits for light trapping. The full randomization of incident light on the structure leads to the Lambertian absorption enhancement limit of 4 × n 2 [START_REF] Yablonovitch | Intensity enhancement in textured optical sheets for solar cells[END_REF]. In comparison, Yu et al. demonstrated that an enhancement of 14.5 × n 2 was theoretically achievable with a periodic triangular grating with a period close to 800 nm [START_REF] Yu | Fundamental limit of nanophotonic light trapping in solar cells[END_REF]. Apparently, this gives a clear advantage to the periodic approach, but both limits were derived with the hypothesis of thick, weakly absorbing structures. In the case of ultrathin devices, this approach does not stand anymore, and a precise study of the modal structure of the cell structure is required.

The comparison between the use of random or periodic structures in thin devices was notably discussed in details by Battaglia et al. in reference [START_REF] Battaglia | Light trapping in solar cells: Can periodic beat random?[END_REF]. The necessity to take into account the modal structure of the solar cell device was underlined. For both random and periodic structures, the potential coupling to lossy radiative modes stressed the necessity to scatter light at very high angles, outside the light escape cone of the absorbing layer. For a grating, this leads to privilege diffraction in higher order modes.

Battaglia et al. fabricated simultaneously a periodic and a random light trapping scheme on a-Si:H samples. On both samples, the same J sc slightly above 17 mA/cm 2 were achieved, leading to the same efficiency of 10.9%. A trade-off between electrical and optical properties had to be found in these cases to limit the detrimental effect on V oc and FF of a high aspect ratio structuration of the a-Si:H layer deposited on the nanostructure patterns and improving J sc .

Despite the advantages seen in periodic nanophotonic structures, Yu et al. also pointed out that the use of aperiodic or random nanostructures could break symmetries and allow the access to asymmet-ric modes of the solar cell device [START_REF] Yu | Fundamental limit of nanophotonic light trapping in solar cells[END_REF]. In that sense, Pala et al. proposed the use of a quasi-periodic structure mixing the effects of a grating with a limited amount of disorder [START_REF] Ragip | Optimization of non-periodic plasmonic lighttrapping layers for thin-film solar cells[END_REF]. They calculated and observed experimentally an absorption enhancement broader for quasi-periodic stripe arrays than for the periodic one. This absorption increase was attributed to the excitation of additional modes (multiple resonances). The use of crossed trapezoidal gratings in Aydin's super-absorber [START_REF] Aydin | Broadband polarization-independent resonant light absorption using ultrathin plasmonic super absorbers[END_REF] or the design of a sawtooth grating in Cui's work [START_REF] Cui | Ultrabroadband light absorption by a sawtooth anisotropic metamaterial slab[END_REF] may also be considered as a way to introduce disorder in a periodic structure, leading to a broadband absorption over the visible spectrum.

Coupling to guided modes

The understanding of the absorber modal structure is essential to ensure coupling in these higher order modes. This analysis is relatively easy when the nanostructure size is limited with respect to the one of the absorber, which justifies the use of a perturbative approach. We will see in Chapter 6 that this is not necessarily true for ultrathin solar cells, as the back grating may be of the same thickness than the absorbing layer. The modal structure of the devices is then completely dependent on the nanostructure geometry. Nevertheless, it gives clues for increased absorption enhancement geometries.

Modes of a slab

Let's consider a slab of homogeneous material with an optical index ñ separated by two perfect planar interfaces. Following Snell's law, light that enters the slab with an angle θ will exit the material with the same angle at the other interface of the slab, or if a specular back mirror has been added, at the front interface. This ray-optics picture translates the fact that single or double pass absorption schemes are radiative modes of the slab. They do not favor absorption inside the slab, and result in minimal absorption in a device.

To increase absorption significantly in the slab, one must excite other modes whose energy remains trapped inside the material. These modes are called guided or trap modes of the structure and are nonradiative. A photon undergoing total internal reflection inside the slab is trapped forever in the slab and constitute the simplest example of guided wave inside the slab.

In order to couple radiative and non-radiative modes of the slab, photons need to gain or lose horizontal momentum. Scattering or diffractive nanostructures can bring this additional momentum required to couple bound modes to free space. For example gratings can exchange momentum with photon by a quantity equal to a rel-ative multiple of their reciprocal lattice vector ( 2π p for a grating of period p).

Diffraction gratings

In 1995, Heine proposed the use of submicrometer sized gratings to trap light in photovoltaic devices [START_REF] Heine | Submicrometer gratings for solar energy applications[END_REF]. He fabricated a cell with a back reflective blazed grating. In a ray-optics picture light is reflected in oblique directions, allowing a virtual increase of the cavity length by a factor of 5.

Since then, a constant interest has been paid to diffraction gratings as a way to excite guided modes. In 2006, Haase investigated the effects of geometrical parameters of back gratings as well as TCO spacer layers on light propagation in µc-Si thin film solar cells [START_REF] Haase | Optical properties of thin-film silicon solar cells with grating couplers[END_REF]. He demonstrated in 2007 that the use of inverted 3D pyramids with a periodicity of 850 nm and a height of 400 nm could lead to increases in J sc up to 60% in comparison with flat cells for an absorber thickness of 1 µm.

Catchpole proposed the use of 2D square pillar gratings on the front surface of solar cells in 2007 [START_REF] Catchpole | A conceptual model of light coupling by pillar diffraction gratings[END_REF]. The diffractive structure was used to provide a polarization independent light trapping scheme compared to more traditional groove gratings. With the help of an effective index calculation, the transmittance of the nanostructured layer was maximized by an optimization of the geometrical period and height of the pillars. For GaAs, the best numerical results matched the experimental ones and were achieved for a pillar height of 180 nm and a diameter of ≈300 nm.

In 2008, Isabella et al. demonstrated that the use of a 1D back grating could be beneficially used as a substrate for a-Si:H solar cell fabrication. With the deposition of ZnO:Al bringing a part of 2Drandomization at the surface of the grating, the EQE of the cell is increased with respect to a flat reference cell [START_REF] Isabella | Diffraction gratings for light trapping in thin-film silicon solar cells[END_REF]. The grating has similar effects in terms of light trapping than the use of a randomly textured Asahi glass substrate.

The coupling to guided modes of Si and GaAs solar cells by back scatterers on a metallic substrate was proven to possibly enhance light absorption by a factor 2.5 by Ferry et al. in reference [START_REF] Ferry | Plasmonic nanostructure design for efficient light coupling into solar cells[END_REF]. The role of single sub-wavelength grooves as broad-angle incouplers was underlined, and the use of metallic ridges for light harvesting in GaAs and Si solar cell promoted.

Dewan and Knipp studied in detail the field repartition in silicon solar cell made by conformable deposition onto a metallic grating with the help of FDTD simulations [START_REF] Dewan | Light trapping in thin-film silicon solar cells with integrated diffraction grating[END_REF]. These simulations allowed for an optimization of the grating structure. In the red part of the spectra, a doubling of the current densities was predicted. For a 1 µmthick µc-Si cell, this results in an increase of J th by 7.1 mA/cm 2 that sums up to 24.2 mA/cm 2 over the 300-1100 nm wavelength range. J sc increases were observed in accordance with these calculations.

Numerous other architectures with gratings as light management techniques were proposed. The gratings used as plasmonic ones may also serves as diffractive structures (see Figure 25a) [START_REF] Paetzold | Plasmonic reflection grating back contacts for microcrystalline silicon solar cells[END_REF]. Double sided designs such as the ones of Wang et al. allow for approaching the Lambertian light-trapping limit in thin film Si cells [START_REF] Xingze | Absorption enhancement in ultrathin crystalline silicon solar cells with antireflection and light-trapping nanocone gratings[END_REF]. The use of squared or skewed pyramidal structures, as well as checkerboard gratings were analyzed and always give better absorption than conventional planar structures, with the apparition of numerous modes in the computed spectra [START_REF] Kong | Optimal wavelength scale diffraction gratings for light trapping in solar cells[END_REF]. On a cell with multiple quantum wells, the use of a double-period metallic nanostructure grating at the rear of multi quantum well solar cell was proposed by McPheeters et al.

(see Figure 25b) [START_REF] Clairborne O Mcpheeters | Semiconductor heterostructures and optimization of light-trapping structures for efficient thin-film solar cells[END_REF][START_REF] Claiborne | Computational analysis of thin film ingaas/gaas quantum well solar cells with back side light trapping structures[END_REF]. In particular, the use of a silver nanostructured back mirror is proposed to increase J sc . Similarly, Zhang proposed the use of a back grating for a-Si:H/µc-Si:H tandem solar cells, and show potential overall carrier generation enhancements reaching as much as 60% [START_REF] Zhang | Enhanced light absorption in thin-film tandem solar cells using a bottom metallic nanograting[END_REF]. Eyderman also proposed the use of a GaAs absorber designed as a blazed grating [132]. With these 290 nm-thick slanted conical pores in bulk gallium arsenide arranged in a square lattice and filled with glass, a capping layer of AlGaAs, and a flat back mirror in Ag, a J th of 24.9 mA/cm 2 was calculated. This corresponds to 86% of absorption in the spectral range 400-860 nm.

Recently, the horizontal propagation of modes trapped by a grating in a thin film silicon solar cell has been evidenced by Paetzold et al. [START_REF] Paetzold | Nanoscale observation of waveguide modes enhancing the efficiency of solar cells[END_REF]. By probing the electric field inside a thin semiconductor slab relatively far from the area which is nanostructured, they show that light trapped in the structure by the grating is propagating horizontally on several micrometers. This proves the efficient coupling role of the grating.

In spite of these very good results achieved both numerically and experimentally on silicon solar cells, the use of diffraction gratings on thin film GaAs layers has been rarely implemented. The only few examples of III-V cells with a back diffractive grating are quantum well solar cells that are several micrometer thick [START_REF] Clairborne O Mcpheeters | Semiconductor heterostructures and optimization of light-trapping structures for efficient thin-film solar cells[END_REF][START_REF] Watanabe | Thin-film ingaas/gaasp mqws solar cell with backside nanoimprinted pattern for light trapping[END_REF]. We propose in Chapter 6 to study the effects of a nanostructured back mirror to enhance light absorption and short circuit current densities in ultrathin GaAs solar cells.

Photonic crystals

Photonic crystals (PCs) are rigorously ordered materials that may act as band pass filters or photonic traps. They may be fabricated at relatively low cost for instance through the use of holographic lithography [START_REF] Dedman | Photonic crystals with a chiral basis by holographic lithography[END_REF]. They can be used in solar cells either as active absorber The absorption enhancement is compared between a reference thin film PC/IRL (purple, [START_REF] Das | A constructive combination of antireflection and intermediate-reflector layers for a-si/uc-si thin film solar cells[END_REF]) and a opal structure 3D PC/IRL (orange, [START_REF] Üpping | Three-dimensional photonic crystal intermediate reflectors for enhanced lighttrapping in tandem solar cells[END_REF]). (d) Concept of light coupling in ultrathin absorber layers via whispering gallery modes excitation in dielectric nanospheres [START_REF] Grandidier | Gallium arsenide solar cell absorption enhancement using whispering gallery modes of dielectric nanospheres[END_REF]. Additional resonances A, B and C appear with the presence of nanospheres. Notably, A and B induce a localization of the electric field in the absorbing layer as sketched in the intensity cross sections.

materials or passive functional layers such as anti-reflection coatings or angle selective features. Depending on the intended effect, PCs can be placed in front (angle selective), in the middle (energy-selective) or at the back of the cell (resonant light-trapping) [START_REF] Ralf | 3d photonic crystals for photon management in solar cells[END_REF].

On top of solar cells, PCs can be used as adaptive index coatings to minimize reflection loss on the front window [START_REF] Fahr | Rugate filter for lighttrapping in solar cells[END_REF]. They can also be used to couple incident light with horizontal modes of the absorber layers. Seassal's research group at INL in Lyon, France has extensively studied the effects of PCs on top of a-Si:H and c-Si:H thin film solar cells. In 2009, they demonstrated light coupling to Bloch modes of a cell structure with the help of a 1D front PC. The nanophotonic light trapping shceme resulted in an increased photon lifetime in the absorber [START_REF] Park | Absorption enhancement using photonic crystals for silicon thin film solar cells[END_REF]. Following this lead, they have shown that the use of 1D or 2D PCs can increase the integrated absorption by 30 to 50% on the absorption spectral ranges of their absorbers (300-720 nm for a-Si:H and 300-1100 nm for c-Si cells) [START_REF] Meng | Absorbing photonic crystals for silicon thinfilm solar cells: Design, fabrication and experimental investigation[END_REF][START_REF] Meng | Design, fabrication and optical characterization of photonic crystal assisted thin film monocrystalline-silicon solar cells[END_REF][START_REF] Gomard | Light harvesting by planar photonic crystals in solar cells: the case of amorphous silicon[END_REF].

At the back of a solar cell, a photonic crystal can act as a reflector with properties similar to the ones of more traditional gratings. The excitation of the modes whose propagation is the most parallel to the cell surface is sought. Bermel et al. showed in 2007 that the use of a photonic crystal could be more efficient than the usual Bragg reflector to capture light in thin c-Si solar cells [START_REF] Bermel | Improving thin-film crystalline silicon solar cell efficiencies with photonic crystals[END_REF]. For 2 µm-thick c-Si solar cells, power conversion was enhanced in the range of about 25% by replacing the 6-layer DBR with a six-period triangular photonic crystal made of air holes in silicon or with an eight-period inverse opal photonic crystal. PCs have also been combined with traditional optical gratings. Mutitu designed a 5 µm-thick c-Si cell with a top diffractive grating and a triangular PC at the bottom of the absorber layer [START_REF] Mutitu | Thin film silicon solar cell design based on photonic crystal and diffractive grating structures[END_REF]. This structure leads to a 77% averaged absorption and a J th of 30.25 mA/cm 2 over the 400-1100 nm wavelength range. The band edge absorption enhancement factor reaches 4.6.

Very specifically, PCs can be used as good band pass filters. They are particularly powerful tools to design intermediate reflecting layers (IRL), what is extremely useful in multi-junction (MJ) solar cells. By designing the transmission edge of the PCs, only photons with an energy adapted to the gap of the lower cells will be able to cross the layer. Thermalization losses are thus greatly reduced in the MJ cell. Additionally, the layer provides a lateral momentum to incident light as a diffractive structure, which allows for coupling to guided modes in the lower cells. This approach was successfully adopted by Bielawny who designed inverted opals for that purpose [START_REF] Bielawny | Intermediate reflectors for enhanced top cell performance in photovoltaic thin-film tandem cells[END_REF]. Figure 25c shows a cross section of an a-Si:H/µc-Si:H double junction solar cell with a 3D IRL made of a conductive ZnO:Al inverted opal [START_REF] Üpping | Three-dimensional photonic crystal intermediate reflectors for enhanced lighttrapping in tandem solar cells[END_REF]. The underlying graph shows that the 3D structure improves the path enhancement factor up to 3.6 whereas it was still limited to 1.7 with a 1D PC IRL. This enhancement is relative to a textured substrate. By measuring the path enhancement of textured substrate [START_REF] Rockstuhl | Comparison and optimization of randomly textured surfaces in thin-film solar cells[END_REF], we can evaluate a ≈10 enhancement factor with respect to a flat substrate. These results are still far from the Lambertian 4n 2 limit, close to 50 for silicon in the visible. This indicates that a lot of progress is still possible to achieve high efficient light harvesting in solar cells with PCs.

In others approaches, the absorber layer is the photonic crystal itself. Significant efficiency improvements were theoretically predicted for thin crystalline silicon solar cells by using photonic crystals as the light absorbing layer. For a 2 µm-thick Si cell, the design of the absorber as a square lattice of square dielectric rods in an air background was found to potentially improve the energy conversion efficiency by more than 11% [START_REF] Chutinan | High-efficiency photonic crystal solar cell architecture[END_REF]. As another example, Mallick proposed the use of a double layer photonic crystal made of silicon [START_REF] Basu Mallick | Optimal light trapping in ultra-thin photonic crystal crystalline silicon solar cells[END_REF]. The PC structure consists in etching holes whose diameter changes between the two layers, the diameter being lower in the top layer. This stack is separated from a flat silver back mirror by a thick SiO 2 spacer. The total thickness of Si is 400 nm. With the PC, the absorption spectrum features a huge number of resonant modes and average absorption is increased 8-fold compared to the equivalent planar cell in the 400-1100 nm wavelength range. This results in an enhancement of maximum achievable photocurrent density from 7.1 mA/cm 2 for an unstructured film to 21.8 mA/cm 2 for the PC film. The nanostructuration of the absorber material may promote specific resonance and light trapping inside absorbing nanostructures. From these works, it is possible to conceive materials in which light propagation is suppressed at certain frequencies and the interaction lengths between semiconductor and photons are greatly increased (slow light effect) [START_REF] Chutinan | Light trapping and absorption optimization in certain thin-film photonic crystal architectures[END_REF].

Resonant nanoparticles

Resonant nanostructures may also provide a way to transfer light from radiative to non radiative modes of solar cell absorbers. The electromagnetic coupling between the nanostructure and the absorbing layer thus serves to transfer energy of resonant modes in the nanostructure to the solar cell. The existence of whispering gallery modes (WGMs), resonant modes localized at the surface or edges of nanostructures, can be profitably used to couple light into particular modes of a cell absorber and significantly enhance its efficiency by increasing the fraction of incident light absorbed [START_REF] Yariv | Coupled-resonator optical waveguide: a proposal and analysis[END_REF].

The effects of dielectric nanospheres on top of a a-Si:H and GaAs absorbing layers have been numerically studied by Grandidier et al. [START_REF] Grandidier | Gallium arsenide solar cell absorption enhancement using whispering gallery modes of dielectric nanospheres[END_REF][START_REF] Grandidier | Light absorption enhancement in thinfilm solar cells using whispering gallery modes in dielectric nanospheres[END_REF]. Results being very similar between the two materials, we will focus here on the GaAs case. As represented in Figure 25d, SiO 2 nanospheres packed in an hexagonal array are deposited on a GaAs solar cell, which is composed of a double layer SiO 2 /TiO 2 anti-reflection coating, a GaAs absorbing layer and a flat silver back mirror. The performances of the light trapping scheme are analyzed through FDTD calculations for different GaAs layer thicknesses and sphere's diameters. When exposed to light, resonant mechanisms inside the nanospheres are excited at different wavelengths. This results in high localized fields in the absorption layer, as represented by light intensity cross sections of Figure 25d. Accordingly, increases in absorption are visible in the spectra for these wavelengths (λ = 670, 770 and 780 nm).

For a 100 nm-thick GaAs absorber, the maximal J sc of 18.14 mA/cm 2 is reached for nanospheres with a diameter of 700 nm. It is the current obtained with a 160 nm solar cell without nanostructures. The use of the nanospheres consequently represents a potential 37.5% reduction in active material volume for the same device performances. For thicker devices, the current density is also improved for nanospheres with a diameter above 300 nm. For lower diameter however, the response of the cell is worsened as compared with the flat reference GaAs solar cell. Going back to the ultrathin absorber, the EQE improvement appears limited by the small number and the very narrow nature of WGM resonances. These are probably the main criticisms that can be made on the use of such resonant modes in particles for solar cells.

Multi-resonant broadband absorption

Maintaining a very high absorption over a wide spectral range is a key for high J sc and performances in photovoltaics. One way to achieve this is to juxtapose different resonant mechanisms at different wavelengths and play on the spectral width of these. Although Yu et al. expressed a new light trapping limit directly affected by important density of modes in reference [START_REF] Yu | Fundamental limit of nanophotonic light trapping in solar cells[END_REF], the spectrally averaged absorption of their optimal devices is still very limited.

At LPN, an original approach based on mutli-resonant absorption has been developed in order to enhance absorption in ultrathin semiconductor layers. The basic idea is to maximize the number of resonant modes, and to optimize the absorption maxima at resonance wavelengths (theoretically, A max = 100%) and the spectral spacing between the resonances.

Originally, Inès Massiot et al. proposed to combine vertical Fabry-Perot resonances and guided modes in ultrathin a-Si:H solar cells with an absorber thickness of 90 nm [START_REF] Massiot | Nanopatterned front contact for broadband absorption in ultrathin amorphous silicon solar cells[END_REF][START_REF] Massiot | Multi-resonant absorption in ultra-thin silicon solar cells with metallic nanowires[END_REF][START_REF] Massiot | Design and fabrication of nanostructures for lighttrapping in ultra-thin solar cells[END_REF]. In order to achieve light trapping and coupling to guided modes, the cell structure has been designed with a 1D front metallic grating embedded in a SiN x anti-reflection coating. A silver mirror is used as a back reflector. The a-Si:H absorber layer is sandwiched by two buffer layers of conductive oxides to limit absorption loss in metal (see the inset of Figure 26a). The calculated absorption spectra of the device in TM and TE polarization at normal incidence are given in Figure 26a.

In spite of the 1D geometry, broadband multi-resonant absorption is achieved in both polarizations. The multi-resonant strategy in this case results in a J th (average between TE and TM polarizations) of 14.6 mA/cm 2 . Similarly, Clément Colin studied the effects of 2D squared nanostructure patterns on ultrathin GaAs and CIGS solar cells. Studied geometries are very similar for both materials: the semiconductor layer is transferred on a silver mirror and topped with periodically arranged squared nanostructures. A final ZnO:Al transparent conductive oxide layer is used as a front contact (see inset of Figure 26b for the CIGS case). The absorption in these structures has been calculated and results in very large absorption spectra over the entire visible range. Calculations results are displayed in Figure 26b for the CIGS case. This spectrum shows a juxtaposition of four different resonances at λ =480, 810, 960 and 1100 nm. They can be attributed to various mechanisms such as plasmonic horizontal oscillations under the nanostructures (see section 3.2.3 and reference [START_REF] Cattoni | λ 3 /1000 plasmonic nanocavities for biosensing fabricated by soft uv nano-imprint lithography[END_REF]) for the last resonance labeled 4 in the Figure 26b. The comparison with cells without nanostructures (black lines) is immediate: the nanostructure array allows for a huge increase of absorption in the visible and infrared range, where light is coupled to different modes of the structure. The broad absorption from λ =500 to 1100 nm leads to a J th of 38 mA/cm 2 with a layer of only 45 nm.

It is possible to assess the maximal light trapping enhancement due to the multi-resonant absorption approach with the help of the temporal coupled-mode theory. Overall absorption results from the succession of overlapping independent resonant optical modes in the critical coupling condition, for which the total absorption of the structure reaches 100% and radiative and non-radiative decay rates are perfectly balanced. Its average value depends on the density of modes and resonance bandwidth of each mode. Considering the density of optical states (DOS) of bulk material the light-trapping limit -called multi-resonant critical coupling limithas been calculated as a function of absorber thickness. It outcomes from this calculation that strong enhancements over the Lambertian are possible in the multi-resonant strategy [START_REF] Collin | Multi-resonant absorption: A new paradigm for light-trapping in ultra-thin solar cells[END_REF]. We will try to benefit fully from this approach in juxtaposing various type of resonances, especially in designing our ultrathin super-absorber in Chapter 4.

nanowire solar cells

We have already discussed a few examples where the nanostructuration of the front window allowed for index adaptation at the front interface of solar cells [START_REF] Liang | High-efficiency nanostructured window gaas solar cells[END_REF][START_REF] Xingze | Absorption enhancement in ultrathin crystalline silicon solar cells with antireflection and light-trapping nanocone gratings[END_REF]. Even if the use of a flat absorbing layer appears as an asset for the optimization of V oc in this work, another approach is to design the cell architecture as the light trapping scheme itself. This is the case for nanopillars or nanowires (NW) solar cells: the geometry of the junction is modified to appear long in the direction of the incident light for absorption purposes but thin in another dimension to ease carrier collection. The quantity of material required to grow such structures is thus reduced compared to plain bulk solar cells. Furthermore, this enables the use of materials with low minority carrier diffusion length otherwise too lossy for photovoltaic applications. As a counterpart, the surface offered for recombination is dramatically increased and powerful passivation techniques are required to avoid dramatic efficiency loss. This section briefly examines the main results achieved in the nanowire-based photovoltaic community. We review the main records that were obtained with different nanowire architectures and detail recent progress in the field of nanostructured III-V solar cells.

Nanowire growth

The use of nanowires offers new possibilities as it allows completely different pathways for photons and electric charges in the cell. Considering the diffusion length of carriers in materials, two distinct junction geometries can be grown: axial or radial junctions.

Silicon nanowire solar cells have been fabricated by different techniques. A top down approach consists in etching a Si substrate. Generally, a masking step is conducted (self-arranged nanosphere/particle masking, porous alumina masking, lithography...) and followed by chemical wet (mixture of oxidizer and HF) [START_REF] Garnett | Silicon nanowire radial pn junction solar cells[END_REF][START_REF] Kumar | Fabrication of silicon nanowire arrays based solar cell with improved performance[END_REF] or dry etching (typically RIE) [START_REF] Dalmau | Nanowire-based solar cells: Device design and implementation[END_REF]. The doping steps may have been applied on the wafer (axial junctions) or after etching by diffusion of gaseous dopants at the nanowire surface (radial junctions). Although it does not allow for material savings -one of the prime purpose of nanowires solar cells -it allows for the study of passivation or light trapping techniques.

The bottom up approach involves typically the CVD growth of the nanowires on Si wafers with deposited Au or metal catalyst droplets to capture the silane flow inside the reactor [START_REF] Hofmann | Gold catalyzed growth of silicon nanowires by plasma enhanced chemical vapor deposition[END_REF][START_REF] Wu | Controlled growth and structures of molecular-scale silicon nanowires[END_REF][START_REF] Wang | Epitaxial growth of silicon nanowires using an aluminium catalyst[END_REF]. This technique is also called Vapor Liquid Solid (VLS) growth relatively to the phase change occurring in the catalyst droplet. The liquid metal capture the elemental gaseous semiconductor compounds in the vacuum chamber. The concentration of semiconductor inside the droplets reach supersaturation levels. The nucleation of a entire layer of semiconductor occurs rapidly from a nucleation seed formed at the liquid-solid interface at the bottom of the droplet. The nanowire thus grows layer by layer and doping elements can be introduced by dissolution in the droplet during the process. In the case of core shell nanowires, the conformal deposition of other differently doped layers is preferred than a change of doping during the epitaxial growth. Silicon VLS nanowires can be covered by a-Si:H layers to form p-core c-Si/i-a-Si:H/n-a-Si:H solar cells [START_REF] Misra | A review on plasma-assisted vls synthesis of silicon nanowires and radial junction solar cells[END_REF][START_REF] Misra | New approaches to improve the performance of thin-film radial junction solar cells built over silicon nanowire arrays[END_REF][START_REF] Yu | Understanding light harvesting in radial junction amorphous silicon thin film solar cells[END_REF]. This approach seems promising with the deposition of low cost absorber junctions.

III-V nanowires are also grown by VLS in MBE or MOCVD reactors using metal droplets as catalysts [START_REF] Duan | General synthesis of compound semiconductor nanowires[END_REF][START_REF] Wu | Growth of au-catalyzed ordered gaas nanowire arrays by molecular-beam epitaxy[END_REF][START_REF] Seifert | Growth of onedimensional nanostructures in movpe[END_REF]. This 1D growth on small substrate areas has the advantage to accommodate latticemismatch induced strain through elastic relaxation at the edges of the nanowires [START_REF] Jeppe | Surface-passivated gaasp single-nanowire solar cells exceeding 10efficiency grown on silicon[END_REF][START_REF] Nakai | Gaas/ingap core-multishell nanowire-arraybased solar cells[END_REF]. This property is especially interesting for growth on lattice-mismatched substrates like Si or the growth of quantum structures along the nanowire. Additionally, this makes the nanowire less sensitive to defects and increases cell performances. New growth techniques are now available in which the metal used for the droplet is the one in the material (In for InP of Ga for GaAs nanowires) [START_REF] Colombo | Ga-assisted catalyst-free growth mechanism of gaas nanowires by molecular beam epitaxy[END_REF][START_REF] Sandra | Model of patterned selfassisted nanowire growth[END_REF]. Growth without any catalyst is also studied to prevent recombination effect due to metal traces on the nanowire edges. The spatial delimitation of the nanowires is achieved by masking the wafer surface by amorphous materials except in the nanowire footprints [START_REF] Poole | Spatially controlled, nanoparticle-free growth of inp nanowires[END_REF][START_REF] Noborisaka | Catalyst-free growth of gaas nanowires by selective-area metalorganic vapor-phase epitaxy[END_REF].

For every geometry, the final surface offered at the interface between the semiconductor of the nanowire and the surrounding medium is very large as compared to conventional flat cells. Passivation of the surface is required to avoid losing all the photocurrent in nonradiative recombinations on the nanowire edges. A common approach is to cover the last grown material with a high bandgap material [START_REF] Parkinson | Carrier lifetime and mobility enhancement in nearly defect-free core-shell nanowires measured using time-resolved terahertz spectroscopy[END_REF]. In GaAs nanowires, this could be InGaP [START_REF] Mariani | Gaas nanopillar-array solar cells employing in situ surface passivation[END_REF], or AlGaAs [START_REF] Zhou | Wurtzite gaas/al-gaas core-shell nanowires grown by molecular beam epitaxy[END_REF]. Silicon nitrides or silicon oxides layers may also improve the passivation of devices in the case of Si nanowires or serve as isolating layers.

Other deposition techniques have been developed to further reduce the fabrication costs of nanowire based PV devices. Recently reported, solution processed nanowires [START_REF] Tang | Solution-processed core-shell nanowires for efficient photovoltaic cells[END_REF] or aerotaxy (formation of the nanowire in a gas of gold nanoparticles) [START_REF] Heurlin | Continuous gas-phase synthesis of nanowires with tunable properties[END_REF] appear as the most promising to ensure profitability. Another trend to reduce fabrication costs is the use of cheap or non crystalline substrates. Growth of III-V nanowires on Si constitutes a step towards this objective [START_REF] Thomas Martensson | Epitaxial iii-v nanowires on silicon[END_REF][START_REF] Katsuhiro Tomioka | Iii-v nanowires on si substrate: Selective-area growth and device applications[END_REF]. The use of amorphous substrates has also been envisaged. The growth of vertical nanowires on glass is made possible by the formation of a very thin crystalline silicon capping layer. Metal induced crystallization of a cheap a-Si:H layer leads to the formation of a thin [START_REF] Schermer | Photon confinement in high-efficiency, thin-film iii-v solar cells obtained by epitaxial lift-off[END_REF] crystalline silicon layer on the glass substrate. This layer then supports the growth of GaAs nanowires [START_REF] Cohin | Growth of vertical gaas nanowires on an amorphous substrate via a fiber-textured si platform[END_REF].

Light trapping in nanowires

Instead of adding micro/nano-scale light trapping structures to solar cells, the nanowire cell geometry is completely revamped to constitute in itself the light harvesting scheme. In a ray optics picture, light is scattered by the nanowires themselves very efficiently until it is absorbed inside the material. This light trapping excels at high incidence angle, and for large spectral ranges, what makes nanowire one of the only micro-scaled structure able to overcome the light trapping Lambertian limit [START_REF] Garnett | Light trapping in silicon nanowire solar cells[END_REF][START_REF] Han | Toward the lambertian limit of light trapping in thin nanostructured silicon solar cells[END_REF][START_REF] Krogstrup | Single-nanowire solar cells beyond the shockley-queisser limit[END_REF].

State-of-the-art GaAs nanowires

In 2005, Kayes made a comparison between planar and radial nanorod p-n junction solar cells in Si and GaAs [START_REF] Kayes | Comparison of the device physics principles of planar and radial p-n junction nanorod solar cells[END_REF]. It outcomes from this study that the nanorod present a real advantage for materials with a limited carrier diffusion length and reasonable recombination rates.

To absorb light efficiently, Mariani et al. proposed the use of vertically aligned GaAs nanopillars. A first cell with an efficiency of only 2.54% was fabricated in 2011 by selective-area catalyst-free MOCVD growth of nanopillars [START_REF] Mariani | Patterned radial gaas nanopillar solar cells[END_REF]. This first attempt revealed the importance of the properties of the capping transparent conductive oxide for transparency and electrical transport. After a new FDTD optimization, they achieved an EQE greater than 70% over the 400-850 nm wavelength range and a conversion efficiency of 6.63% with 1.3 µmlong nanopillars passivated by InGaP [START_REF] Mariani | Gaas nanopillar-array solar cells employing in situ surface passivation[END_REF]. The nanowire structure and the morphology of this cell is given in Figure 27a. Further improvements like the use of the TiO 2 capping layer to localize optical resonances inside the nanopillars led to a conversion efficiency of 7.43% [START_REF] Mariani | Direct-bandgap epitaxial core-multishell nanopillar photovoltaics featuring subwavelength optical concentrators[END_REF].

LaPierre et al. also worked on nanowire arrays for photovoltaic applications [START_REF] Czaban | Gaas core-shell nanowires for photovoltaic applications[END_REF][START_REF] Hu | Optical characteristics of gaas nanowire solar cells[END_REF]. They notably calculated the optimal geometry to achieve the highest total absorption absorption and found that current densities of 27.3 mA/cm 2 are achievable with NWs with a length of 5 µm, diameter of 180 nm and periodicity of 350 nm.

Krogstrup et al. studied the opto-electrical response of single-nanowires standing vertically or horizontally on their growth substrate [START_REF] Krogstrup | Single-nanowire solar cells beyond the shockley-queisser limit[END_REF]. They found nanowire absorption cross sections much larger than the effective geometrical ones. This is the signature of structures behaving like an optical antenna, concentrating and harvesting light around its geometrical surface. The current density normalized by the geometrical area of the wire is tremendously improved to 180 mA/cm 2 . The corresponding EQE is virtually above 1, and reaches values up to 14 close to the GaAs bandgap (λ = 870 nm) for vertically standing nanowires. Although values for V oc are still limited to 0.57 V, light trapping and efficiency performances indicate the pertinence of the absorber geometry.

Recently also, Eyderman et al. proposed the use of arrays of up to ≈5 µm-long nanocones [132]. This numerical study shows that such structures can overcome the Lambertian light trapping limit. The J th calculated for the structure is 28.8 mA/cm 2 with an average thickness of GaAs of only 200 nm.

Nanowires as nanophotonic antennas

For wavelengths greater than the distance between nanowires or nanowires diameters, the grown structure can constitute a layer with an effective refractive index [START_REF] Hu | Analysis of optical absorption in silicon nanowire arrays for photovoltaic applications[END_REF]. Tapered nanowires may thus be used to form index matching layers between materials, with a linear increase of the refractive index from the incident medium towards the semiconductor [START_REF] Liang | High-efficiency nanostructured window gaas solar cells[END_REF][START_REF] Xingze | Absorption enhancement in ultrathin crystalline silicon solar cells with antireflection and light-trapping nanocone gratings[END_REF]. This use as anti-reflection window has also been proposed with nanowires on top of multijunction cells [START_REF] Huang | Limiting efficiencies of tandem solar cells consisting of iii-v nanowire arrays on silicon[END_REF].

But generally, the properties of the nanowires have to be studied numerically. The effects of diameter size and periodicity for nanowires have been thoroughly analyzed to find optima for solar energy conversion [START_REF] Kupec | Light absorption and emission in nanowire array solar cells[END_REF]. Interestingly, the maximal output power is usually not achieved for the highest densities of nanowires, proving the importance of resonance mechanisms inside the nanostructures. Similarly, a drastic reduction of the nanowire diameter is detrimental and reduces the J sc achievable in the cells. This indicate the presence of resonant and guided modes inside the nanowire.

The nanowire environment plays also a major role. The proximity of other nanowires gives rises to specific couplings at certain wavelengths. To illustrate this effect, Figure 27c shows the electric field amplitude in a nanowire array when a dipole oscillates vertically on the axis of the central nanowire. The excitation of different modes inside the array and close-by nanowires would guarantee heavy light absorption with much more efficiency than in conventional flat cells. The optimization of nanowire arrays with different materials and arrangements (random, square array, triangular or hexagonal array) is a key to achieve the best photovoltaic performances [START_REF] Kupec | Light absorption and emission in nanowire array solar cells[END_REF][START_REF] Anttu | Coupling of light into nanowire arrays and subsequent absorption[END_REF][START_REF] Wen | Theoretical analysis and modeling of light trapping in high efficicency gaas nanowire array solar cells[END_REF].

Recently, it has been demonstrated that the capping passivating or protecting shell of nanowires may also interact with light and offer additional resonances localized in the vicinity of the nanowire [START_REF] Kim | Doubling absorption in nanowire solar cells with dielectric shell optical antennas[END_REF].

Localized growth & patterns of nanowires

Growing arranged patterns of nanowires becomes a key fabrication technique in order to fully benefit from the resonance phenomena and achieve the highest absorption possible in nanowire solar cells. Selective area growth techniques are thus combined to achieve localized growth of nanowires. Most of these techniques employ amorphous masking films such as SiO 2 [START_REF] Katsuhiro Tomioka | Iii-v nanowires on si substrate: Selective-area growth and device applications[END_REF][START_REF] Goto | Growth of core-shell inp nanowires for photovoltaic application by selective-area metal organic vapor phase epitaxy[END_REF]. The use of nano-imprint lithography to define the nanowire footprint was also reported [START_REF] Martensson | Nanowire arrays defined by nanoimprint lithography[END_REF].

In a similar way, nanostructures alignments can be achieved in top down approaches. A lithography step is thus required, and savings on raw materials limited. Cao proposed the use of a-Si:H stripes with various geometrical cross sections deposited on glass [START_REF] Cao | Semiconductor nanowire optical antenna solar absorbers[END_REF]. This geometry is comparable to longitudinal nanowires lying on a passive substrate. In those devices whose wire diameter is varied from 80 to 250 nm, the absorption is increased by 25% in comparison with flat cells while utilizing less than half of the semiconductor material. Similarly, Proise proposed the use of InP based vertical p-i-n resonators in 1D stripes or 2D squared diodes [START_REF] Proise | Study and realisation of micro/nano photovoltaic cells and their concentration systems[END_REF][START_REF] Proise | Structured inp-based nanoantenna for photovoltaics applications[END_REF]. The diameter and pitch between the nanostructures were optimized to maximize absorption. The use of a vertical Fabry-Perot mode inside the nanodiodes is noticeable. It results in a calculated conversion efficiency of 10.7% with an average absorber thickness lower than 20 nm.

Best performance devices

Radial junctions

Nanowire silicon devices based on the radial junction geometry have reached 10% conversion efficiency. This is notably the case for the micro-wire array solar cell fabricated at EPFL. The nanowires are fabricated by RIE etching followed by doping diffusion to form pcore n-shell nanowires then covered by ITO. The conversion efficiency reaches 10.13% with a J sc of 23.63 mA/cm 2 [START_REF] Dalmau | Nanowire-based solar cells: Device design and implementation[END_REF]. The FF is 75% but V oc is limited to 572 mV.

The VLS growth of Si nanowires followed by the deposition of an a-Si:H junction also present very interesting performances with potentially low material and fabrication costs. The p-c-Si/i-a-Si:H/n-a-Si:H cells covered by ITO show a conversion efficiency between 8 and 9% [START_REF] Misra | A review on plasma-assisted vls synthesis of silicon nanowires and radial junction solar cells[END_REF][START_REF] Misra | New approaches to improve the performance of thin-film radial junction solar cells built over silicon nanowire arrays[END_REF][START_REF] Yu | Understanding light harvesting in radial junction amorphous silicon thin film solar cells[END_REF].

Used in a tandem configuration with an organic PV junction deposited on a nanowire Si cell, Syu obtained a cell with an overall conversion efficiency of 8.4% [294]. Following that lead, Yu et al. demonstrated a 13% efficient hybrid organic/Silicon-Nanowire heterojunction solar cell [START_REF] Yu | 13% hybrid organic/silicon-nanowire heterojunction solar cell via interface engineering[END_REF].

On GaAs, the radial junction geometry also led to relatively high performances. Holm et al. demonstrated in 2012 a GaAsP passivated core shell GaAs nanowires solar cell with a conversion efficiency of 10.2% [START_REF] Jeppe | Surface-passivated gaasp single-nanowire solar cells exceeding 10efficiency grown on silicon[END_REF].

Axial junctions

Important achievements were also completed with axial junction nanowires. Yao et al. reported in 2014 an experimental efficiency of 7.58% with an axial p-i-n junction in hexagonal GaAs nanowires [START_REF] Yao | Gaas nanowire array solar cells with axial p-i-n junctions[END_REF]. This approach could lead to higher V oc and add flexibility with respect to the doping levels inside the junction. In their simulations, they show that J sc above 29 mA/cm 2 are achievable with nanowires of 350 nm of diameter and a pitch between nanowires of 700 nm.

The actual record of efficiency with nanowire solar cells is currently held at Lund University by Wallentin et al. They achieved a InP nanowire solar cell (axial-junction) with an efficiency of 13.8% [START_REF] Jesper Wallentin | Inp nanowire array solar cells achieving 13.8% efficiency by exceeding the ray optics limit[END_REF]. InP is a material of choice as it presents low surface recombinations. Furthermore, when required, its passivation is very well managed. The nanowires with a diameter of 180 nm and a thickness of 1 µm only covers 12% of the surface. The edges of the nanowires are covered with SiO x to isolate the nanowire from the covering front ITO contact. The J sc of 24.6 mA/cm 2 is compared to the one of a flat thin film cell of 29.5 mA/cm 2 that uses a 20-fold higher volume of active material.

The performances of nanowire cells are very promising. In each case, very high currents are extracted from the cell with respect to the absorber volume. It shows the pertinence of the light harvesting process occurring in the cell. Increases in V oc will nevertheless be required in order to reach efficiencies that will make nanowire cells competitive with current thin films technologies. For GaAs solar cells, nanowires offer supplementary options for cell designs, and may constitute competitive micro or nano-cells to produce power for micro-objects.

summary

The main light trapping strategies used in solar cells have been described. Especially, we reviewed the use of plasmonic and nanophotonic gratings to couple incident light inside the absorber layer of thin-film solar cells. These schemes have been often used for a-Si:H solar cells and only a few examples of the literature have investigated their use for ultrathin GaAs solar cells.

Although the use of plasmonics in photovoltaic applications has deceived because of parasitic loss in metal parts on micrometer-thick devices, it remains a very powerful tool to manage light at the nanoscale. In this thesis, we will show in chapter 4 that for ultrathin devices, plasmonic resonances can be beneficial to achieve broadband absorption by using a nanogrid on a 25 nm-thick GaAs layer.

In Chapter 5, a flat silver back mirror deposited on the backside of 120 nm and 220 nm-thick GaAs absorbers leads to absorption and short-circuit improvements in the ultrathin solar cells. A nanophotonic grating -a nanostructured back mirror -will be used in Chapter 6 to couple incident light to waveguide modes of the same GaAs layers. In Chapter 3, we have reviewed the light trapping schemes that have been developed to absorb light efficiently in thin films solar cells. Recent works on plasmonic absorbers indicate that nearly total absorption is achievable over large spectral ranges [START_REF] Aydin | Broadband polarization-independent resonant light absorption using ultrathin plasmonic super absorbers[END_REF][START_REF] Watts | Metamaterial electromagnetic wave absorbers[END_REF]. The design of metallic nanostructure arrays to manage light in sub-wavelength opto-electronic devices opens new opportunities to enhance light absorption in very small volumes and more specifically in ultrathin semiconductor layers. In this chapter, we explore the case of ultimately thin absorbers, whose thickness does not overcome a few tens of nanometers. We show that it is possible to achieve an absorption over 80% in a metalsemiconductormetal architecture with a very thin semiconductor layer.

T W E N T Y F I V E N A N O M E T E R -T H I C K G A A S S U P E R -A B S O R B E R Contents 4.
We propose an optimized structure for an ultrathin absorber in which absorption is mainly taking place in a 25 nm-thick GaAs layer. Thanks to a nanogrid coupled to a back mirror as light trapping scheme, multi-resonant absorption is achieved over the 450-850 nm spectral range.

The performances of the design are analyzed through the study of different localized resonance mechanisms. In particular, we explain how resonances add up to one another to form the final broadband absorption spectrum. The variations of total absorption with the incidence angle as well as with geometrical parameters are discussed.

Finally, we have fabricated proof-of-concept super-absorbers with a gold nanogrid. Reflection measurements that have been carried out on our samples confirm the achievement of a broadband absorption above 80% over the entire visible spectrum for a GaAs layer thickness of 25 nm only.

The main results of this chapter have been obtained conjointly with Inès Massiot and published in ACS Photonics in an article entitled Metal Nanogrid for Broadband Multiresonant Light-Harvesting in Ultrathin GaAs Layers, written by Inès Massiot, myself and co-workers [START_REF] Massiot | Metal nanogrid for broadband multiresonant lightharvesting in ultrathin gaas layers[END_REF].

overview on super-absorbers

In this section, we review briefly the architectures that lead to nearly perfect absorption in very thin devices. A super-absorber could be defined as a device whose absorption is close to 100% over a large spectral range, independently from incidence angle or light polarization. In that sense, a black body would be a perfect super-absorber.

In literature, Metal-Insulator-Metal (MIM) cavities are the best examples of ultrathin absorbers that can capture a large part of incident light. They use localized plasmonic resonances in metal nanocavities, in which light is completely absorbed.

To get around the difficulty of conceiving a detector insensitive to incidence angle, Cattoni et al. fabricated two-dimensional MIM cavity arrays with Nano-Imprint Lithography [START_REF] Cattoni | λ 3 /1000 plasmonic nanocavities for biosensing fabricated by soft uv nano-imprint lithography[END_REF]. Plasmons propagating at the top and bottom interfaces of the square metallic nanostructures are reflected on its edges, as drawn in the structure sketch of Figure 28a. A resonance phenomenon similar to a Fabry-Perot resonance leads to extremely well defined high field confinement. As featured in Figure 28a, it results in a nearly perfect omnidirectional absorption at resonance wavelength. Although this occurs in the in- frared in this example for biosensing applications, this phenomenon is transferable in the visible wavelength range.

In order to fabricate broadband and omnidirectional absorbers based on the use of plasmonic resonances, Aydin et al. proposed the use of tapered metal stripes or trapezoidal nanostructure arrays [START_REF] Aydin | Broadband polarization-independent resonant light absorption using ultrathin plasmonic super absorbers[END_REF][START_REF] Butun | Structurally tunable resonant absorption bands in ultrathin broadband plasmonic absorbers[END_REF]. The absorption spectrum is thus enlarged due to the varying width of the nanocavity. In the same article, they also propose a super-absorber design in which the top metal layer of a metal-insulatormetal (MIM) stack is patterned with pseudo-random shaped nanoholes (see Figure 28b). This geometry results in fact from the crossing of two 1D trapezoidal arrays. A broadband resonant absorption over 80% is achieved in the device from λ = 450 to 675 nm. Importantly, this result is maintained for incidence angles up to 70°.

Many other examples of super-absorbing structures have been surveyed in recent review articles [START_REF] Cui | Ultrabroadband light absorption by a sawtooth anisotropic metamaterial slab[END_REF][START_REF] Watts | Metamaterial electromagnetic wave absorbers[END_REF][START_REF] Schaich | Tuning infrared emission from microstrip arrays[END_REF][START_REF] Stéphane | Nanostructure arrays in free-space: optical properties and applications[END_REF].

These properties are especially interesting for photovoltaic applications as solar cells should be insensitive to light polarization and incidence angle. However, in previous studies, super-absorbers do not contain semiconductor materials, and absorption occurs only in metal, where it cannot be converted into electrical current. In the following, we introduce an ultrathin GaAs slab in a super-absorber made of a top metal nanogrid and a bottom flat mirror. We show that we can use plasmonic resonances to absorb light in the semiconductor layer and take advantage of the estimated low loss in a metal nanogrid structure to design and optimize a broadband multiresonant super-absorber over the visible spectrum.

the nanogrid design 4.2.1 Geometry of the design

We present here an absorber consisting of a 25 nm-thick GaAs layer sandwiched between a flat metallic back mirror and a top metallic squared grid. An additional anti-reflection coating made of silicon nitride is deposited onto the nanogrid and participates in the light trapping scheme. Geometrical parameters of the grid have been optimized in order to maximize J th the theoretical short circuit current of the entire device. The refractive index of silver was taken from Johnson and Christy's works whereas the GaAs index was taken in Palik's database (see Appendix C).

As described in Figure 29, the nanogrid in the resulting metalsemiconductor-metal (MSM) structure has a period p = 500 nm, a finger width w = 125 nm (or equivalently a linear filling fraction of 25% that result in a surface coverage of 44% of the front surface), and a thickness h m = 20 nm. The thickness of the nitride coating is h ARC = 60 nm. All metallic parts are made of silver. 

Broadband multi-resonant absorption

Figure 30 shows both calculated total absorption (blue line) and the absorption in the GaAs (red line) for the MSM structure at normal incidence. These spectra features 5 resonances peaks (labeled with capital letters from A to E in the following discussions) at 517, 606, 711, 802, and 881 nm. The combination of these resonances leads to a broadband absorption spectrum spreading from 450 nm to 850 nm with an average absorption efficiency exceeding 80% on the 500-870 nm spectral range. The light trapping induced by the nanogrid confines the electric field in the semiconductor layer. As a consequence, although 44% of the device surface is covered by metal, reflection is maintained below 20% in the absorption band.

The difference between the blue and the red curves in Figure 30 represents the optical loss in the metal parts of the device. Indeed, the absorption in the silicon nitride coating at short wavelengths can be neglected by comparison with the one in silver for λ 500 nm. On average, the loss in the metal only amounts to 16% of the total absorption. It proves that the use of metal in solar cells may be beneficial and is not necessarily a huge source of loss although most of the community faced the fact that metals (especially under the form of scattering nanoparticles) can reduce solar cell performances because of their high absorption [START_REF] Yu | Nanoparticleenhanced thin film solar cells: Metallic or dielectric nanopar-ticles?[END_REF].

The theoretical short circuit current density of the device reaches 21.6 mA/cm 2 for the 25 nm-thick GaAs layer. This J th is equivalent to the one that would be obtained in a 320 nm-thick GaAs slab considering single-pass absorption and a perfect anti-reflection coating. In comparison with the experimental record GaAs cell of Alta Devices [START_REF] Kayes | 27.6cell under 1 sun illumination[END_REF] (J sc ≈ 30 mA/cm 2 ), the MSM absorber thickness is 40 times thinner for a predicted J th which is only 1.4 times lower. We show with our design that high short circuit current are potentially achievable in ultrathin devices, more than 10 times thinner than state-of-the-art solar cells.

An alternative electrode

Transparent conductive electrodes are key parts for many optoelectronic devices. A lot of efforts have been put into combining high optical transparency and high conductivity. In general, transparent conductive oxides (TCOs) are used as contacts in solar cells, where the use of doped metal oxides such as indium-tin-oxide (ITO) or aluminum doped zinc oxide (ZnO:Al) layers is largely spread out. Yet, as the doping is increased to improve conductivity in these films, their optical transparency decreases. The conductivity of the coating also decreases as the thickness of the layer is reduced. Thus, other solutions than TCOs have been investigated to obtain a better compromise between charge transport and transparency: ultrathin metallic layers embedded in undoped oxides, graphene layers, random meshes of solution-grown metallic nanowires or carbon nanotubes (see the review in Chapter 3 of reference [START_REF] Massiot | Design and fabrication of nanostructures for lighttrapping in ultra-thin solar cells[END_REF])...

Here, the metal nanogrid design presents the advantage of being constituted as a continuous grid of interconnected silver (nano)wires whereas resonant-induced light trapping properties in the ultrathin GaAs layer ensures broadband absorption. The association of these two properties makes the nanogrid a good candidate for an electrode potentially better than conventional TCOs.

In order to assess the potential of the nanogrid as an electrode with a high conductivity, we determined its sheet resistivity. By using the formula given by Catrysse and Fan [START_REF] Catrysse | Nanopatterned metallic films for use as transparent conductive electrodes in optoelectronic devices[END_REF]:

R = ρp h m w (18) 
with ρ = 1.6.10 -9 Ωm the resistivity of Ag, p = 500 nm the grid period, w = 125 nm the grid finger width and h m = 20 nm the metal thickness, we obtained R = 3.2 Ω/ . The expected resistivity of the nanogrid is one order of magnitude lower than the one found for conventional conductive oxides layers such as ITO or ZnO [START_REF] Ellmer | Past achievements and future challenges in the development of optically transparent electrodes[END_REF]. The transmittance of such films estimated independently from their substrate is limited around 80%. That is basically the result we obtain with our design if we consider that the total absorption is almost always greater than 80% between 450 nm and 850 nm. Consequently, the nanogrid may act as a state-of-the-art electrode, combining light confinement in the ultrathin GaAs layer and electrical conductivity to extract charges on the front of the device.

from bare gaas absorption to multi-resonant broadband absorption

To evaluate the light trapping scheme offered by the nanogrid design, we examine the absorption in the GaAs layer and the total absorption of the structure after each addition of a part of the design. This study also leads to a better understanding of resonant mechanisms in the structure. As each technological step brings absorption improvements, the resonances can directly be associated with the presence and/or the nature of the added element.

Non-transferred ultrathin GaAs layers

If we consider single pass absorption in a 25 nm-thick GaAs slab, there are only 10% of absorbed photon at λ = 600 nm (see Figure 20 in previous chapter). The remaining photon flux is lost by transmission. If we consider instead the absorption of the 25 nm-thick GaAs layer on a GaAs substrate without anti-reflection coating, the absorption of the layer is reduced again compared to single-pass absorption. Indeed, reflectance losses are now taken into account. Absorption in notably degraded in the blue part of the visible spectrum, and never exceeds 40%.

Transfer on a silver back mirror

A first solution to increase optical path length and increase absorption is the use of a back mirror. The resulting calculated absorption spectrum is given in Figure 31a. Interestingly, the absorption in the GaAs layer is enhanced around λ = 630 nm. The peak is attributed to a vertical Fabry-Perot resonance in the semiconductor cavity as shown by the electric field intensity map in Figure 31b.

The Fabry-Perot resonance condition requires that the light which has traveled one round-trip in the cavity returns in phase at the same location. This usually limits the length of the cavity to half of the wavelength for the first Fabry-Perot order to appear: h ≈ λ/2n. In GaAs at 600 nm, the real part of the optical index being n ≈ 4, it means that we do not expect a Fabry Perot resonance for semiconductor cavities below 75 nm. However, a more complete description of the cavity leads to take into account the phase shifts ϕ 1 and ϕ 2 acquired at reflection on the two interfaces:

h = λ 2n (q + ϕ 1 + ϕ 2 2π ) (19) 
The calculation of the phase shift acquired at the interface between the GaAs and the back mirror gives ϕ ≈ π/2 for wavelengths in the visible spectrum. Its means accordingly with Equation 19 that a zeroth order is observable for h ≈ λ/8n. In GaAs at 600 nm, the thickness limit to observe a Fabry Perot effect is thus reduced to approximately 20 nm, allowing a resonance in the very thin layer of 25 nm.

Deposition of the nanogrid

From calculation displayed in Figure 32a, the addition of the nanogrid onto the transferred ultrathin GaAs layer results in the splitting of the previous Fabry-Perot peak in two distinct resonances at λ B = 620 nm and λ C = 692 nm. Here again, the intensity of the electric field crosssections are useful to identify resonance mechanisms. In both cases, Figures 32b and32c show that the resonance is mainly vertical as the major contribution of the field is given by the transverse field | E 2

x |. The resonance B at 620 nm corresponds to an oscillation of light between the silver nanostructure and the back mirror whereas resonance C at 692 nm is related to an oscillation in the area that is not covered by a metallic wire.

It is also noticeable that a resonance appears at λ = 860 nm. This peak corresponds to a plasmonic resonance that can be described as an horizontal Fabry-Perot mode in the MIM structure [START_REF] Cattoni | λ 3 /1000 plasmonic nanocavities for biosensing fabricated by soft uv nano-imprint lithography[END_REF][START_REF] Yang | Ultrasmall metal-insulator-metal nanoresonators: impact of slow-wave effects on the quality factor[END_REF]. The vertical | E 2 z | component of the electric field, plotted in Figure 32d, is indeed the major contribution for the overall electric field at this wavelength, indicating an horizontal oscillation of light under the nanostructure.

Anti-reflection coating deposition on the transferred GaAs layer

Now, we analyze the impact of an additional silicon nitride (Si 3 N 4 or SiN x ) layer deposited on top of the 25 nm-thick GaAs slab transferred on a silver mirror. For a 60 nm-thick SiN x anti-reflection coating (ARC), the total absorption of the structure in the blue part of the spectrum. Figure 33a suggests a shift of the Fabry-Perot resonance in the transferred GaAs layer from λ = 632 nm to λ A = 460 nm. At this wavelength, total absorption reaches 90%.

The cross section of the electric field intensity for the resonance given in Figure 33b can be compared to the one that was plotted for the GaAs layer without ARC in Figure 31b. On both maps, light oscillates vertically but the position of the field maximum changes. Without silicon nitride, this maximum is close to the SiN x /Air interface while there is a maximum ≈ 10 nm above the mirror inside the GaAs with the coating. The better localization of the electric field in the absorber leads to a higher absorption at resonance wavelength.

Complete structure with nanogrid and ARC

We simulate the deposition of the same silicon nitride coating on the structure with the silver nanogrid. The resulting total absorption spectrum is given in Figure 34a. With the coating, the spectrum features 4 peaks that correspond to the already mentioned A, B, C and D resonances. Remarkably, we see a posteriori the effects of the optimization that was performed to design the structure (see Section 4.2) as absorption is very close to 100% for each resonance. On average, the total absorption is higher then 80% on average over the 450-850 nm wavelength range.

In comparison with the absorption spectrum that was obtained for the nanogrid only (Figure 32a), resonances B and C due to the nanogrid are conserved and shift respectively to λ B = 620 nm and λ C = 692 nm. Additional resonances A at λ A = 520 nm, due to the vertical oscillation of light in the SiN x /GaAs/Ag cavity, and D at λ D = 800 nm, due to the horizontal plasmonic resonance, broaden the overall spectrum. Interestingly for resonance D, the peak has shifted from λ = 870 nm to λ D = 800 nm. With the ARC, light is completely absorbed by the whole structure with a total absorption reaching 100%. Accordingly, the absorption in the GaAs (not shown here) rises from 15% to 83% for wavelengths close to the GaAs bandgap (870 nm).

In our design, this analysis indicates that the SiN x coating does not only play the role of a conventional ARC. It contributes fully to the light trapping scheme and is a key element to localize the electric field inside the device or reinforce the coupling of incident light to resonant modes such as the one hosted in the MIM plasmonic cavity under the nanogrid wires. Its determinant role is further studied in Section 4.5.1.

angular dependence of the absorption

We study here the angular dependence of the optical response of the nominal super-absorber design with its nanogrid and SiN x coating (see Figure 29). We plot the total absorption spectra obtained for several incidences for transverse electric (TE) polarization in Figure 35a and transverse magnetic (TM) polarization in Figure 35b. On both graphs, the resonance modes appear to be mostly angle independent as absorption maxima do not spectrally shift when incidence angle increases. In both cases, diffracted orders in air are responsible for an attenuation of absorption at large incidence angles. Their presence translates directly on these graphs in a clear absorption drop along the line corresponding to the apparition of the diffraction order. The conservation of the longitudinal component of the k-vector (k x ) on the grating can be expressed as a function of wavelength λ and angle θ [START_REF] Massiot | Multi-resonant absorption in ultra-thin silicon solar cells with metallic nanowires[END_REF]:

2π λ n = 2π λ sin θ + m 2π p (20) 
with n the real part of the optical index of the incident medium as we study diffraction in reflection, m the diffraction order and p the period of the grating. Here, the first diffracted order in air is thus characterized by the equation θ = arcsin (m λ p -1). The calculated limit of apparition of this mode is plotted as a dashed line on the two Figures 35a and35b. In TM polarization, resonances are much more affected by diffraction as the drop in intensity is larger. This may be due to plasmonic phenomena leading to an increase of the coupling coefficient between the incident wave and diffracted modes of the structure.

In TM polarization, we observe the presence of a typical v-shaped resonance around 900 nm. Three different absorption maxima virtually merge at 900 nm. In TE polarization, one angle independent resonant mode is also present at the same wavelength. These resonances are attributed to the propagation of surface plasmons at the interface between the nanostructured metal and surrounding material, here between the nanogrid and the silicon nitride coating. The dispersion relations of such plasmons have been investigated a few years ago by S. Collin and co-workers [START_REF] Collin | Surface modes on nanostructured metallic surfaces[END_REF]. Their calculations were made for an infinite structure, or an infinitely thick nanogrid: the dispersion relations were studied at the interface between a semi-infinite medium like air and a semi-infinite metal substrate with periodically etched holes. They found a dispersion diagram of four branches forming a v-shape, similar to the one observable here with a 20 nm-thick nanogrid. Each branch corresponds in fact to the propagation of one allowed mode in the cavity formed by the holes in the metal.

In TM, the three peaks correspond to one symmetric mode S x and two antisymmetric modes A x and A y , if we use the same notations as in reference [START_REF] Collin | Surface modes on nanostructured metallic surfaces[END_REF]. A much more detailed plot of these resonances is given in Figure 36. Noteworthy, antisymmetric modes vanish close to normal incidence (or k x = 0) for symmetry reasons. The symmetric mode S y remaining at 880 nm in TE polarization looks angle independent, accordingly with the calculation done in [START_REF] Collin | Surface modes on nanostructured metallic surfaces[END_REF].

Although they appear just at the bandgap of the GaAs, these resonances may improve the absorption of ultrathin layers. The configuration of the nanogrid complicates the modeling of the surface plasmon dispersion relations. The fact that the metal film is really thin is likely to induce coupling between various resonant modes of the super-absorber structure, especially between plasmons on both sides of the grid and on the back mirror. Further modeling is thus required to be able to use these phenomena and to optimize future ultrathin absorber designs.

According to this analysis, the light trapping induced by the nanogrid design is efficient even for large incidence angle. In order to quantify this effect, we calculated the theoretical short circuit current density by integrating absorption spectra for the various incidence angle. As expected, we see in Figure 37 that higher values of J th are obtained in TE because of the detrimental effect of diffraction in TM. For TE polarization, the maximal J th of 22.8 mA/cm 2 is obtained for an incidence between 20°and 40°. For TM, the J th decreases by around after an incidence of 10°. If we neglect any coupling effect and average the values obtained for TE and TM in order to predict the behavior of the device under unpolarized light, we observe that the J th remains close to its normal incidence value up to 45°, where it falls below 20 mA/cm 2 . This is of capital interest for photovoltaic applications, where large acceptance angles are beneficial to cell performance, and lead to an increased and a more continuous energy production along the day without requiring any tracking system.

effects of the geometrical parameters on resonances

The influence of the geometrical parameters of the nanogrid is a key to design a super-absorber device. This study is necessary to classify and understand resonance phenomena and light behavior at the nanoscale. This would allow the constitution of a toolbox that could be of use in the design of new ultrathin absorber devices.

Dependence on silicon nitride thickness

During the optimization of the nanogrid design, we noticed that the silicon nitride coating on an ultrathin semiconductor layer has not necessarily the role of a conventional anti-reflection coating but plays on field localization and enhances light in-coupling with specific modes of the structure.

Total absorption

According to variations of the total absorption as a function of wavelength and the silicon nitride thickness in Figure 38a, all the resonances of the system vary when the thickness of the coating is modified. On the figure, each of these has been identified by a letter to simplify the following discussion.

For wavelengths below 450 nm, only Fabry-Perot resonances of successive orders a and b are featured, with a maximum of absorption close to 100% and varying almost linearly with wavelength. At λ = 450 nm, a strong variation of the GaAs optical index leads to a break in these resonances and new ones appear. Around 500 nm for t SiNx 40 nm, resonance c evolves in the continuity of the Fabry-Perot resonance a. It is in fact the vertical resonance under the nanostructure wire that was previously observed in Figure 32a. Resonance d occurs for low SiN x thicknesses around λ = 600 nm. It is the vertical resonance in the SiNx/GaAs cavity, associated with the duplication effect of the Fabry-Perot resonance due to the presence of the nanostructure. Resonance weakening with increasing coating thickness is likely due to a change in the localization of the electric field. Field maximum moves progressively inside the un-absorptive SiNx layer, leading to a low total absorption. Resonance f exists only for higher SiNx thicknesses around 750 nm. It results from a coupling between surface plasmons on the metallic wires and the ones on the silver back mirror. The mechanisms at stake here are still under investigation as the very complex field distribution does not lead to an immediate understanding of the light behavior. With its specific s-shape, resonance e can be seen as a result of the coupling between the two resonant modes d and f . Resonance g is relatively independent from the SiNx thickness, but appears only with a coating of a few nanometers. Its spectral position varies only by 40 nm when the coating thickness is increased from 0 to 100 nm. Typically, this is the behavior expected from a plasmonic horizontal MIM resonance in the GaAs layer under the metallic wires of the structure. The silicon nitride only eases the light in-coupling inside the resonator. A slight change of the effective refractive index of the cavity can explain the slight variation in the spectral position of the resonance. Finally, resonance h occurs for wavelength grater than 850 nm for relatively thick SiNx coatings.

At the very bottom of the figure, the spectrum corresponds to the one obtained without coating (Figure 32a) with a resonance between λ = 500 and 600 nm and another just below λ = 700 nm. Without coating, the design does not benefit from resonance d and e or g. Interestingly, resonance c, f and h evolve in parallel for t SiNx 40 nm with a relatively slow spectral shift when the coating thickness increases. This property is useful in the perspective of building a multi-resonant broadband absorption spectrum. For our purposes, the area where the resonances of different natures seem to merge gives the best results in terms of absorption. On Figure 38a, it corresponds to silicon nitride thicknesses between 40 and 60 nm. Especially, the absorption spectrum crosses 5 resonances for t SiNx =60 nm, which correspond to the ones observable in Figure 30.

Absorption in the GaAs layer

The absorption in the GaAs layer only is used for the calculation of the theoretical short circuit current density, our figure of merit to optimize the structure.

In terms of J th , the best thickness is found between 50 and 60 nm for the nitride layer, as calculated in Figure 38b. For the absorption spectrum plotted in brown for a chosen silicon nitride thickness of 60 nm, we obtain the value of J th = 21.6 mA/cm 2 , which is equivalent to the single-pass absorption of a 320 nm-thick GaAs slab. It means a relative twelve-fold reduction factor considering this absorption limit.

Influence of the nanogrid period

The influence of other parameters than the SiN x coating thickness has also been under investigation. The evolution of absorption as a function of the nanogrid period with a constant filling ratio of 25% is given in Figure 39a. The effect of diffracted orders in air is remarkable: a very clear line is observable for p = λ. The Fabry-Perot resonance c at 500 nm is completely independent from the period. Resonances d and f vary almost linearly with period with a similar slope.

For resonances g and h, the slope is lower and can be directly related to the width of the metallic nanostructure. Indeed, this MIM plasmonic resonance can be modeled as an horizontal Fabry-Perot mode whose cavity consists in the semiconductor medium located below the silver wire of the nanogrid. The variation of the grid period, by keeping a constant filling ratio, leads to an increase of the cavity width. With equation 19, the resonance condition is re-written as a function of the nanogrid period p and filling ratio fr = 25% with the length of the cavity being the finger width h = p(1 -fr):

p = λ 2n(1 -fr) (q + ϕ 2π ) (21) 
This method allows to fit the two resonances correctly with the introduction of an additive constant ∆ = -350 nm to previous formula. For resonance g the fit is obtained with q = 2 and ϕ = 0, and for resonance h with q = 1 and ϕ ≈ 3π 2 .

Influence of the nanogrid finger width

We can also plot the similar variations of total absorption as a function of the filling ratio fr with a constant period p = 500 nm in Figure 39b. Reordering Equation 21, resonances can be fitted very similarly than it was done for period variations. It leads to the same conclusions on the influence of the nanogrid finger width. For this graph, the spectrum at the very top of the figure is obtained in the absence of nanogrid with only one peak close to λ = 500 nm, as discussed in Section 4.3 with Figure 33a. The spectrum at the bottom of the figure represents the absorption of the GaAs layer covered by a film of 20 nm of silver, the only resonance remaining is thus the vertical Fabry-Perot in the MSM cavity.

Influence of the GaAs thickness

The evolution of total absorption as function of the GaAs thickness is given in Figure 39c. It shows that the thickness of the layer cannot be chosen randomly to benefit from the maximum number of resonances. Especially, plasmonic resonances g and h are lost for GaAs thickness greater than 30 and 40 nm respectively. This effect is attributed to the loss of the crosstalk between plasmons at the bottom of the nanogrid wires and the ones on the back mirror as the plasmonic waves extend on only a few nanometers in the GaAs from the GaAs/silver interface. If this coupling is suppressed, then the horizontal oscillations that were observed at long wavelengths in the absorption spectra disappear. Moreover, the broadband absorption is lost as other resonances faint and merge in only one resonance at λ = 750 nm when the GaAs is increased from 25 to 50 nm. This information is of major interest for the design of ultrathin optoelectronic devices. The thickness of the absorber layers cannot be chosen at will so easily. Even if our study allow for the understanding of major concepts to manage light at the nanoscale, resonant mechanisms at stake may differ very rapidly as thickness varies and a full optimization of the optical design is to be carried out for each design.

Influence of the nanogrid thickness

Figure 39d shows the variations of total absorption as a function of the nanogrid thickness. The effects of the metal thickness on resonances also lead to chose a specific value to benefit from the various phenomena at stake. For instance, a grid thickness smaller than 20 nm will lead to a degraded absorption for wavelengths below 700 nm. Yet, a too thick grid narrows resonance peaks and reduces total absorption. The thickness of 20 nm is thus an obvious choice to improve absorption in the device. Moreover, keeping a low thickness for the metal would help to reduce parasitic absorption in an active device.

In this first part of the chapter, we have analyzed the resonance mechanisms leading to a broadband multi-resonant absorption in a super-absorber with a GaAs absorber which is only 25 nm thick. Our numerical study showed that thanks to an optimized geometry, the absorption in the ultrathin GaAs layer leads to J th = 21.6 mA/cm 2 , much above the single path absorption limit.

We now present the fabrication process of the super-absorber and the results of optical measurements that were carried on our fabricated structures. We will see that thanks to well managed transfer and nanostructuration techniques, the total absorption measured on our super-absorber exceed 80% overt the 500-850 nm wavelength range. The effects of differences between the fabricated nanogrid absorbers and the nominal structure that was optimized at the beginning of the chapter will also be discussed.

fabrication and characterization of the super-absorber 4.6.1 Technological process

The proof-of-concept structure a has been fabricated by transferring an ultrathin crystalline GaAs layer on a host substrate. The main steps of this process are sketched in Figure 40.

To avoid a too rapid oxidation of the back mirror and the nanogrid that would be detrimental to optical properties of the super-absorber, Au is used instead of Ag. First, ultrathin crystalline GaAs layers with a nominal thickness of 25 nm are grown by Molecular Beam Epitaxy on a GaAs substrate with a 300 nm-thick Al 0.8 Ga 0.2 As etchstop layer (Figure 40a). The epitaxy that were used in this thesis were achieved at LPN by Aristide Lemaître. Then, a 200 nm-thick Au layer is deposited onto the GaAs layer by electron-beam assisted evaporation after deoxidation of the GaAs surface by wet etching in a hydrochloric solution.

The transfer of the GaAs epitaxy and its mirror is done by anodic bonding. This techniques relies on an ion-exchange between the surfaces of the two materials when an important potential is applied across the interface [START_REF] Nitzsche | Ion drift processes in pyrex-type alkali-borosilicate glass during anodic bonding[END_REF]. At LPN, the technique was developed between an Al surface and a borosilicate substrate (pyrex glass). Prior to bonding, 200 nm of Al were deposited by electron-beam assisted evaporation with a Ti barrier layer between Au and Al to avoid diffusion during bonding. The semiconductor stack is then pressed on a Pyrex glass. Then, bonding is performed with a SUSS MicroTec substrate bonder at 1700 V for 80 minutes with a maximum temperature of 210°C(Figure 40b).

The initial GaAs substrate (≈ 300 µm) is then removed in a NH 4 OH/ H 2 O 2 (1:20) solution during approximately one and a half hour. At the end of the substrate removal, the AlGaAs etch-stop layer is removed in a HF solution with a 10 % concentration for a few seconds (Figure 40c).

The grid nanopatterning was done by electron beam lithography in a PMMA A5 resist. The thickness of the resits is approximately 200 nm after a spin-coating of 30 s at 2000 rpm. After exposure, the sample is immersed in a MIBK:isopropanol developer. 20 nm of Au are then deposited on the patterned resist by electron beam evaporation in a Plassys MEB 550 SL chamber. A Ge wetting layer of ≈ 0.5-1 nm was used to improve the nucleation of the metal nanogrid and favor a flat deposition [START_REF] Nobuhiko | Ultrasmooth silver thin films deposited with a germanium nucleation layer[END_REF].

The lift-off of the resist was performed in a hot trichloroethylene solution (80°C) with soft magnetic stirring. Finally, a 60 nm-thick silicon nitride layer was deposited by RF magnetron sputtering onto the Au/GaAs/Au structure (Figure 40d). Scanning Electron Microscope (SEM) images of the fabricated structure with the nanogrid before and after SiN x deposition are shown in Figure 41. We thus can observe The deposition of the coating on the nanogrid is conformal, as shown in Figure 41b. This is the main difference between the fabricated samples and the nominal structure that was described in Section 4.2. It will be taken into account when comparing numerical and experimental results on the super-absorbers.

On Figure 42, we imaged a 200 µm by 200 µm nanogrid. It has been contacted with a gold pad (appearing as a bright white square) connected to the metal nanogrid to allow for electrical measurements on the device. The magenta background is the color of the transferred GaAs layer with the SiN x coating (blue wavelengths are absorbed accordingly with Figure 33a). The dark square corresponds to the nanopatterned area. Intuitively, absorption is higher in darker areas than where light is sent back from the sample. The light trapping effect is thus featured qualitatively on the picture. 

Reflection measurements

In order to assess the performances of the fabricated samples, we deduced their total absorption from reflection measurements at normal incidence as A = 1 -R. We verified the validity of this expression: diffraction does not occur for wavelengths above the grid period of 500 nm, and is negligible at normal incidence for shorter wavelengths (it accounts for less than 1% of the incident light according to numerical calculations).

The absorption spectrum measured on our fabricated super-absorber is given in Figure 43a. It features 4 resonances A, B, C, and D.that span over the 400-850 nm spectral range. For these wavelengths, the spectrum is relatively flat with an absorption efficiency comprised between 80% and 90%. This confirms the relevance of our design and fabrication techniques to achieve broadband multi-resonant ultrathin absorber.

As the SEM images indicated a conformal SiN x coating, measurements done on the different areas of the samples reveal that the geometry of the fabricated super-absorbers is slightly different from the nominal structure. In Figure 42, the absorption spectra measured in the magenta areas corresponding to the SiN x /GaAs/Au stack have In Figure 43, we compare our measurements to calculations done with a GaAs layer of 23 nm and a SiNx coating of 60 nm in the nanogrid holes and 50 nm on its fingers, as these parameters better correspond to the fabricated super-absorber structure. Experimental and numerical data are in very good agreement. We observe the same number of resonances, approximately laying at the same spectral positions. The absorption efficiency of each peak is close to the one expected between 80% and 90% except for the resonance D, for which absorption does not get close to 100% as predicted in simulation.

We carried out reflection measurements after each step of the fabrication process and compared the obtained absorption spectra with numerical simulations. Results displayed in Figure 44 show the remarkable correspondence between calculation results and total absorption measurements. The total absorption exhibited for the GaAs transferred on gold (orange dotted line) consists of a single Farby-Perot resonance around 650 nm. With the nanogrid, this mode is splitted in the two resonances B and C at 580 and 670 nm (green dashed line). When the 60 nm-thick silicon nitride is deposited on the transferred GaAs layer, we observe one resonance around 450 nm, and a decay of absorption with increasing wavelengths (blue dashed- dotted line). Finally, when the coating is deposited on the nanogrid to form the complete super-absorber structure, the absorption spectrum features the two additional resonances A and D with the previous B and C peaks (red line). Resonance A comes from coating deposition on GaAs, supplying an anti-reflection effect, whereas D is due to the enhancement of the plasmonic mode existing under the nanogrid fingers.

In order to check these results and identify clearly resonance mechanisms, we analyzed the electric field maps displayed in Figure 45. At 480 nm, the electric field maximum is localized inside the semiconductor layer between z = 0 and z = 25 nm with a low spatial modulation along the x-axis. Resonance A thus corresponds to a vertical Fabry-Perot in the GaAs layer. As shown in Figure 44, the silicon nitride layer induces a blue shift from 650 nm (GaAs/Au) to 450 nm (SiNx/GaAs/Au). The grid plays a minor role at this wavelength, and its presence does not modify the shape of peak A as the red line and the blue line remain close for λ < 500 nm. As expected for a vertical resonance, the transverse longitudinal (parallel to the surface) component of the field | E 2

x | largely dominates in the total field intensity | E 2 |. Resonance B is also attributed to a vertical Fabry-Perot in the cavity formed by the silicon nitride and the GaAs layers. The intensity of the electric field is indeed still dominated by | E 2

x | between z = 0 and z = 85 nm. Along the vertical axis, the field maxima are located in or very close to the semiconductor layer at z = 10 nm for resonance A, and z = 25 nm for resonance B.

For peaks C and D, cross-sections of the field intensity present maxima which are five to ten times higher than for previous resonances. In the case of resonance C, the light-trapping mechanism is more difficult to understand as the field distribution is complex, with variations along both the x-and z-axes. Finally, resonance D at λ D = 845 nm exhibits a third-order localized plasmonic resonance under the Au nanostructure. Coupling between surface plasmon polaritons at the two metal/semiconductor interfaces leads to an horizontal oscillation of the electric field. Very high enhancement factors (> 100) are reached at field maxima.

To quantify light confinement within the cavity formed the metallic stripe, we define an effective index as the ratio between the incident wavelength and its effective value in the cavity: n eff = λ/λ eff .

In a simplified horizontal Fabry-Perot model where no phase is acquired at the cavity edges in the GaAs layer, the effective wavelength λ eff is given by λ eff = 2d/m, where d is the length of the cavity and m = 3 the order of the resonance determined from Figure 45d. It corresponds to the number of maxima for | E 2 | along the x-axis. The length of the cavity being d = 125 nm, the effective wavelength is equal to λ eff = 83 nm here. The effective index of the mode oscillating in the GaAs under the metal nanogrid is thus greater than 10 for resonance D, i.e approximately three times the refractive index of bulk GaAs for this wavelength. The experimental absorption spectrum of the nanogrid structure is much broader than the one that was obtained by Aydin et al. (yellow line (d)) [START_REF] Aydin | Broadband polarization-independent resonant light absorption using ultrathin plasmonic super absorbers[END_REF]. Absorption efficiency is higher except for wavelengths comprised between λ = 400 and 500 nm. Moreover, the absorption in our devices occurs mainly in a semiconductor layer which constitute a potentially active material whereas absorption was lost in metal parts of Aydin's crossed trapezoidal grating design.

Compared to the plasmonic black gold surface of Søndergaard et al. (black line (c)) [START_REF] Søndergaard | Plasmonic black gold by adiabatic nanofocusing and absorption of light in ultra-sharp convex grooves[END_REF], our total absorption is 10 to 20% lower over the 500-700 nm wavelength range, but really close between λ = 700 and 850 nm. As another advantage, our 2D structure is polarization independent whereas plasmonic gold absorption highly depends on the grooves orientation with respect to light polarization.

Our structure behaves similarly than the one that was proposed by Colin et al. (red line (b)) [START_REF] Clément | Metal nanostructures for light-trapping in ultrathin GaAs and CIGS solar cells[END_REF]. In this work, a 2D array of square Au nanostructures embedded in a ZnO:Al layer on top of a 25 nm-thick GaAs layer transferred on a back Au mirror leads to a broader absorption spectrum than ours. For the nanogrid design, the showed recently a numerical total absorption higher than ours on the 500-1000 nm spectral range (green line (e)) [START_REF] Cao | Broadband polarization-independent perfect absorber using a phase-change metamaterial at visible frequencies[END_REF].

Perspectives

In our super-absorber design, the presence of the semiconductor layer is a key asset to realize an ultrathin opto-electronic device. However, with reflection measurements only, we are not able to discriminate between lost absorption in metal and absorption in the semiconductor layer. Photo-luminescence measurements were attempted to determine if the absorption occurs in the GaAs or in the gold. Indeed, the semiconductor is capable of re-emitting light when excited by absorption whereas light is definitely lost when absorbed in metal. Unfortunately, it was impossible to measure a luminescence signal on transferred ultrathin layers. This is attributed to the strong nonradiative recombinations that are known to occur at the air/GaAs and metal/GaAs interfaces [START_REF] Yablonovitch | Nearly ideal electronic properties of sulfide coated gaas surfaces[END_REF][START_REF] Sandroff | Recombination at gaas surfaces and gaas/algaas interfaces probed by in situ photoluminescence[END_REF].

We also attempted to measure a photo-generated current out of the super-absorber device, using the nanogrid as a front electrode and the metallic mirror as the back electrode. As a result, we only obtained resistive IV characteristics due to the very low shunt resistance of the layer. This behavior is probably due to the non-radiative recombinations present at the interfaces of GaAs too. Tunneling through the semiconductor could also occur when high voltages are applied in such thin devices. Adding to these effects, the use of metal electrodes directly on the semiconductor may be detrimental as metal diffusion can be really high in semiconductors, especially for gold and silver. A simple calculation leads to a penetration speed of silver impurities in GaAs of around 0.1 nm/s at 400 K. It means that during an exposition of 10 minutes at this temperature, some silver atoms will have crossed the entire thickness of the semiconductor layer. Thus, the addition of spacing or buffer layers may be required to avoid diffusion of metal in GaAs.

To improve the electrical behavior of such an ultrathin absorber, we propose to passivate the semiconductor surface in order to prevent recombination. Through a collaboration with the UMI-LN2 in Sherbrooke, Canada, a passivation of the GaAs layer was attempted with (NH 4 ) 2 S followed by a direct encapsulation with a SiN x deposited by PECVD at low power and temperature [START_REF] Jaouad | Fabrication of (nh4)2s passivated gaas metalinsulator-semiconductor devices using low-frequency plasmaenhanced chemical vapor deposition[END_REF]. Unfortunately, substrate removal on these samples did not succeed mainly due to the low adhesion of the nitride layer on the gold mirror. The semiconductor layer of 25 nm was completely etched at the end of the process. Yet, passivation of ultrathin layers is a key for their use in opto-electronic devices, and especially in solar cells. Atomic layer deposition of widegap semiconductors [START_REF] Huang | Limiting efficiencies of tandem solar cells consisting of iii-v nanowire arrays on silicon[END_REF] or chemical passivation by sulfide materials known to reduce the number of dangling bonds on III-V surfaces [START_REF] Yablonovitch | Nearly ideal electronic properties of sulfide coated gaas surfaces[END_REF][START_REF] Sheldon | Gaas passivation with trioctylphosphine sulfide for enhanced solar cell efficiency and durability[END_REF] seem to be a promising technique for such thin layers. The study of this technique is certainly a key for future works towards ultrathin semiconductor devices.

conclusion

In this chapter, we have designed an ultrathin broadband super-absorber with a GaAs layer of 25 nm and a metal nanogrid as light confinement scheme. Deposited on the front surface and embedded in a SiNx coating, the grid can play the role of alternative electrode. Assuming a perfect collection of photo-generated carriers under the AM1.5G illumination, our calculations show that a short circuit current density of 21.6 mA/cm 2 could theoretically be achieved in the GaAs layer of 25 nm only, with very low dependence on the incident angle.

We successfully fabricated proof-of-concept devices. The transfer of the ultrathin layer on a metallic mirror is achieved with anodic bonding and substrate etching, then the nanogrid is deposited by e-beam lithography and lift off techniques. Reflection measurements on the samples confirmed the achievement of a multi-resonant broadband absorption spectrum. With more than 80% of absorption on average over the 450-850 nm wavelength range, the fabricated nanogrid metal-semiconductor-metal structure behaves as a state-ofthe-art super-absorber with an ultrathin semiconductor layer.

Total absorption measurements were in remarkable agreement with calculations for each step of the fabrication process. The nature of the various resonant mechanisms is studied in detail with numerical simulations and measurements on different fabricated structures. The super-absorber design finally combines vertical Fabry-Perot modes in the GaAs layer with plasmonic localized resonances to maximize absorption over the visible spectrum.

Future works include the passivation of the ultrathin semiconductor layer to prevent any undesired recombination and tunneling effects. This step should lead to the realization of ultrathin optoelectronic devices, and particularly to the fabrication of ultrathin solar cells with absorbers of a few tens of nanometers only.

summary

We designed and fabricated ultrathin super-absorbers with a 25 nm-thick GaAs absorber. A 2D metallic nanogrid embedded in a SiN x layer coupled to a flat back mirror induces multiple resonances that increase the average absorption to 80% over the 450-850 nm wavelength range. The equivalent numerical short circuit current achieved is J th = 21.6 mA/cm 2 , which is only 27% lower than the experimental record while the absorber thickness has undergone a forty-fold reduction.

Although the super-absorber is not a solar cell in itself, our results show the potential of very thin semiconductor layers to become efficient photovoltaic absorbers. Similar light-trapping architectures can be developed for thicker GaAs devices in order to achieve broadband absorption in nanoenhanced ultrathin GaAs solar cells. In the previous chapter, we have shown that it was possible to absorb light on a broad spectral range in a 25 nm-thick GaAs layer, or more generally in very small volumes of semiconductor. The super-absorber final structure is deprived of an electrical junction and does not constitute a solar cell. Nothing in its design has been provided to separate charges that are created by light absorption. The difficulty to conceive very thin p-i-n junctions led us to work with slightly thicker devices. Still, reduction of the absorber thickness is a strategy to allow lower manufacturing costs and potentially improve the efficiency of solar cells. In this context, we aim at reducing the absorber thickness of conventional GaAs solar cells by a ten-fold factor. This leads to consider absorbers whose thickness does not overcome a few hundreds of nanometers. This chapter is dedicated to the fabrication of ultrathin GaAs solar cells with 120 and 220 nm-thick p-i-n absorbers. We will first design the semiconductor structure to be used in our cells. The use of a flat silver back mirror combined with localized ohmic contacts at the rear of the absorber to enhance absorption in the device through Fabry-Perot resonances is then described. An analytical model based on the temporal coupled-mode theory is developed to understand where lie the resonances for which absorption is maximal. At the end of the fabrication process, the addition of an optimized anti-reflection coating further increases absorption and leads to very high short-circuit current densities for ultrathin absorbers. The electrical characteristics of the fabricated cells are analyzed through spectral response and IV measurements. The main results presented in this chapter have been published in an article entitled 'Ultrathin GaAs solar cells with a silver back mirror' [START_REF] Vandamme | Ultrathin gaas solar cells with a silver back mirror[END_REF]. The first step of our study is the definition of the thickness of the semiconductor slab to work with. With the idea to transfer a GaAs p-i-n on a highly reflective mirror, we calculate the absorption of the GaAs for different thicknesses. As sketched in Figure 47, the GaAs is sandwiched by two Al 0.8 Ga 0.2 As layers of 25 nm each to serve as barriers for minority carriers. The overall structure is transferred on a silver mirror. Here again, Johnson and Christy's refractive indices are used for silver [START_REF] Jonhson | Optical constants of the noble metals[END_REF] whereas Palik's indices are used for semiconductors [START_REF] Palik | Handbook of Optical Constants of Solids[END_REF]. The effect of doping on optical indices is neglected. For GaAs p-i-n thicknesses (h GaAs ) from 20 to 300 nm, we calculated total absorption and absorption in the p-i-n spectra. Their evolution with h GaAs is displayed as an animation in Figure 48. For the printed version of the manuscript, the only spectra to appear are the ones calculated for h GaAs = 160, 180, 200, 220 and 240 nm.
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Figure 48 reveals that the layer host at least one Fabry-Perot resonance as soon as h GaAs reaches 40 nm. As the thickness is incremented, the resonances are shifted to the red and Fabry-Perot reso-nances of higher orders appear. To use the layer as an efficient absorber, the area under the absorption curve should be maximized. It is likely to occur when a large number of Fabry-Perot resonances appear in the spectrum with a last one approaching the bandgap of the semiconductor, around 850 nm. This situation is cyclically reached as resonances basically sweep the visible spectrum. From the calculated spectra, it is reached for h GaAs close to 100 nm, 220 nm, and around 300 nm. In order to get the maximum absorption, and maximum short-circuit current out of the solar cells, it is necessary to work with thicknesses close to these values.

To check these observations, we calculated the current densities associated with total absorption J tot and with the absorption in GaAs J th by integration over the solar spectrum and considering a perfect collection of carriers (see Section 2.2.4). Figure 49a and49b show that these two values globally increase with the GaAs thickness. As expected, they have local maxima for thicknesses correlated with the presence of a Fabry-Perot resonance close to the bandgap. Thus, a first J th maximum of 13.96 mA/cm 2 is reached for h GaAs = 110 nm and a second one of 17.95 mA/cm 2 for h GaAs = 220 nm.

We decided to work with samples with total GaAs p-i-n thicknesses of 120 nm and 220 nm respectively. Such layers meet our requirements of a tenfold thickness reduction factor as compared to conventional GaAs thin films solar cells, and benefit fully from builtin resonances. In all the following, our study is often restricted to these two thicknesses, for which results will always be presented in parallel. The corresponding absorption spectra have been plotted in Figures 49c and49d. In the first case (h GaAs = 120 nm), the absorption spectrum is featuring one peak at 566 nm and another one at 835 nm, just below the GaAs bandgap (870 nm). In the second case (h GaAs = 220 nm), the peak previously at 566 nm has shifted to 820 nm, and higher-order resonances appear at 615 nm and 515 nm. The averaged value of the absorption between 400 and 850 nm has also increased from 45% to 59% due to the increase in thickness.

Barrier layers

The structure of a solar cell is basically separated into two parts: a region where charges are separated, and another region where they are collected. Although we can wonder about the opportunity to couple these functions in ultrathin devices, they remain separated in conventional thin film solar cells. The same approach was adopted here. As the surface over volume ratio is increased for very thin films, the charge management at the interfaces of the semiconductor absorber is of primary importance. It is notably crucial to provide charge transport, better passivation and prevent recombination of carriers at the front and back contacts of the cell. The technical solution to answer these issues with III-V materials is given by the use of high bandgap semiconductor window layers. They should combine various requirements: highly doped material for conduction, high transparency to limit optical losses, and high band-gap to constitute barriers for the minority carriers. The difference of energy levels between window layers and the active region creates a barrier for minority carriers, thus repelled by a potential created at the hetero-interface in the band structure. In ultrathin devices, it allows for the passivation of the active layer while the absorber remains unchanged, without texturation or additional doping. An optimization is nevertheless required to guarantee a very high absorption in the device junction and an efficient charge separation and transport towards the cell contacts.

In this section, we first investigate the optical properties of various barrier layers. Particularly, material composition and thickness are important parameters to optimize the performances of ultrathin solar cells. Then, the electrical properties of the barriers are optimized through band engineering. These steps precede the growth of the ultrathin layers by epitaxy.

Composition of the barriers

The choice of the barrier layers (or window layers) for our double heterostructure is a key for the final solar cell performances. The effects of two parameters were considered: the material composition itself and the thickness of such barrier layers.

In order to grow the complete semiconductor stack of our cells, it is necessary to use materials whose lattice constants will match the one of GaAs, close to a = 5.67 Å. A graph representing the evolution of the lattice constant as a function of the bandgap of III-V compounds is presented as Figure 16 in Section 2.4.1. It gives any Al x Ga 1-x As composition, AlAs 0.96 P 0.04 , In 0.51 Al 0.49 P, In 0.49 Ga 0.51 P or Ga 0.47 As 0.51 In 0.53 P 0.49 as suitable materials for the barriers of the ultrathin solar cells [START_REF] Madelung | Semiconductors group IV elements and III-V compounds (Data in Science and Technology)[END_REF]. Noteworthy, AlAs and GaAs have almost the same lattice constant meaning that a continuous variation of composition of AlGaAs compound is available for growth.

In the perspective to use such materials, we first focus our analysis on the impact different windows layers can have on absorption and charge generation inside the ultrathin absorbers. We detailed the layer-by-layer absorption spectra for the two p-i-n absorbers of 120 and 220 nm with barriers of 25 nm made of Al 0.3 Ga 0.7 As, Al 0.8 Ga 0.2 As and In 0.5 Ga 0.5 P in Figure 50. We considered the heterojunction transferred on a silver back mirror in these calculations. The optical indices are taken from Palik's works [START_REF] Palik | Handbook of Optical Constants of Solids[END_REF] for semiconductors except for InGaP, taken from Adachi's study [START_REF] Kato | Optical properties of (al x ga 1-x) 0.5 in 0.5 p quaternary alloys[END_REF] and the index for silver is taken from Jonhson and Christy's works [START_REF] Jonhson | Optical constants of the noble metals[END_REF].

For the three barrier materials, total absorption spectra are very similar with one Fabry-Perot peak centered around 570 nm for the . On all graphs, total absorption is plotted in black, the absorption in the back window layer is the difference between blue and green curves, the absorption in the front window layer is the difference between green and red curves, the absorption in the GaAs p-i-n junction is plotted in red, and the absorption in the back silver mirror is represented by the blue dotted line. Performances of cells are mostly affected by the bandgap of the window layer material: for low energy bandgaps, absorption in the barrier is more important in the blue part of the spectrum.

120 nm thick absorber, and two Fabry-Perot resonances close to 620 nm and 830 nm in the 220 nm-thick absorber case. Visibly, the real part of the optical index of the material is approximately the same for all the studied material here, as the global shape of the absorption spectra is barely not changed from one material to another. For all cases, we observe that the total absorption (black curve) and the absorption in the GaAs p-i-n (red curve) are very close for wavelength higher than 700 nm. Basically, it means that there is almost no absorption loss in metal in this part of the spectrum. However for λ 700 nm, one can observe that the absorption in the barriers is more and more important as wavelength gets shorter. The effect of the mirror is also negligible for this spectral range, with a residual absorption never overcoming a few percents.

From Figure 50, the absorption in the barrier differs between the different materials and is directly related with the imaginary part of their refractive index. Especially, the wavelength for which absorption in the GaAs (red line) and total absorption (black line) seem to merge is higher for InGaP or Al 0.3 Ga 0.7 As (close to 700 nm, whereas the one of Al 0.8 Ga 0.2 As is close to 500 nm). In fact, these value correspond to the bandgaps of the window layer materials. It results in an important gain in absorption in the GaAs p-i-n between 500 and 700 nm in the case of Al 0.8 Ga 0.2 As barriers (see Figures 50c and50d). Most of the absorption in window layer occurs in the front barrier, as the light reaching the rear barrier has already undergone absorption inside the junction.

We can wonder about the collection probability of charges generated in the barrier layers. Indeed the extension of the depletion region or the diffusion of carriers can lead to a partial collection of charges photo-generated at low wavelengths. A partial collection would allow better blue responses of the cells, as photons with high energies are absorbed rapidly in the first few nanometers of the structure. The performances of the device are thus directly impacted by the nature of the window layer. The calculated J th for each barriers and thicknesses are given in Table 4. We made the distinction between a case where absorption in the barrier is beneficial and all carriers are collected, and another case for which the absorption in barriers is only a loss. The expected short circuit current density is between these two values.

J th are much lower for the second assumption, indicating lower performances in the case of undesired parasitic absorption. A good design should consequently try to minimize the optical absorption the barriers, and particularly the front one. With this criterion, the preference goes to Al 0.8 Ga 0.2 As as Al 0.3 Ga 0.7 As and InGaP are too absorptive. In terms of J th , structures with Al 0.3 Ga 0.7 As or InGaP barriers have approximately the same performances: J th reaches around 10 and 14.5 mA/cm 2 for the 120 nm and the respectively. The use of a high aluminum content in the barrier leads to an increase of around 3 mA/cm 2 in comparison with the other materials for the two different absorber thicknesses. These very good optical performances must however be qualified keeping in mind that electrical properties may be impacted. Al-rich layers are indeed subject to rapid oxidation, that increases the density of surface defects and thus surface recombination velocities.

Thickness of the barriers

The other parameter which can be tuned easily is the thickness of the barriers. Figure 51 shows the evolution of the absorption spectra as a function of the barrier thickness for AlGaAs window layers. For the 120 and 220 nm GaAs p-i-n junctions, the cases of an Al 0.3 Ga 0.7 As, an Al 0.8 Ga 0.2 As and of a barrier constituted with a gradient concentration of Al are studied. The aluminum content is increased progressively when light enters the structure to reach 80%. As an example, the gradient is simulated by a bi-layer of 15 nm of Al 0.3 Ga 0.7 As and 25 nm of Al 0.8 Ga 0.2 As (see insets in Figures 51e and51f). From that calculation, the best performances in terms of absorption and J th for the simulated devices are reached for the thinnest window layers of 20 nm. The absorption spectra obtained for such barriers present large Fabry-Perot peaks just before the GaAs bandgap, optimizing the overall value of absorption over the visible spectrum. An important modification of the window thickness leads to a detrimental shift of the Fabry-Perot resonances in the semiconductor cavity.

For the two-layer barrier, modeling the effects of a compositional gradient, the absorption spectra combine the advantages of the previously studied Al 0.3 Ga 0.7 As and Al 0.8 Ga 0.2 As windows. The parasitical absorption of the low Al 0.3 Ga 0.7 bandgap on the final absorption in the GaAs is attenuated. A too important oxidation of the cell surface is limited as the external layers have a low aluminum content. A continuous variation of the aluminum content can also prevent abrupt interfaces inside the cell. In this example, resonances are still clearly visible in the absorption spectra for the two absorber thicknesses. However, an increase in the overall semiconductor stack thickness modifies their spectral positions. A shift of 40 nm for the barrier remains detrimental for performances.

Band engineering

After the optical optimization, the electrical properties of the heterostructure can be investigated through band engineering. In principle, energy levels and bandgaps are tabulated properties of materials, especially for semiconductors. The electrical design of the solar cell structure was focused on the band diagram. One of the main difficulty is to avoid spikes and discontinuities in the conduction and the valence bands. As featured in Figure 53a, abrupt interfaces can create charge traps, and reduce the performance of the cell [START_REF] Smole | Effects of abrupt and graded a-si:c:h/asi:h interface on internal properties and external characteristics of p-i-n a-si:h solar cells[END_REF]. The Al-content in Al x Ga 1-x As barriers gives an additional degree of freedom in the design (although absorption in barriers is increased for low values of x). Another parameter to play with is the doping of the layers. Here, we consider only the 120 nm-thick GaAs p-i-n device, as all results are the same for the 220 nm-thick p-i-n, with a thicker intrinsic region. The p-i-n is constituted by 100 nm of intrinsic GaAs with two doped GaAs layers of 10 nm each on both sides of the junction, on which are added the AlGaAs barriers. For technological reasons (the formation of ohmic contacts on the n-side of the device, see 5.2), the n-side is on top of the epitaxy, or in contact with the metallic mirror once the structure is transferred.

Numerical tools and software are available and may be used to draw the band structure. They mostly differ by the size of their database for material data. In this thesis, SimWindows [START_REF] Winston | Physical Simulation of Optoelectronic semiconductor devices[END_REF] is used to simulate the devices. The program was intended for VCESL and multi-quantum well structures modeling and analysis. It was designed for GaAs and AlGaAs based devices and contains subsequently the material parameters that are needed to model the previously described heterostructure. For the study of equilibrium states, SimWindows solves the Poisson's equation, electron and hole Planck potentials which lead to the band diagram. There are much more complex programs commercially available such as NextNano [START_REF]Nextnano, semiconductor software solutions[END_REF], that may serve to model semiconductor device. They may take into account many additional quantum effects with much more complicated models than the simple Poisson's equation. For a structure whose GaAs p-i-n is 120 nm-thick, Figure 53 compares the band diagrams calculated with the two structures described in Figure 52: a first one with 20 nm-thick abrupt barrier layers in Al 0.8 Ga 0.2 As (Figure 52a)and a second one with 50 nm-thick barrier layers whose Al content is gradually increasing and decreasing to match the GaAs p-i-n composition (Figure 52b). For a 220 nm-thick p-i-n, the same result is found, with a larger intrinsic area.

We first studied the case of 20 nm-thick 'bulk' Al 0.8 Ga 0.2 As barrier layers sketched in Figure 52a. Figure 53a shows that abrupt interfaces leads to important band discontinuities. A detrimental energy barrier is created for electrons on the n-side of the device. Symmetrically, two spikes constitute an energy barrier on the p-side for holes. This situation could potentially create a charge accumulation at the AlGaAs/GaAs interfaces leading to prejudicial recombinations if minority carriers enter this area of the device.

We then studied a barrier with an Al-concentration gradient to avoid any brutal composition change in the material structure. In order to make this gradient feasible, the barrier thickness was increased to 50 nm. Figure 52b sketches the new structure described as follows.

On each side of the GaAs p-i-n, the barrier is composed of:

-a 20 nm-thick Al x Ga 1-x As whose Al content is increased linearly from 0 to 80%. -a 10 nm-thick layer of bulk Al 0.8 Ga 0.2 As -a 20 nm-thick Al x Ga 1-x As whose Al content is decreased linearly from 80 to 0%. The corresponding band structure calculated by SimWindows given in Figure 53b indicates a built in potential of 1.48 V at equilibrium. An electron barrier on the p-side and a hole barrier on the n-side keep the minority carriers far from contacts and potential recombination centers. A very small barrier is present in the valence band on the p-side, with a peak 0.03 eV away from the Fermi level. This very low energetic barrier should not affect charge transport on this side of the device. A slightly higher barrier is also present for electrons on the n-side. Nevertheless, the Al-content gradient improves the overall electrical characteristics of the device and it was decided to work with this type of barrier layers.

The doping concentrations introduced in the previous simulations correspond to very high doping achievable in MBE: 1 × 10 19 cm -3 for acceptors and 5 × 10 18 cm -3 for donors. In order to know if an increase of these concentrations worth the risk of increased defect density during epitaxy, we calculated the band diagram for various couples of concentrations. Doping is always kept uniform in the n and p areas of the device. Figure 54 illustrates the fact that an increase in doping improves the electrical properties of the solar cells. The small energy barrier for electrons on the n-side in the conduction band would be lower than the Fermi level with heavy doping, and thus have a lower impact on charge transfer. Symmetrically, band energies increase on the p-side of the device, positioning the valence band above Fermi level in the hole extraction area. However, very high doping may be relatively hard to achieve during cell growth. Here, we will be working with cells with Transport properties in AlGaAs layers depend of the Al content. For instance the direct bandgap of Al x Ga 1-x As goes from 1.42 eV for x = 0 to 3 eV for x = 1, what explains the very low wavelength of the bandgap for Al 0.8 Ga 0.2 As. The conduction band of the material can be separated in different sub-bands or valleys corresponding to a minimal energy for free electrons in the semiconductor crystal (See Figure 107a in Appendix C). For x 0.45, AlGaAs is a direct bandgap material in which electrons remain mostly in the Γ sub-band. For x 0.45, electrons move to lower energy states offered by the X valley. Their effective mass is increased at least twofold in the process, reducing their mobility [START_REF] Ashok | Electron mobility in ga1-xalxas alloys[END_REF][START_REF] Sze | Physics of Semiconductor Devices -3rd Edition[END_REF]. The use of Al x Ga 1-x As for x 0.45 thus present drawbacks for electrical transport.

Simulations carried on by Nicolas Cavassilas (IM2NP, CNRS, Marseille) showed that a virtual reflective interface could appear for electrons when x get close to 0.45. Indeed the carrier transfer between the Γ sub-band to the X valley is detrimental as electrons meet a potential barrier.

Thus, we studied the case of non-symmetrical barriers for which the aluminum content is limited to x = 0.4 on the n-side of the device. By using this barrier as a rear barrier, we furthermore limit the potential absorption loss in that layer due to an increased bandgap wavelength. We analyzed the band diagram of a structure with the following barriers:

-a 50 nm-thick p-doped barrier with a gradual concentration in Al going up to 80%, similarly with previously studied barriers. ]. An increase of doping concentrations lead to a lower energy barrier for electrons in the conduction band (blue) on the n-side (left) of the device, whereas the valence band (green) lies at a higher energy than the Fermi level on the p-side (right). Increasing doping thus improves the collection of charges. x up to 40% on the n-side and x up to 80% on the p-side for the 120 nm-thick GaAs p-i-n.

The limited absorption of the Al-rich barrier is an advantage on top of the final device. -a 50 nm-thick n-doped barrier with a gradual concentration in Al going up to 40% only, but still with linear variations. The Al content is maintained low to prevent charge trapping mechanisms. This structure is sketched in Figure 55a. The corresponding band diagram is given in Figure 55. It indicates that the conduction band energy remains lower than the Fermi level of the structure in all the n-doped region. The repulsive hole barrier is not degraded in the valence band. The use of non-symmetrical barriers appears promising to optimize optical and electrical properties of the ultrathin GaAs/Al-GaAs solar cell structure.

An original approach of this work was the formation of a barrier with a gradient in aluminum concentration. Usually, solar cell structures described in the literature only features layers with a bulk specific composition. This study also directly points out the need for numerical tools that are able to combine electromagnetic calculations with electrical and semiconductor properties. This is especially true for diode devices like LEDs or solar cells. This coupling between nano-photonics and nano-electronics is really a key for the design and understanding of mechanisms in ultrathin devices. Here, the typical dimension of the solar cell remain above 100 nm, but transport effects such as sub-band transfers inside the conduction bands should be modeled. It will also be necessary to take into account tunneling effects through very thin barriers. For thinner devices, efficient simulation software will have to consider electronic quantum effects while optical phenomena around 3D nanostructures will be resolved. 

Epitaxial growth

The epitaxy of our layers was done at LPN by Carmen Gomez and Aristide Lemaître. Crystal growth was achieved on 2 inch GaAs wafers in a molecular beam epitaxy (MBE) vacuum chamber (Compact 21, RIBER). We benefited from the laboratory know-how in the growth AlGaAs/GaAs heterostructures. First, a 300 nm-thick Al 0.8 Ga 0.2 As etch-stop layer is grown on the GaAs buffer. It is followed by the pdoped GaAs contact layer of 200 nm. Then, the 50 nm-thick p-doped Al x Ga 1-x As window layer is grown. The Al concentration is varied linearly from 0 to 80% in the first 20 nm of the window and from 80 to 0% in the last 20 nm, with 10 nm of Al 0.8 Ga 0.2 As between the gradient areas. This provides a high-bandgap low-absorptive barrier to avoid minority carrier recombinations at contacts, while at the same time avoiding spikes in the band diagram of the structure.

The growth of the GaAs p-i-n junction follows: 10 nm of p-doped GaAs, 100 or 200 nm of non-intentionally doped GaAs for the two devices with different thicknesses, and 10 nm of n-doped GaAs. The symmetrical n-doped Al x Ga 1-x As window and GaAs contact layers terminate the heterojunction. In the final structure, doping concentration is uniform in each of the doped regions of the device. Doping is achieved by Carbon atoms on the p-side of the stack with a targeted concentration of 1.10 19 cm -3 , and Silicon atoms on the n-side with a targeted concentration of 5.10 18 cm -3 . The final epitaxy is represented as the first step (a) in Figure 59 which describes the overall fabrication process.

Scanning Electron Microscope (SEM) cross-sections of the two wafers after epitaxy are given in Figure 56 for both the 120 and 220 nm-thick absorbers. These pictures confirm the planar growth of the stack, with the presence of AlGaAs layers appearing lighter than GaAs layers. On the vertical axis, we can approximately verify the thickness of the active regions (120 and 220 nm) and contacts layers (200 nm on both sides of the AlGaAs/GaAs heterostructure).

By modifying the temperature of the substrate during deposition, it was possible to modify progressively the aluminum content in the grown structure. Indeed, nucleation of aluminum atoms at the sample surface follows an Arrhenius law [START_REF] King | The Chemical Physics of Solid Surfaces: Growth and Properties of ultrathin epitaxial layers[END_REF] such as:

N = N 0 exp ( Ea kT ) (22) 
with N 0 a tabulated rate parameter, E a the specific energy required for the nucleation event to occur, and kT the product of the Boltzmann constant, k, and the temperature of deposition, T . By fixing T , it is possible to modify N, and consequently the number of Al atoms deposited in one atomic layer. Even if further investigations with Transmission Electron Spectroscopy (TEM) would be necessary to analyze thoroughly the composition and the possible stress in the final device structure, Figure 56 shows that the contrast due to material composition changes is close to be linear, as expected in our requirements.

metallic mirror with localized ohmic contacts

Decoupling charge collection and optical management

Performances of solar cells fabricated on their GaAs wafer are limited by single-pass absorption. This is a challenge specifically for ultrathin solar cells, as only a small part of the incident photon flux is absorbed in a few hundred nanometers. A reflecting surface can be used at the back of the cell to at least double the travel of light in the semiconductor. As seen in Chapters 2 and 3, Lambertian scatterers, distributed Bragg reflectors or metallic mirrors have been used in order to increase the optical path length of photons in the absorbing medium [START_REF] Yang | Ultra-thin gaas single-junction solar cells integrated with a reflective back scattering layer[END_REF][START_REF] Tobin | Enhanced light absorption in gaas solar cells with internal bragg reflectors[END_REF][START_REF] Bauhuis | Thin film gaas solar cells with increased quantum efficiency due to light reflection[END_REF][START_REF] Berger | Commercial white paint as back surface reflector for thin-film solar cells[END_REF]. Furthermore, this strategy has a beneficial impact on photon recycling, which consists of the re-absorption of photons generated inside the semiconductor from radiative recombinations [START_REF] Balenzateguia | Detailed modelling of photon recycling: application to gaas solar cells[END_REF][START_REF] Miller | Strong internal an external luminescence a solar cells approach the shockleyqueisser limit[END_REF]. Together with its optical properties, the back side of the cell generally serves as a contact. Consequently, two requirements must be satisfied on the back side of the device: a good optical reflectivity and an efficient collection of photo-generated charges through ohmic contacts.

In 2009, Bauhuis et al. studied the use of a continuous gold mirror for thin film transferred GaAs solar cells [START_REF] Bauhuis | 26.1% thin-film gaas solar cell using epitaxial liftoff[END_REF]. They discuss the possibility to form ohmic contacts on highly doped n-layers on top of GaAs cells transferred on a gold mirror. At the rear of the device, an Au mirror is deposited on the p-doped GaAs layer and serves as a convenient back contact. Indeed, the full-area contact resistances of the order of 1 × 10 -3 Ω • cm 2 are acceptable. The front low-coverage n-contact however requires resistances two orders of magnitude lower in order to maintain the FF of the cell. These contacts usually involve NiGeAu annealed at 450°Cduring 1 minute, or PdGeAu with lower temperatures but longer exposure times (175°Cduring 30 minutes). Bauhuis chose this second solution to achieve a 26.1% efficient GaAs solar cell. Even though the impact of temperature is limited, this solution unfortunately results anyway in a reflectivity of the back mirror reduced by 8%.

To overcome this issue, we propose to decouple spatially the two functions of charge transport and optical reflection. One part of the back surface will thus be allocated to ohmic contacts where the rest of the surface will be dedicated to the mirror. By growing the n-doped layers on top of our semiconductor stack, we can realize localized ohmic contacts through standard metal deposition and annealing procedures on small areas of the wafer surface and then directly deposit a mirror which will never see long exposure to high temperatures on the remaining area. This allows for the use of silver to optimize the reflectivity of the back mirror. The structure is then transferred on a host substrate and the contact grid on the p-doped GaAs layers does not require any annealing to form an ohmic contact.

This technique ensures the very high reflectivity of the surface with very good conduction properties. Indeed, as less than 5% of the back surface is dedicated to ohmic contacts, the mirror occupies more than 95% of the rear surface of the cell. Simultaneously, ohmic contacts are used to minimize power loss in the cell. Figure 57 illustrates the advantages of such a design: optical path of photons represented in black is increased by a perfect reflection on the metallic mirror while created charges are collected through ohmic contacts. Carriers thus follow the paths highlighted in purple. Charges extracted locally from the cell in the ohmic contacts can be collected through the mirror itself without the need of additional wiring, busbars or grid.

The technique also bypass the research of a sufficiently reflective alloys with expensive rare-earth elements to be annealed at low temperatures or good mirrors that would resist to high temperature. However, our design relies on the lateral conductivity of the doped layers to convey photo-generated carriers out of the cell (purple arrows on Figure 57). This point is even more crucial for ultrathin devices than for conventional cells, as the conducting n-doped layers are only a few tens of nanometer thick. In our case specifically, the use of low mobility Al 0.8 Ga 0.2 As increases the series resistance of the cell as carriers have to travel towards the ohmic contacts. The use of very tight contact patterns may help solving this problem. Simple p-n junctions with a much thicker emitter (e.g. 40 nm of doped GaAs instead of 10 nm in the junction) instead of the studied p-i-n structures may also improve lateral conductivity in the device, and decrease parasitical resistance in the final solar cell. This design with localized contacts for the back mirror adds degrees of freedom to engineer the back surface. The patent filed by Alta Devices in 2012 confirmed the interest for such non-continuous contacts for the industry [START_REF] Kayes | Optoelectronic device with non-continuous bakc contacts[END_REF]. One can indeed choose the nature and composition of the reflecting surface, as well as the type of contacts to be fabricated. As it will be seen in Chapter 6, this even allows for specific texturation and/or passivation of the back side of the cell. In our case, silver was chosen as the ideal reflecting metal for its very good optical reflectivity and very low absorption in the visible range. To our knowledge, this is the best suited material due to the low imaginary part of its refractive index. Another advantage is its relatively low cost compared to gold or platinum.

Fabrication process

Standard NiGeAu contacts were chosen as the back localized contacts as this alloy is known to form good ohmic contacts on n-doped GaAs [START_REF] Shen | Recent developments in ohmic contacts for iii-v compound semiconductors[END_REF]. After epitaxy, the localization of the contacts is achieved through negative UV photo-lithography, metal deposition and liftoff. The metal stack is deposited as a multilayer by electron-beam assisted evaporation after deoxidation of the n-GaAs contact layer in a hydrochloric solution. The contact composition was optimized in previous studies led at LPN. First, 4 nm of Ni are evaporated, fol- lowed by 10 nm of Au, 60 nm of Ge, 110 nm of Au, 10 nm of Ni and finally 100 nm of Au. The alloying of this stack is ensured by an annealing step at 400°C during 30 seconds. The final contact architecture consists in a grid of bars with a width of 20 µm and regularly spaced with a period of 400 µm. This architecture leaves 97% of the surface available for a mirror deposition. The underlying GaAs contact layer is then removed everywhere but under the deposited contact. We used a mixture of citric acid at 1 g/L and hydrogen peroxide concentrated at 30% in water with a 5:1 volume ratio. Etching is naturally stopped by the Al x Ga 1-x As as the solution is selectively etching GaAs 100 times faster than AlGaAs (300 nm per minute against 3 nm per minute) [START_REF] Desalvo | Etch rates and selectivities of citric acid/hydrogen peroxide on gaas, algaas, ingaas, inalas, and inp[END_REF]. The silver mirror of 200 nm is then deposited by ebeam assisted evaporation directly on the n-doped barrier layer. This corresponds to steps (b), (c) and (d) in Figure 59, which illustrates the entire fabrication process.

fabry-perot resonances in ultrathin gaas solar cells

Previous sections described the design of the heterostructure and the use of localized ohmic contacts to benefit from a highly reflective metallic mirror in transferred ultrathin solar cells. The object of this section is the description of the optical characteristics of the device right after transfer. We thus describe the end of the fabrication process and the first spectral response obtained on our cells. Resonances of the semiconductor slab are analyzed through an analytical model of Fabry-Perot resonator. Light coupling in the cavity is lastly described by the temporal coupled-mode theory.

Final steps in the fabrication process

After the fabrication of localized ohmic contacts, a silver mirror is deposited by e-beam evaporation onto the back surface. The conformable metallic layer is in contact with every localized ohmic contact and serves as a common back electrode for the entire sample. Elsewhere, it is directly in contact with the AlGaAs barrier an forms a highly reflective interface.

The fabrication process is continued by the bonding of the mirror on a glass substrate. A polymer glue is spin-coated on the metalized surface of the sample which is then deposited on a glass slab. Heating the glass to a temperature of around 150°Chelps thinning the polymer and avoids detrimental bubble formation. The glue is hardened by UV reticulation during at least 20 minutes. This step is represented by drawing (e) of Figure 59.

After bonding, we proceed to substrate removal, as depicted in step (f) in Figure 59. Sample edges are protected with wax to avoid any under-etching of the solar cell structure. The GaAs substrate serving for growth is removed by chemical etching in a HNO 3 :H 2 O 2 (1:20) solution during about one hour and a half. The Al-rich etch stop layer protects the transferred semiconductor stack of the solar cell. It is eliminated in a diluted HF solution at the end of substrate removal.

The last step of the process is the isolation of the different solar cells. First, TiAu annular front contacts are fabricated on the p-doped GaAs contact layer by UV photo-lithography, metal deposition of 20 nm of Ti followed by 200 nm of Au, and lift-off (Figure 59 (g)). The p-doped contact layer is then selectively etched, as in the localized contact fabrication process (Figure 59 (h)). Diodes are defined by UV-lithography and a non-selective H 3 PO 4 : H 2 O 2 : H 2 O (3:1:80) solution is used to etch mesa through all the p-doped layers and the first ≈ 10 nm of the intrinsic GaAs layer (Figure 59 (i)). Solar cell separation is achieved as lateral transport does not occur in the intrinsic GaAs region . Each device is indeed separated by 100 µm and the diffusion lengths of minority carriers are limited to 3 µm for holes and 15 µm for electrons 1 . In practice, we did not observe cross-talk between the diodes. In the following, we present results on cylindrical diodes with diameters 1 mm, 800 µm, 600 µm, 400 µm, 300 µm, 200 µm and 150 µm (Figure 59 (j) for the devices with a 120 nm thick GaAs p-i-n and (k) for the devices with a 220 nm one). This variety of size was chosen to allow for size effects and recombination studies on the solar cells.

An overview of the complete process is given in Figure 59. Finally, Figure 60 sketches the architecture of the cells we fabricated. For nontransferred cells, the back TiAu electrical contact is deposited on the back p-doped GaAs contact layer after etching of the entire junction, as described in Figure 60a. The cross section of one of our transferred solar cells is given in Figure 60. It features the localized ohmic back contacts, as well as the transfer onto a glass host substrate. The very large width/height ratio does not allow for proper SEM views of the devices, even for micrometer sized diodes.

The chemical removal of the GaAs substrate could be beneficially replaced by an epitaxial lift-off (ELO) technique consisting in the separation of the useful layers on their glass substrate with the GaAs wafer by dissolving only the etch-stop layer [START_REF] Yoon | Gaas photovoltaics and optoelectronics using releasable multilayer epitaxial assemblies[END_REF][START_REF] Cheng | Epitaxial lift-off process for gallium arsenide substrate reuse and flexible electronics[END_REF]. Substrate reuse is indeed a key for important cost reduction, and the overall costeffectiveness of the process (see Section 2.4.2.4). The elaboration of an efficient ELO, along with a transfer process and light trapping techniques, paves the way towards the profitable industrial fabrication of III-V ultrathin solar cells.

EQE measurements: evidence of Fabry-Perot resonances

We carried on reflectivity measurements as well as external quantum efficiency (EQE) measurements2 on the transferred cells and compared their performances with the non-transferred cells on Figures 61a and 61b for the 120 and 220 nm-thick GaAs p-i-n junctions respectively. The EQE of non-transferred cells is plotted in cyan whereas the EQE for transferred cells is plotted in blue. In the former case, after a maximum reached for λ = 450 nm, the EQE is decreasing almost linearly as wavelength increases. This result is very similar to single-pass absorption calculation shown in Figure 20, except that there is no anti-reflection coating on these samples. Integrated over the solar spectrum (see 2.2.4), these curves give short circuit current densities. The resulting J sc measured on the different cells described in this chapter (non-transferred, transferred, with or without ARC) are summarized in Table 5. On average, J sc of 8.9 mA/cm 2 and 11.8 mA/cm 2 were measured on the non-transferred 120 and the 220 nm thick absorbers respectively.

With a flat back mirror, an optical cavity is formed by the semiconductor stack, the front air/semiconductor interface and the back semiconductor/silver interface. Light behaves as in a traditional Fabry-Perot cavity and resonances appear in the spectral response of the cells. For the 120 nm thick absorber (Figure 61a), two resonances appear at λ = 580 nm and λ = 850 nm. The second one is truncated because of the GaAs bandgap at 870 nm, the maximum of this resonance is expected just after the gap, around 900 nm. As seen in Section 5.1.1, a thickness of 110 nm of the layer would have improved this result, as the last peak would shift towards shorter wavelengths, and absorption be increased just below the GaAs bandgap. For the second absorber of thickness 220 nm, three resonances are clearly identifiable at λ = 520, 620, and 825 nm. As expected, the last resonance lies perfectly just below the GaAs bandgap. The average absorption in the GaAs layer between 400 and 900 nm increases from 28% and 38% before the double-heterojunction transfer to 39% and 54%, respectively for the two absorbers. Thanks to the resonances, the best measured J sc are much greater than for nontransferred cells: J sc = 11.7 mA/cm 2 for h GaAs = 120 nm and J sc = 15.8 mA/cm 2 for h GaAs = 220 nm.

Absorption and EQE measurements of Figures 61a and61b were compared with numerical simulations of the structure whose results are given in the corresponding graphs 61c and 61d. In these calculations, all the optical indices were chosen among Palik's database [START_REF] Palik | Handbook of Optical Constants of Solids[END_REF]. Particularly, absorption loss in the silver mirror were better fitted with its Palik's index than the one of Johnson and Christy [START_REF] Jonhson | Optical constants of the noble metals[END_REF].

The AlGaAs barriers were modeled by a simplified two-layer Al 0.8 -Ga 0.2 As/Al 0.3 Ga 0.7 As stack. We can indeed model the average composition of the barrier by adding the contribution of a layer with a high-al content and a low Al-content. This distinction needs to be made because we do not exactly know when the etch really stops inside the barrier layer. Al x Ga 1-x As barriers act as etch-stop layers during the removal of the doped GaAs layers in the fabrication process. In fact, we use a C 6 H 8 O 7 :H 2 O (6:1) solution that is etching GaAs 100 times more rapidly than Al 0.3 Ga 0.7 As. The first nanometers with a low Al-content are certainly removed when localized contacts are formed on each side of the AlGaAs/GaAs heterostructure. The thicknesses of the two layers in the model was finally determined by fitting the spectral measurements of Figure 61a and 61b. In the simulations, the barriers are thus composed of 21 nm of Al 0.8 Ga 0.2 As and 5 nm of Al 0.3 Ga 0.7 As.

A remarkable accordance between calculations and experiments has to be pointed out. Resonance spectral positions of measured peaks are matching the calculated ones. In particular, the EQE spectra are matching the absorption in all the GaAs p-i-n. It confirms that absorption in the doped GaAs layers contributes directly to the photocurrent. The difference between calculated and measured absorption efficiencies is within 6% of absorption for wavelengths greater than 600 nm. The calculated absorption is underestimated for the blue part of the spectrum (λ = 600 nm), meaning that the barrier layers chosen in our model are too absorptive or that photo-generated charges in these barriers are partially collected. EQE peaks are slightly broader than the numerical results. This is attributed to the spectral resolution of the measurement setup (10 nm).

In Figure 61, the difference between the 1-R curve (black dashed line) and the EQE (dark blue line) can be interpreted in terms of internal efficiency loss. The internal quantum efficiency (IQE) was plotted for the 2 measurements and their corresponding calculation in Figure 62. For both absorber thicknesses, the IQE reaches values above 90% on a very broad spectral range between 500 and 850 nm. This is the sing of a good overall collection efficiency in the devices. The difference between 1-R and EQE is mainly attributed to parasitical absorption in the back mirror, as shown by the simulated absorption spectra of Figures 61c and61d. With this assumption, the electrical collection is almost perfect in the fabricated devices.

In the measurements, the difference between total absorption and EQE is higher than in the calculations. It is attributed to metal parasitical losses that may be slightly underestimated in our models. Despite this fact, these losses remain small on the whole spectral range. In equivalent current density loss (J metal ), the absorption in metal accounts for less than 1 mA/cm 2 according to numerical calculations. The beneficial impact of the mirror on solar cell absorption and performances are much more important than the metal loss, seen as a minor drawback here.

Either theoretically or experimentally, the transfer of ultrathin cells on a silver back mirror leads to an increase of more than 40% in current densities. Interestingly, the calculated and measured spectral responses are always higher for transferred cells and without any deterioration of single-pass results over the whole spectral range. For example, at λ = 700 nm, outside resonance for the two structure, the calculation of absorption for transferred cells perfectly match the one of non-transferred cells (Abs = 0.18 for h GaAs = 120 nm and Abs = 0.27 for h GaAs = 220 nm). In experimental measurements, the difference between the two curves seems negligible for the sample with h GaAs = 120 nm. When h GaAs = 220 nm, we observe a difference of 0.1 in absorption (between Abs = 0.18 for the non-transferred cell and Abs = 0.28 for the transferred cell). Noteworthy also, total absorption reaches 100% for both thicknesses for Fabry-Perot resonances close to 600 nm. For the two samples, or more generally for various thicknesses of the absorber (e.g. on Figures 48 or 51), we noticed that the absorption was maintained inside a clearly defined envelope. The following subsections investigate these points as they explore the resonant mechanism in more details, and more formally.

Optical analysis of Fabry-Perot resonances

We describe now the semiconductor stack as a Fabry-Perot resonator, as sketched in Figure 63. We consider a plane parallel cavity of thickness h formed by a slab of material with a complex optical index ñ = n + iκ on a reflecting mirror. Slight reflections at the Al-GaAs/GaAs interfaces are neglected and the heterostructure is modeled as an homogeneous medium. At the two interfaces of the cavity air/semiconductor and semiconductor/mirror, we consider the complex Fresnel coefficients in reflection (r) and transmission (t) which describes entirely the behavior of light waves and contain information on any amplitude or phase change.

In the following, we study the propagation of the electric field as plane waves. I is the incident plane wave on the slab and R the one reflected, leaving the front surface. Similarly, D is the plane wave propagating downwards in the cavity, whereas U is the one propagating upwards. The continuity relations at the interfaces of the cavity dictate:

D = t 12 I + r 21 U. ( 23 
)
Figure 63: Model of Fabry-Perot cavity made of an homogeneous medium of a perfect mirror, with Fresnel coefficients considered at interfaces.

U results from the propagation of D in one round trip in the cavity, in which the wave has acquired an additional phase, and one reflection on the back mirror:

U = r 23 D exp (2iβ) with β = 2π λ ñh. (24) 
By replacing U by its expression in Equation 23, the amplitude is immediately expressed as

D = t 12 I 1 -r 21 r 23 exp (2iβ) . ( 25 
)
The resonance condition corresponds to the cancellation of the denominator, what requires that the light wave has to return in phase after one round-trip in the cavity:

e i(ϕ 21 +ϕ 23 +2nk 0 h) = 1 ϕ 21 + ϕ 23 + 2nk 0 h = 2qπ (26) 
where ϕ 21 = arg(r 21 ) and ϕ 23 = arg(r 23 ) are the phase respectively acquired upon reflection on the front and rear interfaces, k 0 = 2π λ and q is an integer, the order of the Fabry-Perot mode.

This can be written as a condition on the slab thickness h:

h = λ 2n (q - ϕ 2π ) (27) 
with ϕ = ϕ 21 + ϕ 23 .

Using Equation 27, the orders q of the Fabry-Perot resonances observed in Figure 61 can be determined. This requires to take into account the entire thickness of the heterostructure h slab that was determined by considering the thickness of the barriers found with our two-layer barrier model (see Page 144). For both sample thicknesses, the total phase acquired upon reflection on the cavity interfaces has been determined as a constant fitting parameter on the entire spectral range. We found ϕ = -2.62.

For h GaAs = 120 nm (h slab = 172 nm), q = 2 at 581 nm, q = 3 at 471 nm. The q = 1 FP mode lies after the bandgap of GaAs, the corresponding peak in the absorption spectrum at 850 nm is truncated and correspond to a resonance occurring at 891 nm. For h GaAs = 220 nm (h slab = 272 nm), q = 2 at 835 nm, q = 3 at 627 nm, q = 4 at 523 nm and q = 5 at 467 nm. The q = 1 mode is in the infrared region, close to 1.3 µm. This resonance is far away from the GaAs bandgap and of reduced interest for our solar cells. A very good correspondence is obtained between these analytical results and the experimental data of Figure 61a and 61b, confirming the pertinence of the model.

Temporal couple mode theory: critical coupling

The resonant behavior of the cavity can also be described in the frame of the Temporal Coupled-Mode Theory (TMCT). This leads to interesting discussions on the free-space coupling of the cavity as well as radiative loss in our cells. In particular, it is possible to determine theoretically the absorption maxima of a cavity [START_REF] Stéphane | Nanostructure arrays in free-space: optical properties and applications[END_REF].

Free-space coupling of the cavity

In Equation 25, the resonance condition corresponds to the cancellation of the denominator, and is rigorously obtained for a complex frequency ω such that:

1 -r 21 r 23 e 2i ñh ω c = 0 (28) 
where ω = ω + iγ with ω = ω 0 at resonance, γ = 1/τ is the decay rate which can be separated in a radiative and a non-radiative components: γ = γ r + γ nr Equation 28 can be separated in its real and imaginary parts, without forgetting that the optical index ñ is complex and reflects the absorption properties of the various media. Four exponential terms appear because of the product between ω and ñ: exp(2inhω 0 /c), exp(-2nhγ/c), exp(-2κhω 0 /c) and exp(-2iκhγ/c). In general, material properties feature small and moderate values of absorption, for which the crossed term of the imaginary parts of the frequency and refractive index γ × κ can be neglected. This is especially the case here, the last exponential term is thus not considered in the following.

To verify the equation, both real and imaginary parts of the left term should cancel. From the condition on the imaginary part derives the well known phase-matching resonance condition, already expressed in Equations 19 or 27 with q an integer which correspond to the Fabry-Perot order:

e i(ϕ 21 +ϕ 23 +2nk 0 h) = 1 ϕ 21 + ϕ 23 + 2nk 0 h = 2qπ (29) 
The condition on the real part of equation 28 relates γ and the frequency:

1 = |r 21 ||r 23 |e -2h c (κω 0 +nγ) (30) 2h c (κω 0 + nγ) = ln (|r 21 ||r 23 |) (31) 
From this expression, the decay rate can be decomposed in three different terms such that γ = γ 1 + γ2 + γ nr . γ 1 and γ 2 depend respectively on r 21 and r 23 , the reflexion coefficients at the interfaces of the cavity and can be seen as radiative channels between the slab and surrounding media. The third term γ nr solely depends on n and κ, characteristic from light interaction with the slab medium. This term expresses the internal non-radiative loss of the system, especially absorption and recombinations. With Equation 31, radiative and non-radiative decay rates can be expressed analytically:

γ 1 = c 2nh ln |r 21 | (32) 
γ 2 = c 2nh ln |r 23 | (33) 
γ nr = - κ n ω 0 (34) 
In the TCMT model, the resonant absorption in the vicinity of frequency ω 0 takes the shape of a Lorentzian function:

Abs cavity (ω) = 4γ 1 γ nr (ω -ω 0 ) 2 + γ 2 (35) 
From this equation, the maximal absorption Abs = 1 is obtained at ω 0 for a perfect mirror condition γ 2 = 0, and the equilibrium between non-radiative coupling and the radiative coupling between the semiconductor slab and the incident medium γ 1 = γ nr . Interestingly, it is in principle possible to achieve this critical coupling condition by engineering the front interface of the absorber for any γ nr . In other words, critical coupling is achievable with the design of a front filter, introducing or modifying entrance amplitude and/or phase. That is precisely what can be done with meta-material surfaces or nanostructures on top of the layer.

Absorption maxima predictions

If the mirror is not perfect, γ 2 = 0 and the transmission or radiative coupling towards the back mirror results in parasitic absorption. This absorption loss is thus expressed like Abs cavity in Equation 35. The non-radiative decay rate γnr is replaced by γ 2 , whereas γ 1 remains unchanged. The light indeed has to enter the cavity through the radiative channel of the front interface and can then interact nonradiatively through absorption or being transmitted. We thus obtain:

Abs mirror (ω) = 4γ 1 γ 2 (ω -ω 0 ) 2 + γ 2 (36) 
At each wavelengths, we can calculate each component of γ and deduce the maximal achievable absorption in the cavity and the absorption loss in the back mirror:

A max,cavity (ω) = 4γ 1 γ nr (γ 1 + γ 2 + γ nr ) 2 (37) A max,mirror (ω) = 4γ 1 γ 2 (γ 1 + γ 2 + γ nr ) 2 (38) 
Resulting curves for predicted absorption maxima in the GaAs are plotted as red dotted lines with the numerical absorption spectra in Figure 64. The predicted total absorption is the sum of the absorption in the GaAs and the transmission to the back mirror, and is plotted in black dotted lines on the same graph. There is a remarkable agreement between the maxima of the absorption spectra and the absorption maxima calculated analytically with TCMT.This is especially true for the resonance at λ = 850 nm for the absorber of 220 nm. Red and black dashed lines lie precisely on the dotted curves. For the 120 nm thick absorber, critical absorption (Abs=1) is almost achieved for the resonance peak close to 600 nm. For the 220 nm thick absorber, the maximum of absorption corresponds to a resonance close to 630 nm, whereas the critical coupling condition would be completed between 37), dotted balck line: total maximal absorption in the cavity (GaAs+mirror) predicted by TCMT (Equation 37+38).

700 and 750 nm. Below 550 nm, the slight difference may be explained by the fact that the absorption in the barriers modifies the cavity description.

Effect of non-absorbing spacers

In previous results, the distinctions between GaAs and AlGaAs layers has not been made. As long as AlGaAs is not absorbing (for wavelengths greater than its bandgap), TCMT predicts precisely the absorption maxima achieved at resonance frequency. This is not the case at low wavelengths for which the model is not reliable (see Figure 64). To understand the effect of the presence of non-absorbing layers in the cavity, we consider a cavity comprising (i) an absorbing layer with an optical index ñ1 = n 1 + iκ 1 and a thickness h 1 , and (ii) a spacer layer with a non absorptive layer ñ2 = n 2 and thickness h 2 . The same reasoning as before leads to:

(n 1 h 1 + n 2 h 2 )γ + κ 1 h 1 ω 0 = c 2 ln (|r 21 ||r 23 |) (39) 
with γ = γ1 + γ2 + γ nr . κ 2 = 0 because the spacer is not absorptive. With the same term separation that was done before, we can separate the different decay rates:

γ 1 = c 2(n 1 h 1 + n 2 h 2 ) ln (|r 21 |) (40) 
γ 2 = c 2(n 1 h 1 + n 2 h 2 ) ln (|r 23 |) (41) 
γ nr = - κ 1 h 1 (n 1 h 1 + n 2 h 2 ) ω 0 ( 42 
)
If the real parts of the optical indices for the absorber layer and the spacer layer are close, n 1 ≈ n 2 ≈ n, and considering the total thickness of the cavity h = h 1 + h 2 , we find exactly the same expressions as 32 and 33 for coupling coefficients γ 1 and γ 2 . The non-radiative decay rate is modified by taking into account the ratio between thickness of the absorber and the total thickness of the cavity:

γ nr = κ 1 n h 1 h ω 0 (43) 
Consequently, we can play on the Fabry-Perot resonance condition and shift resonant peaks with little change on the envelopes defined by γ nr and γ 2 . The absorption of the cavity with the spacer becomes:

Abs cavity (ω 0 ) = 4ad 1 ω 0 (1 + ad 1 ω 0 ) 2 (44) 
with a coefficient a = 2κ 1 /(cln|r 21 |) independent from the thickness of the layers in the cavity. It appears that the absorption limitations in a cavity composed of two materials, one absorbing and one non-absorptive materials, are exactly the same that in the cavity formed by the same amount of absorbing material only. The absorption curves will thus have the same envelope. However, for resonant modes with a Lorentzian shape, the full width at half maximum of the peak is equal to 2γ. It means that the broadest resonances are obtained with the highest γ nr . And according to Equation 43, γ nr remains maximum for d 1 → d. Therefore the broadest peaks are obtained when all the cavity is filled with the absorbing material.

In the case of the studied AlGaAs/GaAs cavities, this would mean that we have a clear interest in reducing the thickness of the window layers. In spite of this result, a broadening of resonance peaks is barely discernible on Figure 51, when several barrier thicknesses were compared. In our case, the improvements on J th and J sc are mainly due to the peak positioning with respect the the GaAs bandgap. However, the broadening may be responsible for a significant variation of absorption in systems involving two different materials. 

anti-reflection coating optimization

As a conclusion of the previous section, the first air/semiconductor interface plays a major role in the coupling of light inside the semiconductor cavity. A simple way to modify the properties of this interface is the introduction of an anti-reflection coating (ARC). Its main role would be to bring an additional phase at the entrance of the solar cell in order to minimize the overall reflection coefficient of the structure.

This sections sums up the major results obtained in the study of different ARCs simulated on our ultrathin GaAs solar cells. After the deposition of a silicon nitride single layer ARC, J sc are improved in the very thin devices. The effects of the ARC on the spectral response are studied through reflection and EQE measurements.

Single or double layer coating

We studied numerically the effect of double-layer and single-layer anti-reflection coatings (DLARC and SLARC). The ARCs are deposited on GaAs ultrathin solar cells transferred on a silver mirror, as sketched in Figure 65. The semiconductor window layers considered in this study are constituted by 25 nm of Al 0.8 Ga 0.2 As. The material tested for ARCs are:

-SiN x as a single layer thin film (SiN x is an ideal choice as its index n SiN x ≈ 2 is close to √ n GaAs ≈ 1.9 at λ = 800 nm [START_REF] Rancourt | Optical Thin Films -User handbook[END_REF]), -MgF 2 /ZnS as a conventional double layer coating (this solution is widely used [START_REF] Jung | Design and fabrication of multi-layer antireflection coating for iii-v solar cell[END_REF][START_REF] Yang | Ultra-thin gaas single-junction solar cells integrated with a reflective back scattering layer[END_REF][START_REF] Bauhuis | 26.1% thin-film gaas solar cell using epitaxial liftoff[END_REF][START_REF] Liu | Mgf2/zns double-layer antireflection coating design for ultra-thin gaas single-junction solar cells[END_REF]), -SiO 2 /TiO 2 as an alternative double layer coating (which nevertheless could favor the detrimental oxidation of AlGaAs barriers). For each of these materials, we varied the thickness of the coating layer(s). The numerical spectra were integrated to extract the corresponding J th for the solar cells. Figure 66 shows the parameters, in terms of coating thicknesses, that lead to best predicted per-formances. J th are presented as a function of MgF 2 and ZnS layer thicknesses in Figures 66a and66b, and SiO 2 and TiO 2 thicknesses in Figures 66c and66d. Maximum of J th are approximately the same for the two DLARCs. For the GaAs p-i-n absorber of 120 nm, J th = 15.48 mA/cm 2 for the deposition of 100 nm of MgF2 and 56 nm of ZnS. The value of 15.49 mA/cm 2 is reached for a coating of 90 nm of SiO2 and 44 nm of TiO2. For the GaAs p-i-n absorber of 220 nm, J th = 20.18 mA/cm 2 for the deposition of 105 nm of MgF2 and 54 nm of ZnS. The value of 20.05 mA/cm 2 is reached for a coating of 90 nm of SiO2 and 128 nm of TiO2. The optimal thicknesses are comparable with similar works on ultrathin GaAs solar cells. For its coating on a GaAs substrate with a InGaP barrier of 30 nm, Liu et al. used a MgF 2 /ZnS coating with h MgF2 = 96 nm and h ZnS = 48 nm.

On Figures 66e and66f, the thickness of the singe layer coating made of SiN x is the only parameter. Consequently, the absorption spectra are plotted as a function of wavelength and h SiN x . The value of the bandgap is clearly identifiable as absorption goes to 0 after λ = 900 nm. The calculation of J th by integration gives a maximum value of 14.89 mA/cm 2 for the absorber of 120 nm and 19.69 mA/cm 2 for the absorber of 220 nm. These values are reached for a SiN x thickness of 65 and 60 nm, respectively.

The difference of maximum J th observed between double layer coatings and the single SiN x layer is relatively small (always less than 1 mA/cm 2 ). Consequently, and for the sake of simplicity, it was decided to work only with a SLARC in SiN x .

Optimization of the SiNx single layer ARC

Figures 66e and66f indicate that the best J th are obtained for nearly identical 60 nm-thick SiN x coatings for both GaAs thicknesses. This was also the case for the nanogrid super-absorber in previous chapter. Figure 67 reveals that whatever the thickness of the GaAs layer beneath the nitride coating, maximum values of J th are always obtained for this thickness of 60 nm.

Interestingly, as seen in Table 5, the improvements brought by the ARC on non-transferred cell is equivalent to the transfer on the metallic mirror without the ARC. Once combined, the ARC increases the absorption of transferred cells and thus their J th . For the 120 nmthick absorber, it rises by 45% from 11.0 mA/cm 2 to 16.0 mA/cm 2 . For the 220 nm-thick absorber, the increase is still pronounced: 33% from 15.6 mA/cm 2 to 20.8 mA/cm 2 . The maximal values here are slightly overestimated in comparison to what could be expected from real devices. Our barriers are actually composed of AlGaAs compounds with lower aluminum concentrations (see page 144). 

Effects of the ARC on absorption

A single SiNx layer of 61 nm was deposited by sputtering on the previously transferred cells. Again, reflectivity and EQE measurements were carried out. Experimental and numerical results are presented in Figure 68.

Below 700 nm, the Fabry-Perot resonances have nearly disappeared. Indeed, reflection inside the cavity on the air/semiconductor interface has been reduced as light in-coupling is improved by the ARC. The resonant mechanism is consequently weakened, whereas the specular reflection of the silver mirror induces a double pass of the light in the semiconductor layers. With an ideal ARC, the absorption should be close to double-pass absorption. The resonance just before bandgap is still remarkable for the two thicknesses of absorber (120 and 220 nm), double-pass absorption being very low for wavelengths close to bandgap in ultrathin absorbers.

With the ARC, J sc of 16.3 mA/cm 2 and 20.7 mA/cm 2 were achieved with ultrathin absorbers of 120 nm and 220 nm respectively. These value are really close to the one calculated for the structure with the barriers modeled by a double-layer Al 0.3 Ga 0.7 As/Al 0.8 Ga 0.2 As on page 144: 16.0 mA/cm 2 for h GaAs = 120 nm and 20.8 mA/cm 2 for h GaAs = 220 nm. This remarkable accordance between measurement and numerical predictions all along the process is pointed out in Figure 68 or in Table 5. These J sc are the best in literature for III-V solar cells with these absorber thicknesses. We plotted in Figure 69 the IQE of our cells from the measurements shown in Figure 68. The IQE is over 70% for the 400-850 nm wavelength range. It peaks at 90% in the two absorbers at λ = 500 nm, what indicates a good collection efficiency, very similar to the one observed for cells without ARC.

solar cell characterization

The previously described results on EQE prove that the short circuit current densities are approximately doubled with a transfer of the cell and an ARC deposition. These technological steps lead to the highest J sc measured on ultrathin solar cells. However, the efficiency of the cell is also impacted by other electrical parameters, such as V oc and FF. In this section, we present one-sun like illumination to determine these parameters and check our V oc measurement through hyperspectral imaging. The potential limitations on cell performances are then discussed in the light of dark IV characteristics measured for various diode sizes.

Efficiency under illumination

To access an estimation of the V oc and the FF of the ultrathin solar cells, 1 -sun like IV measurements were carried out3 . The results of these measurements are given in Figure 70 where values for extracted parameters are summarized. V oc reaches 818 mV for the 120 nm-thick absorber and 865 mV for the 220 nm-thick absorber. The Fill Factor FF is around 75%. From these measurements, we calculated the efficiency of our solar cells. Values of 8.7% and 12.9% have been achieved with the 120 nm-thick and 220 nm-thick absorbers, respectively. These results were summarized in insets of Figures 70a and70b.

The J sc obtained in the ultrathin cells are high considering the cell thickness, and an improvement will require extended light trapping capabilities. We also achieved fairly good FF with 75%, even if there is still room for improvement when compared to the state-of-the-art maximum at 86.5% [START_REF] Kayes | 27.6cell under 1 sun illumination[END_REF]. The efficiency of the cells is thus mainly impacted by the low value of V oc . The fabricated samples have a limited V oc , with best values around 850 mV. For GaAs cells in general, this value is quite low, as the bandgap of the GaAs is 1.424 eV. The best V oc of 1.12 V under one sun was achieved by Alta Devices on their record GaAs cell [START_REF] Kayes | 27.6cell under 1 sun illumination[END_REF]. At least, Voc in literature overcome easily the value of 1 V [START_REF] Yang | Ultra-thin gaas single-junction solar cells integrated with a reflective back scattering layer[END_REF][START_REF] Steiner | Optical enhancement of the open-circuit voltage in high quality gaas solar cells[END_REF]. Our measured V oc are below the record by 300 mV for the 120 nm-thick absorber and by 250 mV for the 220 nm-thick absorber. 

Hyper-spectral imaging to measure local V oc

In order to check these results obtained with our 1-sun like measurement setup and validate low values of V oc , we investigated the transferred semiconductor stack of our diodes through hyper-spectral imaging.

An hyper-spectral imaging technique has been developed in IRDEP by Amaury Delamarre and Laurent Lombez to measure the quasi Fermi level splitting in semiconductor layers [START_REF] Delamarre | Contactless mapping of saturation currents of solar cells by photoluminescence[END_REF][START_REF] Delamarre | Développement de nouvelles méthodes de caractérisation optoélectroniques des cellules solaires[END_REF]. The quasi Fermi level splitting represents the electrochemical potential ∆µ eff acquired by electrons and holes when a photon is absorbed in the semiconductor junction. Once the carriers are extracted from the solar cell, ∆µ eff = qV oc (q the elementary charge) is equivalent to the built-in voltage [START_REF] Wurfel | The chemical potential of radiation[END_REF]. The semiconductor material emissions due to photo-luminescence (radiative recombinations) are directly related to this splitting through the general Planck's law. The emission of a surface element at a frequency ω and a location r is written:

Em( hω, r) = Abs( hω, r) × Ω cos(θ) 4π 3 h 3 c 2 ( hω) 2 × 1 exp hω-∆µ eff kT -1 d( hω) (45) 
where Abs( hω, r) is the absorption probability of the incident light. θ is the angle between the emitted light direction and the surface normal. This angle appears here in a geometrical cos(θ) factor corresponding to a Lambertian surface, emitting within the solid angle Ω. h is the reduced Planck constant, c the speed of light in vacuum and T the temperature of the emitting element. The Fermi level splitting or electrochemical potential ∆µ eff is fully determined at location r by measuring the emission of the cell under excitation, if the absorption of the semiconductor stack is known. In principle, the absorption of the layers is given by the EQE (we have seen that all GaAs layers, doped or undoped participate in photocurrent generation) or total absorption measurements. It is thus possible to scan the surface of a solar cell and map the local V oc .

As shown in Figure 71, Pierre Rale (IRDEP, CNRS/EDF/Chimie ParisTech, Chatou) realized the hyper-spectral image of an ultrathin solar cell surface. The previously described method gives a very uniform value of V oc close to 1.16 V under 180 suns over an entire cell. The corresponding V oc under 1 sun is determined by taking into consideration the concentration factor C = 180 for a diode of ideality n = 2:

V oc ≈ nkT q ln( C × J sc J dark ) V oc,1sun = V oc,180suns - 2kT q ln(180) (46) 
We find that the very uniform V oc is close to 0.890 V in our cell. This value is very close to what was estimated thanks to the 1 sun like previous measurements. This confirms the low values achieved in our cells in comparison with state-of-the-art values.

With this technique, we could expect to see local dips in V oc due to a drop in photo-luminescence at defect locations. This is not the case here, what could be explained by a too low resolution or a non Lambertian light emission from the sample. In the first case, we do not resolve a V oc drop on the size of a defect. In the second, the back mirror can have an effect on a potential directionality of the emission, thus the geometrical factor to take into account in Equation 45 is changed.

Dark IV characteristics

In the remaining of the section, we focus on the potential sources of the low V oc in our cells. The electrical properties of solar cells are first analyzed through dark IV measurements. Typical dark IV measurements on our samples are shown in Figure 72 for absorbers of 120 nm and 220 nm. A 2-diode model is used to extract values of saturation currents for the two diodes, and of series and shunt resistances. The dark current density in written as a function of these parameters:

J dark = J 01 exp q(V -J dark R s ) kT + 1 +J 02 exp q(V -J dark R s ) 2kT + 1 - V -J dark R s R p (47) 
These values are then area-normalized to allow for comparison between cells and with other works. For our samples, the value of shunt resistance is usually greater than 1 MΩ • cm 2 . We see in Figure 72 that R p is not fitted properly as it has only a very low effect on the IV characteristics. As a consequence, leakage currents should not limit the performances of our device. The value of series resistance is comprised between 0.03 and 0.3 Ω • cm 2 . This is below the typical values for series resistance of laboratory cells [74]. A lower value of R s is always desired to improve FF, but the ones observed in our samples should not limit the cell performance as a first order effect. However, the extracted current densities J 01 and J 02 are relatively high in comparison with state-of-the-art results [START_REF] Kayes | 27.6cell under 1 sun illumination[END_REF][START_REF] Steiner | Optical enhancement of the open-circuit voltage in high quality gaas solar cells[END_REF], hence our V oc values are limited with respect to these works. A detailed analysis of the two contributions from the two diodes with idealities of 1 and 2 is done below in Subsection 5.5.4.

From the above fitting process, the behavior of the solar cell at a given bias is defined by saturation currents and idealities of the two diodes in the model. To discriminate between an ideal behavior and a situation for which the cell is limited by recombinations, we fix the ideality of the first diode at n = 1 (ideal diode) whereas the ideality of the second diode is maintained at n = 2 (recombination diode).

It results from this study that the recombinant behavior dominates in our cells for bias below 0.9 V. For higher voltages, the diode with the ideality n = 1 never really dominates as the series resistance limits the current flow. Consequently, our V oc are limited by the high saturation current J 02 .

V oc can be calculated as a function of the ratio between J sc and the dark saturation currents:

V oc = nkT q ln J sc J dark + 1 ≈ nkT q ln J sc J dark ( 48 
)
where n = 2 is the dominant ideality of the solar cell, T the temperature (300K), k Boltzmann's constant, q the elementary charge, J sc the current density at 1 sun and J dark the dominant saturation current of the diode J 02 . With the saturation currents J 01 and J 02 extracted from the fitting procedure given in inset of Figure 72, this give a V oc limited to 907 mV and 957 mV for the absorbers of 120 and 220 nm respectively. Kayes et al. from Alta Devices have a very similar discussion in reference [START_REF] Kayes | 27.6cell under 1 sun illumination[END_REF]. The predominance of the diode n=1 behavior at the working point V = 0.96 V allows them to consider a dark current J 01 =6 × 10 -21 mA/cm 2 although J 02 has a value of 1 × 10 -12 mA/cm 2 . By applying Equation 48with this value of J 01 , the expected V oc is close to 1.15 V, what they effectively measured on their record solar cell. In comparison with these figures, we have in our devices J 01 of the order of 1 × 10 -14 mA/cm 2 and J 02 of the order of 1 × 10 -7 mA/cm 2 . These saturation currents are almost 6 orders of magnitude higher than for Alta Device record solar cell and explain the low V oc . Reducing both J 01 and J 02 and find the source of recombination inside our devices is a key to improve the performances of future devices.

Study as a function of the diode size

To analyze further this problem of high saturation currents, we carried on a more systematic study of the saturation currents on solar cells of different sizes on our samples. At the end of the fabrication process, we indeed isolated cylindrical diodes with various diameters of 1 mm, 800 µm, 600 µm, 400 µm, 300 µm, 200 µm and 150 µm (see Picture 59). This allows us to study the electrical properties of the solar cells with respect to their area or perimeter [START_REF] Paire | Highly efficient solar cells in low dimensionality based on Cu(In,Ga)Se2 chalcopyrite materials[END_REF]. This can help to understand the source or identify a size-dependent recombination mechanism (discriminate from surface or edge recombination for instance). Accordingly with the dark IV measurement procedure exposed in Appendix A.3.3, a large number of cells were measured on two samples with absorbers of 120 nm and 220 nm and fitted with the 2-diode model.

The values extracted for saturation currents J 01 and J 02 are plotted as a function of diode perimeter and area in Figure 73. The recombination current (issued from the diode with an ideality factor of n = 2) is always predominant in our diodes, except at voltages close to 1 V. V oc that have been previously measured indicate that the working point of our solar cell is closer to 800 mV. It mean that our cells mostly behave as diodes limited by recombination phenomena.

There is no significant evolution of this value with the size of the diode, perimeter or area. This tends to prove that surface passivation is reasonably achieved by the AlGaAs barrier layers. The very shallow etching of the doped layers during diode isolation (only the ≈ 10 first nanometers of the intrisic GaAs layer are etched) could explain the very low dependence of current values on diode perimeter. This result works to the benefit of shallow etching to isolate diode, as compared with a complete mesa etching from the top doped layers to the back mirror. Additionally, it can be expected that edges effects would have a limited impact on diodes of larger sizes (typically 1 cm 2 ) for which the ratio surface/perimeter is much higher. But this is not the case.

In figure 74a, we plot the IV characteristics for diodes of various sizes and observe that there is no difference between the different curves except for the biggest diode for which currents are higher at low bias. Similarly in Figure 74b, J 02 saturation currents do not evolve with the perimeter over area (P/A) ratio for the 120 nm-thick absorber (red dots), there is no clear variation of the dark current whereas a small linear increase (blue line) could be detected for the 220 nm-thick absorber (blue dots). The absence of evolution of saturation currents with geometrical parameters of solar cells on both samples indicate the predominance of another recombination mechanism related to the semiconductor itself. It suggests the presence of defects in the volume of the absorber that have a crippling effect on cell performances, virtually leaving out other recombination issues as second order effects.

Evidence of growth related defects

We tried to understand the possible cause of the high dark currents in ultrathin devices. As surface and perimeter play no role on the dark current, we considered recombinant defects formed in the volume of the semiconductor layers. GaAs solar cells performances are very dependent from their growth conditions. We consequently examined the possibility of a problem during cell growth.

After a careful examination of the semiconductor surface after epitaxy, we noticed the presence of growth-related defects. Their formation may be related to various mechanisms that have been investigated by Kadhim and Mukherjee in 1999 [START_REF] Kadhim | Growth defects associated with mbe deposited gaas layers[END_REF]. The shape of these defects let us think that they are oval defects. Oval defects have been observed on AlGaAs/GaAs heterojunctions since the 80s [START_REF] Melloch | Highefficiency gaas solar cells grown by molecularbeam epitaxy[END_REF][START_REF] Papadopoulo | Characterization of oval defects in molecular beam epitaxy ga0.7al0.3as layers by spatially resolved cathodoluminescence[END_REF][START_REF] Melloch | Highefficiency al0.22ga0.78as solar cells grown by molecular beam epitaxy[END_REF]. They have been studied as they diminish the performances of MBE grown integrated circuit chips, lasers, and solar cells. In 2005, Szerling et al. studied further these defects by photo-luminescence and cathodo-luminescence [START_REF] Szerling | Properties and origin of oval defects in epitaxial structures grown by molecular beam epitaxy[END_REF]. They are due to the propagation of a stacking fault and appear like polyhedral pits: a defect center aligned with crystalline orientation surrounded by an ovoid catchment area.

That is exactly what is observed on our samples in Figure 75. On average, we measure a density of defects between 500 and 2000 cm -2 on our samples, whatever the thickness of the grown junction (100, 200 or 1000 nm).

As explained by Melloch in [START_REF] Melloch | Highefficiency gaas solar cells grown by molecularbeam epitaxy[END_REF], these defects contribute to leakage currents related to the diode with an ideality of n = 2. The presence of these recombination channels leads to higher currents at low bias in dark IV measurements.

conclusion

We have shown that it is possible to maintain high short circuit current densities in ultrathin GaAs solar cells with a silver back mirror. Among various designs, the use of AlGaAs windows with gradual aluminum content sandwiching a 120 nm or a 220 nm-thick GaAs pi-n absorbers offered the best compromise between high absorption in the GaAs and passivation on both sides of the junction. This opens up interesting prospects for the use of solar cells with an absorber at least ten times thinner than in conventional devices.

We developed an entire fabrication process from epitaxy to the final cells. They are transferred on a reflective back surface to improve their performances. We proposed the combined use of localized ohmic contacts and a silver mirror to optimize light reflection at the rear of the cell while guaranteeing an optimal charge collection.

As predicted by numerical calculations, this transfer resulted in the apparition of beneficial Fabry-Perot resonances in the absorber. EQE is improved up to a factor of 4 when resonance condition is fulfilled. With the deposition of an optimized ARC, we achieved the highest short circuit current observed for such thin III-V absorbers: J sc = 16.3 mA/cm 2 for the 120 nm-thick absorber and J sc = 20.7 mA/cm 2 for the 220 nm absorber. For devices with the best V oc , this leads to respective efficiencies of 8.7% and 12.9%.

However, the performances of these devices are impacted by low V oc values, probably due to numerous growth-related defects in the absorber layer. Improvement on growth conditions should reduce their number and subsequently increase efficiency. The optimization of charge extraction is also possible. For instance, the use of a 2D geometry for localized ohmic contacts is under investigation to limit the drawbacks related to low mobility inside AlGaAs layers.

We can also improve the absorption of our ultrathin solar cells. After epitaxy, the back surface of the cell is on top of the wafer. It is then easy to redesign its morphology to improve light harvesting capabilities. This is the subject of next chapter in which we use a metal nanostructure array to further enhance J sc .

summary

Thanks to the transfer of ultrathin solar cells on a silver mirror with localized ohmic contacts, we achieve experimental short circuit currents of 16.3 mA/cm 2 and 20.7 mA/cm 2 with absorbers whose thicknesses are h GaAs = 120 nm and h GaAs = 220 nm only. The absorption enhancement is due to vertical Fabry-Perot resonances and the deposition of an optimized ARC.

The performances of our ultrathin devices are negatively impacted by growth-related defects in the absorber layer, which limit the achievable V oc . Promising efficiencies are nevertheless foreseen as improved growth conditions will overcome this limitation, and J sc can be further enhanced with the design of a nanostructured back mirror. In the continuity of Chapter 5, we introduce now a Nanostructured Back Mirror (NBM) to further improve short circuit current densities in ultrathin GaAs solar cells. This light trapping scheme has been inspired by works on a-Si:H cells presented in Chapter 3. Our work is one of the first examples of the use of a nanostructured back grating to enhance absorption in III-V ultrathin devices. Here again, results on 120 and 220 nm-thick p-i-n absorbers will be presented in parallel all along the chapter.

N A N O S T R U C T U R E D B A C K M I R R O R F O R U LT R AT H I N G A A S S O L A R C E L L
We present a numerical study of these ultrathin nanostructured GaAs solar cells. It is based on electromagnetic calculations with the RCWA method (see Appendix B). In particular, we study the influence of the back grating period and thickness on the solar cell performances. The gain in short-circuit current in these structures is mostly due to the apparition of resonances in the red part of the visible spectrum. Thanks to the analysis of these resonance mechanisms, we evidence the excitation of guided modes through the diffraction grating.

In order to fabricate nanostructured solar cells, we have developed a fabrication process based on Nano-Imprint Lithography. A sol-gel TiO 2 layer is patterned at the nanoscale to form a silver NBM. Ultrathin cells with back gratings of different periods are fabricated and characterized through spectral response measurements. The electrical performances of the cells are presented and discussed.

6.1 cell architecture

A sub-micrometer grating as light trapping scheme

We have seen in Chapter 3 that nanophotonic structures can constitute an efficient light trapping strategy for ultrathin solar cells. Especially, back gratings were extensively used in amorphous silicon solar cells to couple light with waveguide modes of the device, either trhough the excitation of surface plasmons or diffraction (see Section 3.3).

In a similar approach, Zhang et al. proposed the use of a silver nanograting at the bottom of tandem a-Si:H/µ-Si:H solar cells with a period varying from 200 to 500 nm [START_REF] Zhang | Enhanced light absorption in thin-film tandem solar cells using a bottom metallic nanograting[END_REF]. They observed an improvement of the response of the bottom µ-Si cell, independently from light polarization. While light absorption is globally unchanged in the top cell of the device, resonances appear at different wavelengths in the absorption spectrum of the bottom cell. In regard to this work, we will observe relatively similar effects in our ultrathin GaAs solar cells with a nanostructured silver back mirror.

Mellor et al. also used a nanostructured back mirror fabricated by nano-imprint lithography to improve the absorption in 40 µm-thick c-Si solar cells [START_REF] Mellor | Nano-imprinted rear-side diffraction gratings for absorption enhancement in solar cells[END_REF]. They calculated numerically that the absorption improvements in the 1.0-1.2 µm wavelength range could lead to relative increases in J th of 1.28 mA/cm 2 for a 1D grating and 2.63 mA/cm 2 for a 2D grating.

For GaAs cells, the use of a nanostructured back mirror has been rarely evoked. In 2012, Mc Pheeters et al. proposed to used a 2D diffractive structure made of metal and SiO 2 to trap light in rather thick solar cells (>2.2 µm) with InGaAs/GaAs quantum wells (QWs) [START_REF] Claiborne | Computational analysis of thin film ingaas/gaas quantum well solar cells with back side light trapping structures[END_REF]. They observed that these structures substantially increased absorption in the QWs at wavelengths longer than the GaAs absorption edge through a combination of coupling to modes of the thin film devices. In their simulations, the use of a diffractive mirror increases the J sc values by 2.2 mA/cm 2 when a nanostructured substrate is used instead of a flat silver reflector. They also compared the use of Pd or Ag as back metallic mirror, with higher expected J sc in the Ag case.

Watanabe et al. at RCAST also reported the use of a nano-imprinted back mirror on GaAs based MQWs cells [START_REF] Watanabe | Thin-film ingaas/gaasp mqws solar cell with backside nanoimprinted pattern for light trapping[END_REF]. The backside pattern improves the absorption in the MQWs region by a factor 1.7.

Inspired by these works on nanophotonics, we propose to use a nanostructured silver grating as a back mirror on transferred ultrathin GaAs solar cells. As sketched in Figure 76, the expected light absorption improvements rely on the possibility to couple incident light to the guided modes of the device. It depends directly on the ability of the mirror not only to reflect the light back in the cell in the specular direction but also in the different orders of diffraction of the grating. The Fabry-Perot effects -analyzed in Chapter 5, section 5.3.3 -should be conserved . We can also wonder about the apparition of other resonant modes such as plasmonic modes at the metal interfaces that we especially used in Chapter 4.

Unlike most studies on a-Si:H solar cells, in which the deposition of the active layers of the device is done directly on the metallic grating [START_REF] Ferry | Modeling light trapping in nanostructured solar cells[END_REF][START_REF] Tan | Plasmonic light trapping inthin film silicon solar cells with improved self-assembled silver nanoparticles[END_REF], our design presents the advantage to keep the active region flat through all fabrication steps. This avoids the creation of cracks or stress in the absorber. The semiconductor will not be structured in our cell architecture. As a consequence the contact surface between the metallic mirror and the semiconductor is minimized, along with detrimental effects of recombination on the back surface.

The mirror is placed at the back of the device such that light has first to travel through the cell before it interacts with the mirror. This should avoid parasitic metal losses at short wavelengths. On the other side, the metal nanostructuration can result in increased metal absorption due to hot spots on metal edges. The design should also benefit from the local ohmic contact technology developed for the flat mirror ultrathin cells (see Section 5.2) and other technological features such as spacer layers to prevent the direct contact in metal/semiconductor interfaces.

General cell design and geometrical parameters

In this chapter, we study the same 120 and 220 nm-thick GaAs p-in absorbers than previously. A schematic of the entire structure with the nanostructured back mirror (NBM) is given in Figure 77. The junction is sandwiched by barrier layers to repel the minority carriers away from the n and p-doped contact zones. In all our calculations, we will consider 25 nm-thick barrier layers in Al 0.8 Ga 0.2 As. The high Al content of these layers should guarantee relatively low parasitic absorption in the front barrier (see Section 5.1.2). A silicon nitride layer of 60 nm is deposited on the cell top surface to act as a single layer anti-reflection coating.

What differs really from the flat structure previously studied is the back mirror. At the back of the cell, a layer is composed of squared metal nanostructures regularly spaced in a dielectric matrix. A flat metallic mirror ends the structure at the very rear, below the nanostructured layer. The metal being the same in the nanostructured layer and for the very last flat mirror, the ensemble of metallic parts forms a nanostructured back mirror (NBM). Interestingly, the metal nanostructures are located at the rear of the cell to avoid that the photon meet first a potentially lossy material. This should limit the parasitic absorption in the metallic mirror.

In the NBM architecture, the structuration of the metal maximizes its surface and encourages electromagnetic peaking effects that can cause increased parasitic absorption losses in the metal. Thus, silver (Ag) was chosen among other metals because of its very low absorption in the visible. For instance, a comparison with gold is given in Appendix C.

For the dielectric matrix, a material with a relatively high index is indicated to increase the diffractive effect of the grating and favor light trapping inside the absorber [START_REF] Mark | Light management for photovoltaics using high-index nanostructures[END_REF]. Crystalline titania (TiO 2 ) is a high index material used in reflection coatings. It presents a high index between 2.4 and 2.7 at λ = 800 nm following the index databases [START_REF] Palik | Handbook of Optical Constants of Solids[END_REF][START_REF] Devore | Refractive indices of rutile and sphalerite[END_REF], together with a very low absorption coefficient for wave- is defined by its geometrical parameters: the periods p x and p y in the horizontal plane and its thickness h grating , whose influence will be discussed in Section 6.2.3.

lengths greater than 400 nm. TiO 2 was thus chosen as an adequate candidate in the NBM structure. A brief comparison between this couple of materials (Ag, TiO 2 ) and other ones (particularly with gold and silica) led to lower expected performances for the ultrathin solar cells (See Appendix C.2.2).

In the following discussions, h GaAs is the thickness of the GaAs p-i-n junction (the absorber) and h grating the one of the grating, as sketched in Figure 77. The NBM is defined by its periodicity along the two horizontal axis x and y, p = p x = p y whereas the size of the squared nanostructures w is given as a linear fraction ff of the period, such that w = p x × ff. A detailed analysis of the NBM period effects on the absorption spectrum of the solar cell is given in section 6.2.2. In calculations, the indices taken into consideration here are extracted from the Johnson and Christy database for silver [START_REF] Jonhson | Optical constants of the noble metals[END_REF], Palik's database for semiconductors [START_REF] Palik | Handbook of Optical Constants of Solids[END_REF], and Devore's works for TiO 2 [START_REF] Devore | Refractive indices of rutile and sphalerite[END_REF]. Figure 78: Calculated absorption spectra in the GaAs p-i-n in the case of a flat silver mirror (dotted red line) and in the case of the silver NBM (solid red line). Total absorption is also given in the latter case (solid black line). The area between the two p-i-n absorption spectra is highlighted in red for λ 700 nm. It represents a gain in short circuit current achievable thanks to the nano-structuration of the back mirror. Increases in J th of 5.68 and 4.10 mA/cm 2 were calculated for the 120 nm and 220 nm thick absorbers, respectively.

ics M x = M y limited to 15 to save calculation time (see Appendix B) -led to consider a grating with squared nanostructures occupying half of the period p x = p y = 600 nm and w = p × ff = 300 nm. The optimal thickness of the mirror was found to be h grating = 100 nm. These best parameters were found to be the same for the two p-i-n absorbers of respective thicknesses 120 and 220 nm. For this optimal NBM, a more precise calculation of the absorption spectra was carried on for a large number of wavelengths and with an increased number of Fourier harmonics M x = M y = 25. The resulting absorption spectra for both absorber thicknesses and wavelengths between 300 and 1000 nm are plotted in Figure 78. The absorption in the GaAs p-i-n (solid red line) of the structure is distinguished from the total absorption (solid black line). We compared this result with the absorption spectrum in the GaAs p-i-n calculated for a structure with a flat mirror (dotted red line).

Whereas the absorption spectra are very similar for λ 700 nm, the presence of the grating greatly increases absorption in the GaAs p-i-n for wavelengths between λ = 740 nm and the GaAs bandgap. The NBM is responsible for an increase in J t h of 5.68 mA/cm 2 for the 120 nm-thick absorber and of 4.10 mA/cm 2 for the 220 nm-thick absorber. This leads to short circuit current densities of 22.4 mA/cm 2 and 24.9 mA/cm 2 for the respective ultrathin GaAs solar cells. These figures represent respective increases of 34% and 20% with the results obtained previously in Chapter 5 for the flat mirror. For all transferred cells, the spectra are very similar before λ = 700 nm meaning that the grating has a negligible influence. Resonances appearing after λ = 700 nm are caused by the interaction of light with the NBM structure, and evolve with its geometrical parameters.

Comparison with flat mirrors

We noticed in Figure 78 that the main difference in absorption spectra between a flat mirror and the NBM was the apparition of resonant peaks for wavelengths greater than 750 nm. As a matter of fact, the absorption is basically the same between the two mirrors at lower wavelengths. This difference in behavior is highlighted by the gray background coloring in Figure 79. The gray area corresponds to the part of the spectrum for which no influence from the nanostructured is discernible. The light is mostly absorbed in a first pass through the GaAs p-i-n and high energy photons never reach the back mirror, which has a negligible influence on their behaviors.

More specifically, we plotted in Figure 79 the absorption spectra in the GaAs p-i-n for different flat mirror designs and compared them with the one of the nanostructured. In yellow, the non-transferred semiconductor structure with the SiNx ARC is taken as a reference. The absorption decreases with increasing wavelengths. The transfer on a flat back silver mirror with the ARC gives the orange curve. We find again the result that was commented in the previous chapter: the presence of the ARC leads to attenuated Fabry-Perot resonances visible in a globally improved absorption spectrum close to double pass absorption. The pink curve corresponds to the absorption when a TiO 2 spacer layer of 100 nm (the thickness of the back grating) is added between the flat semiconductor junction and a flat silver mirror. Except from the presence of an additional Fabry-Perot resonance peak Figure 80: Layer-by-layer absorption spectra in the solar cell structure for the two absorber thicknesses. The areas between two curves filled with different colors represent the absorption in the various layers of the structure. Useful absorption in the GaAs p-i-n is highlighted in red. Areas highlighted in blue represent the absorption in the front Al 0.8 Ga 0.2 As barrier, occurring for λ 550 nm. In green, the absorption in the back barrier is almost negligible. Finally, parasitic absorption in the back mirror are represented in grayscale, with a distinction between the absorption in the nanostructured grating (true gray), and the flat silver substrate beneath (black). The short circuit current losses -calculated accordingly with the absorption in each layer for the 300-900 nm wavelength range -are given above the plots.

at λ = 800 nm, due to the new phase matching condition imposed by the TiO 2 layer, the absorption spectrum is not modified for λ 800 nm as compared with previous cases.

Absorption loss layer-by-layer

In order to assess the absorption losses inside the solar cell structure with the NBM, we plotted the absorption in each layer for structures with both absorber thicknesses in Figure 80. The absorption in a layer is represented on the graph by the area between two curves. The absorption in the GaAs is highlighted in red and features the characteristic resonance peaks between 700 and 900 nm. It occupies most of the area under the black solid line representing total absorption, indicating that most of the light is captured in the absorber and will participate to the creation of collected charges in the device. Two sources of loss remain important and are discussed thereafter: the absorption in the front barrier layer represented in blue (see caption) and the absorption in the metal of the NBM in gray.

The absorption in the front barrier prevents high energy photons to reach the p-i-n junction of the cell. For both thicknesses, it results in very comparable current losses at low wavelengths (the thicknesses of the SiNx coating and the AlGaAs barrier are the same for the two absorbers). At λ = 400 nm, the absorption in GaAs is limited to 60% of the incident photon flux because 35% of the incoming light has been absorbed by the front AlGaAs. The ratio increases in favor of parasitic absorption with the decreasing wavelength of the incoming photons. This phenomenon disappear for wavelengths greater than 520 nm, the bandgap of Al 0.8 Ga 0.2 As. Even if the number of solar photon is quite low at these wavelengths (see Figure 9b), the absorption in the front barrier represents a loss of approximately 1.3 mA/cm 2 . On the other side of the junction, the absorption in the rear barrier is almost negligible because only a very little number of high-energy photons reach that layer.

As discussed previously in Section 5.1.2, these results encourage a re-definition of the barrier structures. The front barrier should be highly transparent, with a very high bandgap material. One can think of AlInP as a slightly better material than AlGaAs, with a bandgap increased from 2.1 to 2.35 eV and the same indirect bandgap properties for composition of the lattice matched alloy with GaAs. The thickness of the front barrier could be also slightly reduced in future works. The front barrier has to fulfill very high requirements whereas more flexibility is offered on the back barrier. Therefore, its composition may be modified to improve the electrical conduction properties to the detriment of optical quality.

The other source of loss in the structure is the NBM. Silver indeed absorbs more and more light in the cell as the wavelength increases. This is partially due to the decrease of the GaAs absorption coefficient in the red part of the spectrum. This effect is emphasized by the nanostructuration, as electric field intensities can reach very high values close to the edges of the NBM shape. The use of metal parts in solar cell has been widely criticized [START_REF] Yu | Nanoparticleenhanced thin film solar cells: Metallic or dielectric nanopar-ticles?[END_REF] because of this problem of parasitic losses. But here, the impact of metal absorption is only moderate.

The absorption in p-i-n (red curve) is always very close to the total absorption (black curve) for λ 500 nm. This is also the case for the first resonance induced by the grating at λ = 740 nm. For other resonances, the differential is higher and can be related to the localization of the electric field inside the structure (see Section 6.2.1). This is notably true for the second resonant peak at 780 nm for the structure with the 120 nm-thick p-i-n. Nevertheless, on average between 300 and 900 nm, only 7% and 6% of the absorption occurs in metal for the respective 120 and 220 nm-thick absorbers.

Despite this parasitic loss, J th obtained with the NBM are much greater than for structures without grating. A compromise has thus to be found between the apparition of resonant mechanisms needed to form the broadest possible absorption spectrum and limited parasitical losses in the metal parts of the NBM.

Angular dependence of J th

In solar cells, the angular position of the cell facing the Sun modifies the power output of the system. Whereas systems working under concentration are always pointed at the Sun thanks to tracking systems, this is generally not the case for solar cells, which are oriented to the South. During a day, their power is increasing as the Sun's direction approaches normal incidence, and decreases after it has reached that point. To maximize the power output of the system, it is important that the short circuit current density does not vary to much with light incidence angle.

To predict the effects of increasing incidence, we calculated the absorption spectra of the structures at various angles from 0°to 60°a long the two symmetry axes of the structures. It is equivalent in our design to calculate the response of the cell for TM and TE polarizations. The final performance of the device is estimated by considering the arithmetic average of the two responses at each angle. This should also account for the depolarized nature of sunlight. These results are presented in Figure 81. On average, the J th obtained in our simulated structure remains fairly high for ultrathin cells as a function of the angle. Until incidence reaches 30°, the loss in current density does not exceed 1 mA/cm 2 .

(a) J th as function of incidence angle for t GaAs = 120 nm.

(b) J th as function of incidence angle for t GaAs = 220 nm.

Figure 81: Calculated short-circuit current density J th as a function of incidence angle for TM polarization in blue, TE polarization in red and their arithmetic average in purple. To limit the time of calculation, simulations have been done with M x = M y = 15 Fourier harmonics (see Section 2.1.4). Doted lines present the same calculations done for a flat back mirror.

For TM polarization (blue line), there is virtually no drop in J th between normal incidence and 60°for both absorber thicknesses. The drop in J th for the depolarized light (purple) is caused by the drop for TE polarization (red line). It is limited to a few percent until incidence reaches 30°. Between 0°and 60°for TE polarization, J th decreases by 13% and 20% for the 120 and 220 nm thick absorbers respectively. The resulting decrease in performance of the solar cell remains fairly low for these high incidence angles. Additionally, the performances of the device with the NBM are improved for all angles when compared to the respective performances for a structure with a flat mirror (dotted lines in Figure 81). This wide acceptance angle is a clear advantage of our light trapping scheme.

numerical study of resonances and nbm geometry

This section attempts to identify the resonance mechanisms at stake in ultrathin GaAs solar cells with a silver NBM. We address this issue by two different means.

First, we calculate the field intensity cross-sections on one period of the device. The localization of the electric field inside the structure informs directly on the resonance properties and the difference between field distributions enables a direct classification of the resonant modes of the structure [START_REF] Mark | Light management for photovoltaics using high-index nanostructures[END_REF][START_REF] Ferry | Modeling light trapping in nanostructured solar cells[END_REF]. As explained in Section 2.1.4, these cross sections are particularly important in photovoltaics as the carrier photo-generation rate depends directly on the field intensity.

Second, to confirm this field cross section analysis, we calculated the variations of absorption as a function of the illumination wavelength and the different geometrical parameters of the device structure. This technique has proven to provide a clear overview of the dispersion related to some resonance mechanisms and helps for their identification [START_REF] Massiot | Nanopatterned front contact for broadband absorption in ultrathin amorphous silicon solar cells[END_REF][START_REF] Zhang | Enhanced light absorption in thin-film tandem solar cells using a bottom metallic nanograting[END_REF]. These maps of absorption allow for a direct comparison with analytical models, such as the ones described below. The numerical simulation of such 3D structures being very time consuming, we will focus this study on the absorber of 120 nm only. The results however are directly applicable to the case of a thicker absorber (e.g. the 220 nm-thick absorber case), in which orders of resonance modes may change, but basic principles leading to resonances are very similar.

These two steps also give the opportunity to test different configurations of the grating and provide meaningful clues for further optimizations of the device structure. For the sake of simplicity in the following discussions, we labeled the resonances as plotted in Figure 82. Resonances below 700 nm are labeled FP-q where q is the order of the resonance mode whereas for each absorber thickness between 700 and 900 nm, letters A, B, C, and D are attributed to the four main resonances due to the presence of the metallic grating. Figure 82: Resonance labeling to ease the discussion on resonance mechanisms.

Resonance mechanisms analysis

Thanks to their typical electric field distribution, it is possible to identify the resonance mechanisms inside the solar cells with the two absorbers of 120 and 220 nm. We plotted the cross-sections of the field intensity in the device over one period of the grating and at different wavelengths in Figure 83, 84, and 85. The sections are done following the symmetry planes of the grating passing through the center of the nanostructure. We chose to present here the cross sections featuring the predominant field variations at each wavelength. As a consequence some are done along the x-axis while most of them are plotted along the y-axis, parallel to the incident H-field. On each figure, the incident polarization of light is precised with the incident field triad at the left top corner of the images.

As shown in Figure 83, the field intensity cross sections have similar patterns for wavelengths below 700 nm in the solar cells with the two GaAs absorbers of 120 and 220 nm . The electric field is mostly varying along the vertical direction, with limited lateral spatial modulation. This is the sign of vertical oscillations of the light wave inside the semiconductor stack. Typically, these resonances appear as Fabry-Perot resonances. The field is mainly located far from the back mirror, explaining the limited absorption losses observed in the metal.

At 497 nm for the 220 nm thick absorber, Figure 83c shows that the intensity of the field globally decays despite the succession of 3 intensity maxima in the GaAs layer. In the graph next to the field intensity cross-section, we compared the intensity profile in the middle of the period (red curve) with the Beer-Lambert's law for the absorption coefficient calculated with the GaAs index at 497 nm (orange exponential curve). It shows that the exponential decay which corresponds to single-pass absorption is only slightly perturbed by the FP resonance (standing wave). At higher wavelengths, and more generally for the 120 nm-thick absorber, the maxima of the field intensity are far less attenuated. Light is reflected back by the mirror into the semiconductor leading to constructive interferences in the cavity formed by the layer stack. For example for the 120 nm-thick absorber, Figure 83a shows four field intensity maxima in the TiO 2 /AlGaAs/GaAs/AlGaAs cavity, indicating a Fabry-Perot resonance of the fourth order. The resonance mechanism contributes directly to reinforce the light absorption efficiency in the device.

For longer wavelengths, the resonance mechanisms may differ between devices of different absorber thicknesses. We plotted the field intensity cross sections for each resonance A, B, C, and D in Figure 84. For the 120 nm-thick absorber, the four intensity distributions are plotted at λ = 740, 776, 806 and 852 nm in Figure 84a. Resonance A and C look very similar with intensity maxima located in and above the vertical of the TiO 2 grooves surrounding the central Ag nanos-tructure. The number of maxima differs by only one, which suggest the presence of two successive orders of the same resonance mode.

In this wavelength range, the Fabry-Perot occurring in the AlGaAs/ GaAs/AlGaAs/TiO 2 cavity without the grating is relatively weak, as it was shown in Figure 79. The presence of the grating is clearly enhancing this mechanism, with a total absorption very close to 1 for both A and C resonances. Moreover, we observe a strong field modulation along the y-axis. This suggests a coupling of incident light with a diffracted order of the metallic back grating. As the field intensity distribution shows only one maximum per period, the coupling involves only the first diffraction order with a wave-vector k ±1 y . The incident electric field E is polarized along the x-axis, indicating the propagation of a transverse electric (TE) mode in the y direction. The incident wave arriving perpendicular to the mirror is reflected in the first-order diffracted wave, with an additional lateral k-vector brought by the grating. In a ray-optics picture, the plane wave thus follows a 'broken line' with an angle θ = arcsin nk 0 k ±1 y as depicted in Figure 76. The vertical oscillations of this wave leads to the FP-like resonance in the SiN x /AlGaAs/GaAs/AlGaAs/TiO 2 cavity.

For resonance B, plotted along the x-axis, the magnetic field is parallel to the grooves, suggesting surface plasmon resonances. A clear interaction occurs between plasmons excited on the nanostructure edges and on the silver horizontal surface at the bottom of the TiO 2 grooves. It leads to a weak vertical distribution of the electric field inside the absorbing GaAs layer of the device. Accordingly, the loss in the metal -represented by the difference between the black and the red curve (total absorption vs absorption in the GaAs) in the absorption spectrum inset of Figure 84a -is more important than for other resonances as the electric field is mostly confined close to the metallic grating edges.

The electric field intensity presents both lateral and vertical spatial modulations for resonance D. This is the sign of a more complex resonance phenomenon linked to the grating. The intensity maximum is located on top of the nanostructure close to the front surface of the cell. The position of this maximum does not vary along the x-axis (not shown here). It may indicate the presence of a transverse magnetic (TM) mode. The lateral maxima are located above or in the TiO 2 grooves, following the axis of the cross section considered. Light is thus confined by the grating in this area, finally leading to the superposition observed in Figure 84a.

The interpretation of resonance mechanisms with the help of the field intensity cross-sections is almost the same in the 220 nm-thick absorber case. The four intensity cross sections for resonances A, B, C and D are respectively plotted at λ = 736, 772, 794 and 826 nm in Figure 84b. Interestingly, resonance wavelengths appear to be really close between the 120 and 220 nm-thick absorbers.

Resonance A appears as the result of a vertical oscillation of the electric field above the TiO 2 grooves of the devices in which it is confined. The phenomenon at stake is the same than for the 120 nm-thick absorber: light is coupled in the device through the first diffraction orders of the grating. Resonances B and C have intensity maxima close to the metal surface involving plasmonic coupling and interactions. Finally, resonance D looks like a superposition of a vertical mode inside the TiO 2 grooves and another vertical mode on top of the nanostructures.

Additionally for the 220 nm-thick, we plotted the field intensity cross sections for λ = 884 nm and λ = 898 nm in Figure 85. In spite of their positions above the GaAs bandgap, the absorption spectrum inset shows that for these resonances with very narrow calculated total absorption peaks, the very weak absorption in the GaAs is still greatly enhanced. With its two intensity maxima above the TiO 2 grooves in Figure 85a, the resonance at λ = 884 nm involves probably both diffraction by the grating and plasmonic interactions around the nanostructures. The resonance of Figure 85b at λ = 898 nm is particularly interesting. Field maxima are localized far from metal inside the GaAs layer with a spatial modulation only in the lateral y direction. This standing wave featuring 4 maxima, this interference pattern corresponds to the propagation of the ±2 diffracted orders in the structure. Figure 86: Calculated total absorption (1-R) as a function of the grating period and wavelength for a cell with an absorber thickness of 120 nm. The current density J tot corresponding to total absorption has been calculated for each spectrum. Its evolution is displayed on the right chart (dark line). J th is evaluated with the assumption of constant internal losses of ≈ 5 mA/cm 2 (pink line). The exact J th calulation was done for periods p = 400, 500, 600, 700 and 800 nm. The results (red cross points) are in good agreement with our estimation for the 500, 600 and 700 nm periods. The dispersion diagram is used to analyze the nature of resonances and their behavior when the grating period is modified.

Influence of the period

In order to analyze the effect of the variation of the grating period on total absorption, we calculated the specular reflection R of the device with the NBM for a period varying from 400 to 800 nm. From this calculations, we deduced the total absorption of the structure 1 -R. This avoids to calculate the absorption layer by layer, which is much more time consuming. As indicated in Appendix B, the calculation of one reflection spectrum with 20 Fourier harmonics takes 1 hour to be computed, whereas absorption in each layer requires more than 8 hours. It means that a graph such as Figure 86 required 3 entire days of calculation. For the sake of simplicity and to save calculation time we will only study the variation of absorption as a function of device geometrical parameters in the case of the 120 nm-thick absorber in the remaining of the section.

The calculations of total absorption with respect to wavelength and to the grating period results in a dispersion diagram represented in Figure 86. At first sight, it confirms that the grating does not play a role below 700 nm: the resonant modes appear vertical in this wavelength range. The effect of the grating is however obvious in the 750-900 nm wavelength range, in which various resonant modes intersect and overlap with one another. The diffraction line for p = λ, indicated by a clear break in the total absorption spectrum and high-lighted in dashed line in the figure, appears only for λ 750 nm. Figure 86 also gives the evolution of J tot as a function of the period, and highlights that the maximal value is achieved at p = 600 nm for the 120 nm thick absorber.

Figure 86 shows that for most resonances, high absorption occur at higher wavelengths when the period increases. Between p = 450 and p = 650 nm, a dip in total absorption grows, starting from λ = 650 nm and widening to the 650-700 nm wavelength range. It illustrates the relative lack of absorption in the device at λ = 700 nm for p = 600 nm. Interestingly, the dispersion map indicates that for a period of 400 nm, this gap has been partially filled by the resonance A which shifted from 740 down to 700 nm.

However, we can see in the J tot chart that the useful absorption in the GaAs is not as close to the total absorption for p = 400 nm as it was for p = 600 nm. Larger losses in the metal of the back grating are indeed expected between λ = 700 and 820 nm. The J th is thus reduced by 1.64 mA/cm 2 for p = 400 nm. The reduction of the mirror period to achieve additional resonances at lower wavelength does not appear as a successful strategy here, as the parasitic loss in the back mirror are increased.

Influence of the height of the nanostructured layer

We now study the influence of the grating thickness h grating in the NBM structure. There is indeed a compromise to find between diffraction efficiency, ensured by the deep groves of a thick grating, and the parasitic absorption in the metal, which increases when h grating or the TiO 2 cavity size are increased. The preference should go to the thinnest grating which guarantees a sufficiently high diffractive effect when reflecting light back in the semiconductor layers. We have indeed observed in Section 6.2.1 that resonant mechanisms in that cavity were directly linked to the improvements brought by the grating at the rear of the cell.

The variations of total absorption vs wavelength and the thickness of the nanostructured layer are plotted in Figure 87. Note that the total absorption spectrum at the bottom of the figure for h grating = 0 corresponds to the case of the flat silver mirror. For h grating 30 nm, the nanostructuration has a negligible effect on absorption: the grooves in silver are not deep enough.

The horizontal lines of this graph representing absorption spectra, we are looking for the ones that feature a maximum number of resonances to maximize the final current density in the device. A first interesting case occurs for h grating just below 100 nm. It confirms the nominal value of 100 nm obtained following our first optimizations. For this value, the absorption spectrum is the nominal absorption spectrum, which exhibits previous resonances A, B, C and D, and other narrow resonance between 870 and 900 nm. These resonances are only available in a very narrow range of h grating values between 80 and 120 nm, highlighting the importance of this parameter. Another favorable case occurs for h grating ≈ 235 nm. For this value, the spectrum crosses resonances at λ = 450, 490, 540, and 645 nm. For these wavelengths, the resonance mechanism is similar to the one in the first part of the nominal absorption spectrum. Total absorption at h grating ≈ 235 nm also crosses other resonances at λ = 730, 760, 820, and 840 nm. In this case, there is a very limited absorption between 850 and 900 nm, which could be detrimental to the solar cell performances.

Analytical model for FP resonances

At λ = 400 nm, the absorption peak is independent from the thickness of the grating. Specific absorption branches appear for wavelengths between 450 nm and 600 nm. At λ = 600 nm for example, we see a series of absorption maxima regularly spaced with respect to the gratin depth: A tot ≈ 1 every 110 nm for h grating = 70, 180 and 290 nm. In this wavelength range, the resonance position can be approximated by a simple Fabry-Perot model in the cavity SiN x /AlGaAs/GaAs/AlGaAs/TiO 2 , comprising the TiO 2 grooves in the back silver mirror. Each layer of the stack has a thickness h j an a refractive index n j except for the TiO 2 whose thickness is noted h grating . The Fabry-Perot resonance condition for a wave propagating vertically in the cavity is thus written:

2   h g n T iO 2 k 0 + j h j n j k 0   + ϕ = 2π q (49) 
where k 0 = 2π λ , q is the order of the Fabry-Perot mode and ϕ the phase acquired upon reflection at both ends of the cavity. Reordering Equation 49, we find the resonance for h grating as a function of λ:

h grating = λ q -ϕ 2π -2 j h j n j 2n T iO 2 (50) 
The calculated value for h grating can be directly used to find resonance positions knowing ϕ. Here we used ϕ as the only fitting parameter to obtain the fits presented as blue dashed lines on Figure 87 for q = 3, 4, 5 and 6 labeled as FP-q, and ϕ = -π/2. A remarkable accordance has been found for these four curves between the resonance positions predicted analytically and the one calculated.

Although the phase at interfaces is a function of wavelength, the variations are slow enough to consider only one value of ϕ to fit all curves properly on the 300-1000 nm spectral range. These variations explain the small shift between the fit and the resonance maxima for q values higher than 5. This confirms the analysis that was given in section 6.2.1 above for the Fabry-Perot resonant modes FP3 and FP4, for the structure with the nominal parameters.

Generalized model for grating-coupled waveguide resonances

Looking at the cross-section of the electric field intensity in Section 6.2.1, we made the assumption that resonance A and C are guided mode resonances excited by incident light coupling through the diffraction orders of the nanostructured grating.

Following this assumption, we propose an analytical model for the resonance condition. For the sake of simplicity, we take into account a single guided mode propagating in the y direction (k x = 0), excited through a diffracted order (0, m).

The x-component Ψ

T E/T M xj

of the electric (resp. magnetic) field amplitude for a TE (resp. TM) waveguide mode, can be approximated by the sum of 4 plane waves. For each propagation direction (±y, ±z), polarization TE/TM, the field amplitude in layer j is written:

Ψ T E/T M xj (y, z) = Ψ T E/T M 0xj e i ±k (m) y y±k (m) zj z . (51) 
The y-component of the wavevector k (m) y is preserved at each interface parallel to the (x, y) plane. It depends on the incident wavevector k 0 y and on the period p, according to the pseudo-periodic condition:

k (m) y = k 0 y + m 2π p . ( 52 
)
The z-component of the wavevector in each layer j is then given by:

k (m) y 2 + k (m) zj 2 = n j k 0 2 . ( 53 
)
The guided mode propagation is constrained by the boundary condition of the waveguide in the z-direction. It can be written as a phase condition involving the z-component of the wavevector, similarly to the Fabry-Perot condition written in Equation 49: the phase change after a round trip in the z-direction should be a multiple of 2π:

2   h grating k (m) z T iO2 + j h j k (m) zj   + ϕ (m) T E/T M = q2π ( 54 
)
where q is the resonance order. ϕ

T E/T M depends on the diffracted order m and polarization (TE/TM) of the waveguide mode, and accounts for the phase shifts through transmission or reflection at the various interfaces of the multi-layered waveguide. As previously, it is considered as constant in the spectral region of interest. With Equations 52, 53 and 54, the resonance condition is fully determined.

It is noteworthy that the Fabry-Perot model described in the previous section is a particular case of this generalized model for m = 0 and normal incidence (for this reason, there is no distinction between TE and TM polarization).

Resonances A and C for h GaAs = 120 nm and h grating = 100 nm are fitted with Equation 54 with q = 2 and ϕ A = -3π/4 and ϕ C = -π/4, a difference in ϕ of π/2. On Figure 87, we see the two fits plotted in dotted blue lines for λ 650 nm. The model describes remarkably well the position of the resonance and confirms the light coupling to guided modes in our device.

For the following order q = 3, similar fits are obtained and result in the favorable absorption spectrum with h grating = 235 nm. The π/2 phase shift between the two resonances at λ ≈ 730 nm and λ ≈ 760 nm still apply . Additionally, the mode obtained for a second order of diffraction m = 2 and with a phase of -π/4 is visible in Figure 87 and highlighted as a spaced dotted blue line. This ensemble of fits confirms the interpretation of TE guided modes excited by the coupling through the back nanostructured grating.

GaAs layer thickness

Figure 88 shows the variations of total absorption as a function of wavelength and of the GaAs absorber thickness between 20 and 300 nm. We can thus access information for the two nominal absorber thicknesses of 120 nm and 220 nm on the same graph. Basically all resonances are shifted to the red when GaAs is getting thicker. For instance, resonance A, at 740 nm for the nominal 120 nm GaAs thickness, shifts from λ = 680 nm for h GaAs = 90 nm to λ = 850 nm for h GaAs = 180 nm. Accordingly with previous analysis, the Fabry-Perot peaks at λ = 500 and 600 nm for h GaAs = 120 nm shift with the same slope to longer wavelengths when the GaAs thickness is increased as expected from the resonance condition. We still observe the presence of the dip in total absorption between λ = 600 and 700 nm for h GaAs = 90 nm. The variation of GaAs thickness does not suppress this effect, which shifts with its sides resonances FP1 and A. In this graph, despite a small oscillation effect due to resonance shifting, the highest J tot is given for the thickest GaAs layer.

The position of resonances A and C in the graph is well described by the model of Equation 54 in which terms are re-ordered to give h GaAs . Figure 88 has the advantage to clearly feature resonances of higher orders that were hardly identifiable in Figure 87. Plotted in spaced dotted blue lines, the fits for the second diffraction order (m = ±2) are in remarkable agreement with resonances that appear dispersive with h GaAs . It can also be pointed our that the point E highlighted on the plot correspond to the resonance whose field intensity cross-section is represented in Figure 85b. It confirms the analysis of resonance mechanism that was deduced from the field intensity variations in the device structure (coupling through ±2 diffracted orders).

Double layer anti-reflection coating

We have seen on Figure 78 that the relatively small difference between red solid lines and black solid lines for resonance between λ = 750 and λ = 900 nm was the sign of limited absorption losses in silver at the rear of the solar cells. There are consequently limited perspectives of improvement of J th in optimizing the absorption loss in the NBM. In order to further improve J th , we thus modify the front window of the cell. For instance, we substitute the single silicon nitride anti-reflection coating by the MgF 2 /ZnS double anti-reflection coating optimized in Section 5.4.

On the NBM structure for the 220 nm-thick GaAs absorber, we achieve a better index matching between air and GaAs in the front window of the cell. As seen in Figure 89 for the period p = 700 nm of the NBM, it results in the flattening of the absorption with a relative reduction of the resonant effects for wavelengths close to the GaAs bandgap. The overall absorption is improved, with an absorption in the GaAs always greater than 80% between λ = 420 nm and λ = 780 nm. We obtain J th = 25.96 mA/cm 2 . This represents an increase of 37% in J th in comparison with the current obtained for single-pass absorption with a perfect ARC and the same GaAs thickness. It also corresponds to a 4% increase when compared to the aforementioned SiN x case.

Further improvements of the front window could be tested. As stated before, the Al 0.8 Ga 0.2 As barrier could probably be beneficially replaced by a material with a higher bandgaps like AlInP. This semiconductor has been widely tested for GaAs solar cells and was proven to be the best candidate for maximizing short circuit current densities as compared with other window layers [START_REF] Van Deelen | On the development of highefficiency thin-film gaas and gainp2 cells[END_REF].

Other optimization leads concern the geometry of the back mirror. Non-squared periods, with rectangle nanostructures, could be easily tested. Asymmetric structures may present very interesting properties but their simulations would require much more calculation efforts. Other nanostructure shapes such as circles, triangles could also bring special features, especially concerning potential plasmonic resonant effects but risk to bring additional absorption loss in the back metal and require in any case a new range of more complex simulation tools.

fabrication process

The fabrication process of solar cells with a nano-structured back mirror is closely related to the one developed for flat mirror diodes and described in Section 5.3. The epitaxy is followed by the formation of localized ohmic contacts. Then, a nanostructuration step has been added before metal deposition in order to fabricate the NBM. The cell is then transferred onto a glass substrate and the GaAs wafer serving for growth is removed. Finally, cylindrical cells of different diameters from 1 mm to 150 µm are isolated on the sample by mesa etching. The entire process is summarized in these 6 steps in Figure 90.

The final transferred cell architecture is described in Figure 90g. In a bottom-up description, the glass substrate has been chosen for host, on which the rear of the sample, covered by the silver metal, has been glued by a polymer resist (dark orange). The silver mirror (gray) occupies the entire back surface area of the semiconductor stack. Connected to the semiconductor junction through ohmic localized back contacts (composed of a doped GaAs contact layer in light orange and a NiGeAu alloy in pink), the silver layer serves as common contact for all the cells of the sample. The interface between silver and the semiconductor is nanostructured by NIL, resulting in a continuous TiO 2 layer containing squared silver nanostructures. The semiconductor stack (yellow) remains flat during the entire process. Circular TiAu pads are then deposited on top of the p-doped GaAs contact layer to form ohmic front contacts (dark pink on light orange). Cylindrical cells of various sizes are defined by UV lithography, and isolated by mesa etching until the intrinsic GaAs layer is reached, eliminating the doped layers on top of the stack. Finally, a single layer ARC in silicon nitride (SiNx) is deposited on the entire sample surface.

Nano-imprint lithography

To fabricate the Nanostructured Back Mirror, we use Nano-Imprint Lithography (NIL). NIL is a very powerful technique to structure lay- Figure 90g represents a schematic cross section of the final ultrathin nanostructured GaAs solar cell. The mesa etched diode (yellow) is transferred on a nanostructured back mirror in TiO 2 /Ag (dark blue/gray). Circular TiAu contacts with the p-GaAs contact layer (dark pink and light orange) are on top of the mesa, very close to the diode edges. Localized NiGeAu ohmic back contacts on the n-GaAs contact layer (pink and light orange) are not necessarily aligned with the diode. They connect the n-doped region of the device with the Ag back mirror, acting as a common contact for all cells on the sample. A final SiNx ARC (light blue) has been deposited on top of the cell. The entire device is bonded to a glass substrate thanks to a polymer glue (dark orange).

ers at the nanoscale on large surface areas (>cm 2 ) with remarkable uniformity and reproducibility. It relies on the properties of specific resists able to change from liquid to solid forms. After spin coating, a mold embosses the resist to pattern it. After solidification by chemical or physical process, the resist forms a structured layer. In photovoltaics, NIL was used to pattern window layers or ZnO electrodes, but also as a mask for metal nanostructure deposition [START_REF] Spinelli | Plasmonic light trapping in thin-film si solar cells[END_REF][START_REF] Brendel | Sol-gel coatings for light trapping in crystalline thin film silicon solar cells[END_REF][START_REF] Maurits | Embossing of light trapping patterns in sol-gel coatings for thin film silicon solar cells[END_REF][START_REF] Battaglia | Nanomoulding of transparent zinc oxide electrodes for efficient light trapping in solar cells[END_REF]. The technique is especially interesting because of its rapidity, the re-use of the flexible mold making it cheap, and its potential scalability -as the dimensions of imprinted surfaces depend only on the surface of the mold -and its integration into roll-to-roll processes [START_REF] Kooy | A review of roll-to-roll nanoimprint lithography[END_REF].

In this thesis, we used a specific technique developed at LPN [START_REF] Cattoni | λ 3 /1000 plasmonic nanocavities for biosensing fabricated by soft uv nano-imprint lithography[END_REF][START_REF] Cattoni | Soft uv-nil at 20 nm scale using flexible bi-layer stamp casted on hsq master mold[END_REF]. A first master mold in Si is fabricated by e-beam lithography and reactive ion etching. From this expensive master mold, a series of cheap replicated flexible molds can be created. This prevents damaging the master during NIL steps and makes the process cost competitive with conventional structuration techniques. These stamps are made of polymers, and their flexibility is an asset to ensure contact with the substrates to pattern, even if they are curved or flexible themselves, as well as the nondestructive release from patterned structures. (Poly)dimethylsiloxane (PDMS) is a material of choice to guarantee this flexibility properties. However, its softness limits resolution, and can cause distortion or deformations in the replicated patterns. These problems have been resolved by the use of an improved hard-PDMS/PDMS stamp design. First, a layer of hard PDMS is spin coated and degassed on the master mold. A second thicker layer of conventional PDMS is then poured onto the hard PDMS layer and the stamp is cured on the master mold at 60°Cduring several days. The resulting double-layer stamp has the flexible properties of the conventional PDMS layer whereas the hard-PDMS allows for the replication of very dense nanopatterns with a very high accuracy.

In our process, we pattern a TiO 2 sol-gel layer and then deposit silver inside an array of nano-holes to form our NBM: an array of silver nanostructures embedded in TiO 2 on top of a flat silver mirror. A meso-porous TiO 2 sol-gel is obtained by mixing 4 g of EtOH, 1 g of Ti5E (Ti5E=1M TiCl 4 +5M EtOH), 0.4 g of H 2 O and 25 mg of surfactant F127. The solution is spin-coated at 2000 rpm during 1 minute on the AlGaAs surface with localized contacts to form a layer with a thickness around 50 nm. Spinning conditions, as well as composition parameters can be tuned to modify the TiO 2 material quality. For instance, surfactant concentration directly plays a role on the porosity of the final gel [START_REF] Bass | Pyrolysis, crystallization, and sintering of mesostructured titania thin films assessed by in situ thermal ellipsometry[END_REF]. The addition of up to 0.4 g of HCl (37% commercial concentration) can also be added to play on the shape and final edges of the nanostructures. The spin-coating is immediately followed by the nano-imprinting itself, described by Figure 90c. The double layer PDMS mold is set down on the sample surface and transfers the grating pattern in the plastic TiO 2 layer. In our case, we used a mold of squared nanostructures with five different period of 400, 500, 600, 700 and 800 nm. A prior degassing of the mold favors the conformal contact of the mold with the substrate. Gel formation occurs simultaneously as the ethanol contained in the spin coated solution evaporates. Titanium chloride then reacts with water to form TiO 2 chains. To complete gel formation, and remove any remaining solvent in the meso-porous TiO 2 , the sample and the mold are annealed together at 100 • C during 5 minutes. The flexible mold is then removed, leaving a 100 nm thick TiO 2 nano-imprinted layer with nano-holes arranged periodically on the AlGaAs surface, as displayed in Figure 91. We transposed onto our sample the five nanostructured zones with the different periods of the patterns. In inset of Figure 91, these zones diffract light at different angles what results in the observed specific colors. The surface is very regular and ready for metal deposition. This nano-structuring technique is compatible with the use of localized ohmic back contact. Similarly than in the previously described fabrication process for samples with a flat metallic back mirror, the contact on the n-side of the junction as a height corresponding to the GaAs contact layer and the NiGeAu deposition. It means local contacts are overhanging the wafer surface by roughly 500 nm (see 5.2).

Such asperities, as well as defects may constitute obstacles during sol-gel deposition and nano-imprinting. The PDMS flexible mold indeed rests on the top of the contact and fails to level the sol-gel close to the contact pattern. If well imprinted, the thickness of the titania close to the contacts can reach 300 nm. Nevertheless, we evaluated from SEM measurements that the nominal thickness of ≈ 100 nm was found again 10 µm away from the overhanging localized contact. A longer mold pumping also favors a rapid decrease of the thickness to its nominal value around contacting areas. This distance remains small as compared with the distance between two consecutive contacts, which was 400 µm for our solar cells. Most of the back surface of the cell is thus coated with the nominal grating thickness.

NIL has also the advantage to induce a residual TiO 2 layer between the metallic mirror and the AlGaAs surface in our case. Whereas this residual layer is generally removed by Reactive Ion Etching (RIE), we keep it on purpose here. The presence of this layer prevents the contact between semiconductor and metal and can avoid silver diffusion or the formation of undesired recombination centers.

Mirror deposition and transfer

Right after nano-imprinting, a dip in diluted HF removes the TiO 2 on a small band outside the nanostructured zone. This allows for the contact between the back mirror and each of the ohmic contact stripes. We then deposit 200 nm of silver by e-beam assisted evaporation to form the metallic back mirror. A wetting layer of germanium islands of ≈ 5 Å is used on the TiO 2 to improve adhesion. To guarantee the conformal deposition of the mirror inside the nano-holes of the titania, the sample holder is rotated slowly with an angle of 10°. An additional 40 nm-thick Cr layer is added on top of the silver to be used as a corrosion barrier avoiding mirror ageing, and favor again the adhesion between the polymer and the mirror during the following gluing process. As seen in the different SEM images of Figure 92, this results in a conformal silver NBM on the AlGaAs n-doped barrier.

The structure is then bonded to a glass substrate with a UV sensitive polymer glue. The glue is spin-coated on the metalized surface of the sample which is then deposited on a glass slab. Heating the glass to a temperature of around 150 • C helps thinning the polymer and avoids a detrimental bubble formation. The glue is hardened by UV reticulation during more than 20 minutes. This transfer step is a critical step as the cell flatness -despite the non flat contacting scheme and mirror -contributes to the electrical efficiency of the cell in avoiding parasitic recombinations. It is also necessary to keep a flat sample surface for the following fabrication steps such as the photo-lithography of the front contacts and mesaisolation of solar cells from one another.

After bonding, the fabrication process remains the same than in the flat mirror case in Section 5.3. Sample sides are protected with wax to avoid any under-etching of the solar cell structure. The GaAs substrate serving for growth is removed by chemical etching. The etch-stop AlGaAs layer is then removed in a diluted HF solution and cells are finalized by TiAu contact deposition and diode isolation, to prevent crosstalk between cells. In that purpose, we only etched the front doped layers, as lateral transport does not occur in the intrinsic GaAs region. 

Final samples

We realized a cleavage of a sample with a 220 nm GaAs p-i-n to image a cross section of a fabricated cell. In the corresponding SEM picture (Figure 93), the different metallic and semiconductor layers are clearly identifiable. In blue, we highlighted the nanostructured titania layer deposited at the back of the semiconductor stack (yellow). A lighter stripe appears in the picture but should not be linked to material properties; it is probably due to the interactions between back-scattered electrons and the edge of the defect observed on the left top corner of the semiconductor layers while SEM was scanning. On top of the semiconductor, a thin coating of SiN x (nominal thickness 60 nm) has been colored in green. The silver mirror appears in grayscale under the nano-imprinted TiO 2 . The image confirms the conformal deposition completely inside the nanohole array. We probably see the Cr 40 nm-thick layer as the very bright interface between the mirror and the polymer, colored in pink. The polymer appears very clear due to a charge effect as the layer is not conducting. Its thickness is typically less than 100 nm. The glue perfectly fills the gaps between the flat glass substrate and the nanostructured mirror, thus ensuring the flatness of the final device.

From that picture, we can examine the differences between the nominal structure and the calculated one. This gives important indications on the comparison between measured and calculated absorption spectra. The grating grooves are not as perpendicular as they were calculated. It limits the effect of sharp edges that results in strongermetal absorption due to plasmonic resonance close to the metal surface. The rounding effect should limit the parasitical loss in the grating. However it modifies slightly the effective width of a nanostructure, what may result in small differences between exact calculations and experimental measurements.

As expected, a residual layer of a few nanometers between the metal nanostructure results from the nano-imprinting process. The thickness of the nanostructured layer is not exactly equal to the nominal value targeted for h grating . Here, we see that the blue sol-gel titania thickness is 90 nm thick, what remains very close to the 100 nm target. These differences between the nominal calculated structure and the fabricated one may be used to fit the absorption and EQE measurements obtained on this device.

Figure 94 shows the pictures of the samples surfaces at the end of the fabrication process. According to the patterns of the NIL mold, we find the five distinct zones with the different periods of 400, 500, 600, 700 and 800 nm. In each of these zones, the linear fill factor is 50%. For these nanostructured patterns, the surface of the cell appears darker than the rest of the sample. It is the sign of improved absorption within the nanostructured zone.

For the 120 nm-thick absorber case in Figure 94a, we can identify the back contact stripes, appearing red in the green surface where TiO 2 was deposited on the back surface (whereas they appear green in the reddish surface of the sample with t GaAs = 220 nm but they are much hardly distinguishable). The part where TiO 2 was removed to take contact between silver and ohmic contact stripes appear red at the bottom of the figure (respectively for the 220 nm absorber, this zone appears uniform and is colored green in the top of Figure 94b). Both samples thus offer the possibility to compare solar cells with different back mirrors but having encountered the same processing steps.

Improvements to the fabrication process

In order to enhance the device performances, we intend to improve the fabrication process for future nanostructured solar cells. Several leads are under investigation to do so.

The ohmic contacting grid at the back of the cell consisted in NiGeAu stripes of 20 µm every 400 µm on the back surface. The charges produced in the cell halfway between two contacts have at least 200 µm Areas with red stripes correspond to regions where the mirror was deposited directly onto the semiconductor structure. In these regions, the cell behave as the ones described in Chapter 5. Five nanostructured areas are highlighted with black dots. The different densities of dots represents the variation of period of the nanostructured pattern. The period of the NBM varies indeed by 100 nm steps from 400 (high density) to 800 nm (low density). On remaining areas, a layer of TiO 2 sol-gel of a few tens of nm separates the semiconductor layers from the silver mirror. For t GaAs Localized ohmic back contact stripes are visible as the reflection of light differs onto these contacts and the silver back mirror.

to travel to reach the back contact. This transport is achieved through doped layers of GaAs and AlGaAs, in which mobility is limited. Reducing the carrier path in those layers could potentially lead to reduced series resistance in the cell.

To address this issue, we propose the use of 2D patterns for localized ohmic back contacts. The ohmic contacts will be deposited as micrometer sized metallic squares on the back surface. Each of this local contacts will be smaller but closer to one another than the stripes were on the earlier samples. A RIE cleaning step will remove any imprinted TiO 2 on top of the localized NiGeAu micro-contacts after NIL steps. This will guarantee a good contact with the Ag mirror common to all cells in the final device, and avoid relying on the previous stripes to act as bus bars as well as removing large surfaces of TiO 2 with a diluted HF solution.

Another advantage of this new contacting scheme is to free a larger surface for the mirror at the back of the cell. This should reinforce the optical effects of the NBM in the cells. Squared ohmic localized contacts of 10 µm periodically arranged every 100 µm in each directions would indeed occupy only 1% of the back surface while linear stripes occupied 5%.

In parallel with this new localized contacts, the epitaxy has been reconsidered to offer better lateral transport at the extremities of the GaAs p-i-n junction. As the mobility is much lower in the AlGaAs barrier than in GaAs, electron transport is supposed to be ensured by the n-doped GaAs layer of the p-i-n. The thickness of this layer will be increased to improve lateral conductivity. All together, these measures should provide better charge collection in the cells with a NBM and limit the effect of series resistance and potential charge traps.

Besides these electrical improvements, we noticed the importance of having a high index dielectric in the NBM design to achieve the most efficient light trapping effects. Therefore, we are currently examining the possibility to anneal the TiO 2 nano-imprinted gel before the contacts or Ag mirror depositions to avoid any metal diffusion issues. The annealing of the gel indeed increases its optical index and crystallization [START_REF] Bass | Pyrolysis, crystallization, and sintering of mesostructured titania thin films assessed by in situ thermal ellipsometry[END_REF]. A good control of the gel index through temperature treatment may become an asset for future solar cells with a nano-imprinted metallic NBM.

6.4 experimental record J sc in nanostructured ultrathin gaas solar cells

Spectral response

Opto-electrical characterizations of the fabricated solar cells was carried out through reflection (R) and external quantum efficiency (EQE) measurements. Figure 95 shows the spectral response (EQE and total absorption 1-R) measured on both samples (h GaAs = 120 nm and h GaAs = 220 nm) for different periods of the NBM. Measurements have been carried on for diodes with various diameters of 1 mm, 800 µm, 600 µm, 400 µm and 300 µm. On the same nano-imprinted pattern, the dispersion of spectral measurements with respect to the diode size is not significant. In the following, results are presented on the 2 bigger diode sizes (1 mm and 800 µm in diameter).

Figure 95 allows for a direct comparison of absorption and EQE between cells with a silver NBM (subfigures (c-l)) and cells with a flat mirror with a TiO 2 spacer (subfigures (a-b)). The TiO 2 spacer results from the spin-coating of the sol-gel on the entire back surface of the sample, where only a part of the substrate area was effectively nanoimprinted. We see in Figure 95a and 95b that the presence of the TiO 2 does not modify fundamentally the response of the cell as compared to the silver flat mirror deposited directly on the semiconductor stack (see Figure 68). The EQE shape remains close to double-pass absorption with additional attenuated Fabry-Perot resonances. The spacer offers an additional degree of freedom to modify the position of resonance peaks, which could lead to a slight enhancement of the cell performances.

In comparison, total absorption is enhanced in solar cells with a silver NBM. For all periods, the nanostructured cells fulfill the crit-ical coupling condition with a nearly perfect absorption peak close to λ = 700 nm. This results in a broader absorption spectrum and EQE in the 400-700 nm wavelength range. As expected in numerical calculations, the presence of the nanostructured grating also induces the apparition of additional absorption peaks for λ 700 nm. These resonances lead to direct EQE enhancements between λ = 800 and 850 nm, especially visible in Figures 95c,95d, 95e, 95f and 95g (p=400-600 nm).

For larger periods, the EQE seems impacted by collection efficiency issues leading to poorer improvements, despite a very broad total absorption spectrum. This effect is directly translated by a decrease in the internal Quantum Efficiency of the devices. It is possible to derive the IQE from total absorption and EQE measurements as in Chapter 5 with Equation 9. Figure 96 presents the IQE spectra for the cells with the grating periods p = 500 nm and p = 700 nm. Figure 96a and 96b show that the nanostructuration and transfer in the fabrication process are responsible for a decrease of around 10% in IQE in comparison with the case of a flat mirror (see Figure 69). Nevertheless, the IQE is relatively flat and does not decrease excessively between λ = 700 and 900 nm. It indicates limited parasitic absorption by the metallic grating responsible for resonances. One can note the presence of an IQE peak in Figure 96a at λ = 800 nm because the total absorption is limited at this wavelength.

In Figures 96c and96d for the gratings with a period p = 700 nm, the IQE is limited to 50% and 60% for the 120 and 220 nm-thick absorbers respectively. Interestingly, this limitation occurs at low wavelengths, and not specifically for resonance related to the NBM. The presence of a peak in IQE close to 800 nm in Figure 96c would indeed argue in favor of a good collection efficiency and reinforces the idea of a limited parasitic effect of the nanostructured metal on electrical properties of the cell. The drop in EQE at low wavelengths was consequently attributed to increased parasitic absorption due to a damaged zone of the sample. This hypothesis will have to be tested in future works but does not appear to be the cause of permanent failures when we see that nanostructured cells have a V oc close to the ones of non-transferred cells or cells transferred on a flat back mirror.

We tried to fit all measurement data with new calculations to analyze and consider the potential deviations in the geometry of the fabricated nanostructured cells with the nominal structure described at the beginning of the chapter. We were particularly interested in the differences that can be observed between absorption spectra calculated in Section 6.2.2 and the ones effectively measured on our samples. We performed fitting calculations corresponding to 2 different (e) h GaAs = 120 nm and Ag/TiO 2 NBM with p = 500 nm.

(f) h GaAs = 220 nm and Ag/TiO 2 NBM with p = 500 nm.

(g) h GaAs = 120 nm and Ag/TiO 2 NBM with p = 600 nm.

(h) h GaAs = 220 nm and Ag/TiO 2 NBM with p = 600 nm.

(i) h GaAs = 120 nm and Ag/TiO 2 NBM with p = 700 nm.

(j) h GaAs = 220 nm and Ag/TiO 2 NBM with p = 700 nm.

(k) h GaAs = 120 nm and Ag/TiO 2 NBM with p = 800 nm.

(l) h GaAs = 220 nm and Ag/TiO 2 NBM with p = 800 nm.

Figure 95: Measured EQE (solid red line) and measured total absorption (1-R) (solid black line) for solar cells with a TiO 2 spacer layer and with gratings of different periods p varying by 100 nm steps from 400 nm to 800 nm. We compare these two curves with calculated absorption in GaAs p-i-n (dotted red) and calculated total absorption (dotted black) for the fabricated NBM architectures (h grating = 90 nm with a residual TiO 2 layer of 10 nm). In the case of the flat mirror with a TiO 2 spacer, the calculations fit the measurements for h T iO 2 = 30 nm. steps at the end of the fabrication process: one before the SiNx ARC deposition and one after.

After the SiNx deposition, we obtain very good agreement between measurements and calculations for different geometrical parameters than the nominal ones. The best match was achieved for a grating thickness of 40 nm and a residual TiO 2 layer of 10 nm. Results of these calculations are given in Appendix C. Based on this difference between the expected thickness of the nanostructured layer and its fitted value, we supposed that the fabrication process was not optimized to obtain the nominal structure properly.

Unexpectedly, the SEM cross-section picture taken at the end of all experimental measurements and given as Figure 93 revealed that there was no big difference between the effective nanostructured layer thickness and the nominal value used in the first calculations. The thickness of the grating was established to be closer to 90 nm than 40 nm. As another assumption, we know that the refractive index of the sol-gel deposited TiO 2 is usually low in comparison with the index of crystalline titanium oxide that can be deposited by sputtering or at relatively high temperature with PECVD. This is partly due to the porosity of the gel after the solvent has completely dried out. We thus calculated the detailed absorption spectra for all periods considering a grating with a thickness of 90 nm and a residual TiO 2 layer of 10 nm. Additionally, the porosity of sol-gel deposited layers usually reduce their refractive index [START_REF] Bass | Pyrolysis, crystallization, and sintering of mesostructured titania thin films assessed by in situ thermal ellipsometry[END_REF]. Here, we multiplied the index found in reference [START_REF] Devore | Refractive indices of rutile and sphalerite[END_REF] by a porosity factor ρ = 0.75 to take into account the specific fabrication of our TiO 2 layer by NIL. In these conditions, the index of the sol gel layer is close to 2.1 at λ = 800 nm.

For this values for the TiO 2 optical index, we obtain very good agreement with the measured data, both for absorption in GaAs (compared with EQE) and total absorption. These fits are presented for all grating periods as dotted lines along with EQE and absorption measurements in Figure 95. The number of resonances observable is the same between measurements and calculations, although the spectral position of the peaks is sometimes different. One can for instance notice the very good agreement achieved for Figure 95c, 95f and 95h in which resonances occur at the same wavelengths. This proves the very good compliance between the fabricated nanostructured cells and the nominal device structure.

However the experimental curves appear with smoother variations, notably for the EQE. This is not only due to the spectral resolutions of the measurement setup (≈ 10 nm for EQEs). In comparison with calculations that were performed in section 6.2.2, we see a narrowing and an attenuation of the resonance peaks after λ = 700 nm for the absorption spectra calculated with the new set of parameters. If we compare the results from these simulations with the ones that were done for nominal structures, we do not obtain a J th decrease. The main effect is a shift of resonances, leading to very close current densities: J th = 22.6 and 24.9 mA/cm 2 for the fits instead of 22.4 and 24.9 mA/cm 2 for the nominal structure.

With hindsight, we know that the first model we used to fit absorption data before SiNx deposition with a grating thickness of 40 nm was wrong, despite the very good results at the end of the fitting procedure. We can conclude that in our case, the reduction of the index value for TiO 2 is basically equivalent to a reduction in thickness of the grating. This translates directly a reduced diffraction efficiency of the grating, and stress out the idea that management of the sol-gel TiO 2 is crucial for further improvements of the structure.

For each cell, we extracted the experimental short circuit current density J sc from the EQE measurement. count all the results measured in the same area. We achieve J sc = 22.81 mA/cm 2 for the best cell with a 220 nm-thick GaAs absorber (p = 500 nm), and J sc = 17.52 mA/cm 2 for the best cell with a 120 nm-thick GaAs absorber (p = 400 nm). These highest values are not measured for the nominal thickness p = 600 nm mainly due to the drop of IQE for some grating periods in the fabricated samples. The difference of refractive index between calculations and fabrication for the nano-imprinted TiO 2 layer may also be responsible for better performances at lower periods. The comparison between the best and average J sc gives an idea on the dispersion of measurements on a sample. Average values goes from slightly lower values than records to a couple of mA/cm 2 lower than the best value, in the range of best values achieved for solar cells with a flat mirror.

IV characteristics under illumination

We use 1-sun like IV measurements -the setup and measurement procedures are described in Appendix A -to estimate the performances of our nanostructured solar cells under 1 sun illumination. Figure 97 shows the typical J-V curves obtained on the two samples with absorbers of 120 and 220 nm, respectively. We extracted the values of V oc , FF and estimated the efficiency η from these curves.

We achieve a V oc of 820 mV for the sample with a 120 nm thick absorber. This value is relatively close to the one obtained for cells transferred on flat mirror and indicate a successful nano-imprinting and transfer process. The V oc achieved in the case of the 220 nm-thick absorber is however reduced to 705 mV. This value is very far from what could be expected with respect to the values achieved in previous transfers. The electrical properties of the cell are clearly impacted by the fabrication process. This concords well with a careful examination of the sample surface. Indeed, a brief analysis of Figure 94b reveals the presence of bubbles that were formed in the glue during the bonding of the cell on its host substrate. Although not all the cells are impacted, the process is likely to lead to the presence of micro-cracks in the GaAs layer, detrimental to electrical performances. A longer annealing or degassing of the polymer glue will improve this part of the process and should lead cells with a V oc overcoming easily the 800 mV.

A FF of 72% is achieved for the two samples. This value is 14% lower than state of the art solar cells. The shunt resistance R p does not impact the FF as the J-V curves are flat for a bias close to 0 V. A reduction of the series resistance R s would lead to an increase of FF.

Next section analyzes the reasons for such low V oc and try to discriminate between V oc , R s or even J sc on the overall efficiency of the nanostructured ultrathin cells. In spite of these problems, the efficiency of the nanostructured GaAs solar cells presented here overcomes 10% for both samples. This represents a first promising step towards the achievement of future high efficient ultrathin devices.

Analysis of electrical performances

The J sc could be slightly improved by optimizing the fabrication process but the overall efficiencies are mainly limited by the low V oc and FF. In order to study the origin of these poor electrical performances, we analyze the dark I-V curves obtained for the 120 and The overall current is the result of the two contributions of an ideal (ideality n = 1) and a 'recombination' (ideality n = 2) diodes. For V < 0.8 V, the contribution of the 'recombination' diode dominates. For V > 0.8 V, the ideal diode could dominate, but the current is limited by the series resistance R s . Unlike the record Alta Devices GaAs solar cell, we do not observe the change of slope of the I-V curve related to the switch from a dominant recombination diode to a dominant ideal diode.

Yet, the resistance R s is not the limiting factor. Series resistances have been measured on each diode on each sample. Independently form their size or the period of the NBM, they are ranging from 0.1 to 1.2 Ω • cm 2 for the 120 nm-thick absorber, and from 0.4 to 4 Ω • cm 2 for the 220 nm-thick one. This corresponds to usual values achieved with GaAs solar cells. For the sake of comparison, Liang et al. reported a series resistance of 3.9 Ω • cm 2 in solar cells [START_REF] Liang | High-efficiency nanostructured window gaas solar cells[END_REF]. As another example, the series resistance of the record Alta Devices GaAs solar cell can be estimated of the order of 0.1 Ωcm 2 . Thus, the values we achieve are satisfactory in regard with the state-of-the-art. Interestingly however, it can be noted that resistances are higher in the case of the thicker layer. In parallel, the values we achieve experimentally for shunt resistances are much higher than what can be found on the literature (1 × 10 4 Ω • cm 2 in reference [START_REF] Liang | High-efficiency nanostructured window gaas solar cells[END_REF]). Even though the fit does not allow for a precise assessment of R p , its shows that it has virtually no effect on the electrical response of the cells.

What differs significantly between our cells and the state-of-the-art GaAs cells are the dark current values for the recombination diode with the ideality of 2. Our measurement (J 02 =4.67 × 10 -7 mA/cm 2 ) and the one carried on the Alta Devices cell (J 02 =1 × 10 -12 mA/cm 2 ) differ by at least five orders of magnitude. In the two diode model, this explains the limited importance of the ideal diode (n = 1) whose contribution is never dominating the I-V characteristic. As a consequence and unlike in Alta Devices case, the V oc in our cells is much lower than the record value (1.15 V). We may wonder about the fact that V oc is driven or not by J 02 or J 01 as it is very close from 0.8 V, as measured in our cells. With the values from the fits, this value can be calculated with:

V oc = nkT q ln J sc J dark + 1 ≈ 2kT q ln J sc J 02 or kT q ln J sc J 01 (55) 
It gives expected V oc at 0.883 and 0.782 V considering J 01 for the 120 and 220 nm-thick absorbers, and respectively 0.915 and 0.847 V considering J 02 . By supposing that J 01 drives the V oc , we achieved our highest experimental V oc 60 mV below what is calculated with Equation 55. Considering J 02 , the experimental V oc values are much lower compared with the calculated values. The high saturation current J 01 and J 02 appear as the factor limiting our cells V oc and efficiencies.

An additional study as function of diode size was carried on, similarly to what was done for samples with a flat mirror in section 5.5.4. This could have led to the identification of specific recombination mechanisms on the edges or surfaces of the nanostructured solar cells but we did not observe any notable evolution in the short circuit densities with the respect to the diode size. This supports the view that most of the dark current comes from volumic recombinations or are due to the fabrication process more than a passivation problem on diode edges.

The V oc should improve first with a special care paid to the bonding process, but also with the reduction of the defect density observed in our epitaxy (see section 2.2.2). In addition, the series resistance will decrease as the lateral transport in the cell will improve with a thicker doped GaAs layers in the p-i-n junction. This could nevertheless results in a higher defect density in the absorber (parasitic absorption and recombinations) or in a lower shunt resistance.

conclusion

We have studied the optical absorption in ultrathin solar cells with a nanostructured back mirror. More particularly, a study of resonance mechanisms and variations of absorption with grating's geometrical parameters leads to the optimization of the light trapping scheme and evidence the coupling of incident light to guided modes in the device. The NBM original approach leads to improvements in short circuit current densities of 5.68 and 4.1 mA/cm 2 respectively for the 120 and 220 nm thick absorbers with respect to the flat silver mirror case. We obtained J th = 22.4 mA/cm 2 for h GaAs = 120 nm and J th = 24.9 mA/cm 2 for h GaAs = 220 nm. With a specific care paid to the ARC, a new numerical record is demonstrated for flat ultrathin solar cell junctions: a J th close to 26 mA/cm 2 for a 220 nm-thick GaAs absorber has been calculated.

These very high values should be compared to current density records in the literature, tabulated in the benchmark presented in section 2.4.3.4. The best short circuit density reported for 100 nm of GaAs is 18.14 mA/cm 2 , calculated for a GaAs layer surmounted by a grating of SiO 2 nanospheres [START_REF] Grandidier | Gallium arsenide solar cell absorption enhancement using whispering gallery modes of dielectric nanospheres[END_REF]. Our numerical result in the 120 nm absorber case represents an increase by 20% in comparison with this J th .

For 220 nm of GaAs, we show J th values 32% higher than the one obtained for single-pass absorption with a perfect anti-reflection coating. Our J th is lower than in a recent theoretical work on GaAs photonic crystals which predicts 28.8 mA/cm 2 for an array of 5 µm-long tapered nanocones [132]. In that case, the Lambertian limit for light trapping is overcome for an average thickness of GaAs equivalent to a 200 nm-thick slab. However, losses are not considered in this work: the mirror used in the simulations is considered perfect and the design does not correspond to a realistic solar cell. Particularly, there are no window layers and the surface offered by the nanostructured GaAs are likely to maximize surface recombinations.

Using Nano-Imprint Lithography (NIL), we have fabricated transferred ultrathin GaAs solar cells with a nanostructured silver back mirror. Short circuit current densities of 17.76 and 22.81 mA/cm 2 were measured experimentally for 120 and 220 nm-thick absorbers respectively. These are the highest current densities that have been measured for ultrathin GaAs solar cells.

Thanks to the silver NBM, we break the records established in the previous chapter for cells with a flat back mirror. These J sc are respectively 27% and 23% higher for the 120 and 220 nm-thick absorber than the ones obtained considering single-pass absorption in such ultrathin layers. In the closest experimental work, Yang et al. obtained J sc = 24.5 mA/cm 2 with a 300 nm-thick GaAs absorber [START_REF] Yang | Ultra-thin gaas single-junction solar cells integrated with a reflective back scattering layer[END_REF]. In com-parison, we achieved a J sc which is only 7% lower with an absorber of 220 nm.

The state-of-the-art results that we achieved prove the potential of nanostructured ultrathin GaAs solar cells in the competitive world of solar cells. If we combine the best V oc and FF of the literature with the J sc that have been measured on our cells, the potential efficiency of devices as thin as 220 nm reach the efficiency range of 20-25%.

Whereas the optimization of the device structure through numerical study is still going on, we proposed several improvements to the fabrication process which should lead to very promising efficiencies and new records in a close future. New 2D localized ohmic contact geometries should improve charge collection in our cells. Combined improvements on material quality and on the fabrication process should lead to higher conversion efficiencies.

summary

We propose the use of a nanostructured silver back mirror as light trapping scheme for ultrathin GaAs solar cells. The grating couples incident light to guided modes in the device. Numerical simulations show that J sc as high as 26 mA/cm 2 can be achieved in a 220 nm-thick GaAs absorber with a double layer ARC and a NBM with optimized geometrical parameters.

A fabrication process based on nano-imprint lithography has been developed. It leads to nanostructured ultrathin solar cells with experimental efficiencies greater than 10% and measured short circuit currents of 17.76 and 22.81 mA/cm 2 for 120 and 220 nm-thick GaAs absorbers respectively.

C O N C L U S I O N S & P E R S P E C T I V E S

The use of thinner absorbers may result in competitive advantages in the photovoltaic industry, and partially solve the challenge of material scarcity for the TW scale development of thin-film PV. This is a critical asset to guarantee the development of low cost solar cells.

In this thesis, we have shown that light can be efficiently absorbed in very small volumes of semiconductor. To explore the frontiers of solar energy conversion in ultrathin devices, we studied a GaAs absorber with an ultimate thickness of 25 nm. We proposed a multiresonant broadband super-absorber design in which this layer is transferred onto a back mirror. Thanks to a metallic nanogrid combined with an ARC on top of the structure, the average total absorption exceeds 80% over the 450-850 nm wavelength range with limited parasitic absorption losses. This leads to theoretical short-circuit current densities of 21.6 mA/cm 2 , a value which corresponds to single-pass absorption in a 320 nm-thick slab of GaAs.

We also designed complete solar cell architectures in which the absorbers are two GaAs p-i-n junctions of 120 and 220 nm. First, we combined a highly reflective back mirror with localized ohmic contacts. We have shown that the transfer of these solar cell on the silver mirror led to vertical Fabry-Perot resonances in the absorber. The addition of an optimized anti-reflection coating resulted in absorption enhancements and measured J sc of 16.3 mA/cm 2 and 20.7 mA/cm 2 for absorber thicknesses of 120 and 220 nm. These values are above the single-pass absorption limit by 16% and 12% respectively.

Further enhancement of absorption by multi-resonant light trapping was achieved by nanostructuring the metallic back mirror. This brings additional resonances in the red part of the spectrum, extending absorption close to the GaAs bandgap. The analysis of their dispersion with various geometrical parameters is described with an analytical model highlighting the role of grating-coupled waveguide modes. Thanks to the nanostructured back mirror design, we show that short circuit currents up to 22.4 and 24.9 mA/cm 2 are achievable in solar cells with 120 and 220 nm-thick absorbers and a single-layer anti-reflection coating. For the 220 nm-thick device, optimizing the front window with a double layer ARC leads to a J th of 26 mA/cm 2 . We fabricated samples with a nanostructured back mirror compatible with the presence of localized ohmic contacts made by nano-imprint lithography. Experimental measurements confirm the J sc enhancement thanks to the nanostructuration. As shown in Figure 99, the J sc measured on nanostructured samples are the highest of the literature with such thin absorbers. These results are 20% and 25% higher than considering single-pass absorption in GaAs slabs of the same thicknesses. They may also be compared to state-of-the-art values: Yang et al. obtained J sc = 24.5 mA/cm 2 with a 300 nm-thick GaAs absorber [START_REF] Yang | Ultra-thin gaas single-junction solar cells integrated with a reflective back scattering layer[END_REF] whereas we achieved a J sc which is only 7% lower with an absorber of 220 nm.

Displaying numerical and experimental results in parallel, Table 7 allows for a direct comparison of J sc vs J th . The relative accordance between these values for samples with a flat back mirror indicate the accuracy of the numerical simulations and the barrier layers modeling. A higher difference can be observed between numerical an experimental results for the nanostructured back mirror. This is attributed to the use of optimistic parameters in the numerical calculations, high index nano-imprinted TiO 2 layer, and to the presence of unoptimized steps in the fabrication process. Thus, the use of new 2D localized ohmic contacts at the back of the cells will probably improve charge collection and diminish series resistance in our devices. The optimization of annealing procedures will also allow for a better crystallization of the sol-gel layer, leading to a higher optical index.

Along with the expected rise of J sc with these process developments, we can also expect enhanced electrical parameters for our ultrathin devices in the short run. The overall efficiency of our devices are indeed impacted by low V oc and low FF. This issue is currently on the way to being resolved by bettering the material quality of our solar cells together with the continuous improvement of the fabrication process. Recent results obtained on newly grown wafers and with upgraded contact annealing procedures appear very promising.

The results presented in this thesis indicate the relevance of the strategies developed to trap light in ultrathin absorbers. For a GaAs super-absorber that is only 25 nm-thick, the theoretical short circuit current reaches 70% of the record J sc of Alta Devices for an absorber 40 times thinner. For thicker ultrathin solar cells with absorbers of 120 and 220 nm transferred on a nano-structured back mirror, we reported here the highest short circuit current densities. With further optimization of the fabrication process, we can hope to increase dramatically the V oc and FF of our cells. The presence of the back mirror to promote photon recycling effects should especially give rise to higher V oc . This would lead to the achievement of highefficient ultrathin photovoltaic devices: considering state-of-the-art values FF = 86.5%, V oc = 1.12 V and the J sc = 22.8 mA/cm 2 we achieved with our light trapping scheme, the conversion efficiency of 220 nm-thick GaAs solar cell with a silver mirror is already over 22%.

We should point out that for each design presented in the manuscript, we have developed an entire fabrication process along with the various numerical simulations that have been carried out. Especially, we associated different nanostructuration tools such as e-beam lithography or nano-imprint lithography and two transfer techniques (anodic bonding and gluing), which offer a wide range of possible architectures when combined together. The fabrication of the different devices during this thesis was accompanied by the parallel development of the characterization platform for solar cell measurements at LPN. The MicroVISIR setup is now adapted to measure IV characteristics and EQE spectra easily.

The better understanding of light in-coupling into ultrathin absorber layers is of primary importance in the perspective to design the most efficient solar cells. More than simply proposing the use and optimization of resonant mechanisms, we have analyzed them in detail in Chapters 4, 5 and 6. The analytical model developed to describe grating-coupled waveguide modes in Chapter 6 can be beneficially adapted to design multi-resonant devices absorbing on a wide spectral range. In that perspective, the work presented here brings additional tools to manage light in ultrathin solar cells.

The design concepts developed in this thesis are extendable to other direct bandgap materials. For instance, the use of a nanostructured back mirror for CIGS ultrathin solar cells is under investigation at LPN and IRDEP in the framework of the ANR project ULTRACIS-M. It is also possible to extend some of our results to ultrathin crystalline silicon solar cells, in which light is absorbed efficiently in only a few microns.

The fabrication techniques used in the process are particularly versatile and could be beneficially applied in a wide range of materials and geometries, either on top or bottom of transferred layers. The decoupling of electrical and optical properties of the cell back surface is offering extended design possibilities. NIL was proven to work on non-planar surfaces with asperities such as localized ohmic contacts. This also allow for much more complex and original reflective features on cell interfaces at lower costs.

The question concerning the minimal thickness required to fabricate a semiconductor solar cell is still open, but we showed that the limit should not exceed a few tens of nanometers from a light trapping point of view. We can wonder about the use of multi-resonant super-absorbers as solar cells. The design proposed in Chapter 4 with the nanogrid as alternative front electrode could be potentially used if the passivation of the layer is successfully achieved and tolerant to other fabrication steps.

The results described in this thesis can also find applications in new solar cell concepts. For instance, photon management can have beneficial effects as the electric field can be localized very precisely in an absorber for a specific spectral range. This can lead to hot spots where absorption is improved. This is typically useful for quantum dots and quantum well devices in which the overlapping of the field and the quantum structures increases their yield. This is probably a good way to develop best candidates for intermediate band solar cells. Achieving very high field intensities is an asset for concepts involving non linear processes such as up/down-conversion. This is also very important for hot-carrier solar cells, which require a very rapid charge extraction that may be only possible in ultrathin absorbers.

Finally, this thesis has shown that nanophotonics and plasmonics can drive dramatic improvements in solar cell efficiency. This is especially true for very thin devices in which conventional light trapping techniques are irrelevant. The use of potentially cheap and scalable fabrication techniques such as nano-imprint lithography also shows that the development of our strategies to confine light at the nanoscale are likely to be achieved at low costs. In a close future, we can imagine the contributions that nano-electronics could bring to our nanophotonic enhanced photovoltaic devices. Combined all together, these three fields of physics offer the best synergy to design new world record solar cells and take a step towards high-efficient ultrathin opto-electronic devices.

A FA B R I C AT I O N A N D C H A R A C T E R I Z AT I O N T O O L S

We summarize in this appendix the different tools and techniques used to fabricate and characterize our ultrathin solar cells. The work presented in this manuscript has benefited from the nano fabrication expertise of the LPN clean room staff.

The different opto-electronic characterization tools and procedures used to obtain the measurements presented in this manuscript are also presented. The EQE measurement system is notably described as it was implemented and upgraded during my PhD, particularly for the characterization of GaAs ultrathin solar cells.

a.1 lpn technological platform

During my PhD, I benefited from an exceptional technological environment. The Laboratory for Photonics and Nanostructures (LPN) has its own technology facility, with a class 100 clean-room of about 1000 m 2 . It is a part of the French national Basic Technology Research network (RENATECH). The expertise of the laboratory covers the entire spectrum of micro and nano-fabrication with III-V semiconductor growth, processing technologies, structural and optical analysis.

All the samples presented in this manuscript have been fabricated entirely in the clean-room and results from in-house developments. We notably used first class equipment for our sample's epitaxy (MBE), e-beam and nano-imprint lithography as nanostructuration tools, ebeam evaporation for metal deposition and magnetron sputtering for dielectric deposition. Most of the semiconductor processing was done through wet chemical processes, even if reactive ion etching has been less often used for etching or cleaning processed surfaces. I must acknowledge here the contributions of the clean room staff, and especially Nathalie Bardou and Christophe Dupuis, for their tireless support, help and advice during fabrication.

a.2 absorption measurements

To evaluate total absorption, we always used in this thesis the data acquired by measuring the reflection of our samples. From the experimental value for reflexion R at normal incidence, the total absorption of the device is deduced as A = 1 -R. This supposes that there are no free space diffraction or only limited scattering from our devices. In order to assess the influence of these effects, several simulations have been carried out for the different designs used in this thesis. They all resulted in showing that less than 1% of the incident light was affected, what validates the above calculation and our total absorption measurements.

a.2.1 Measurements with a Sentech reflectometer

After each step of the fabrication process, specular reflexion measurements can be carried on directly in the clean room thanks to a SENTECH Reflectometer RM2000. Emitted by an halogen (visible and near infrared wavelength ranges) and a Deuterium (UV and blue wavelength ranges) sources, a beam of light is sent on the sample. The light beam reflected by the device is analyzed inside the reflectometer by diffraction through a grating. A CCD array then collects the reflected photons, spectral resolution being limited by the pixel size of the array.

This tool can be used to measure reflection in the 200-930 nm wavelength range. This is why certain total absorption curves are cut at 930 nm, such as in Figure 61 in Chapter 5. This is sufficient for the study of GaAs cells whose cutoff wavelength is λ c = 870 nm. After data acquisition, a software comprising an important optical constants database can fit the thicknesses of different layers in multilayered stacks. However, the effects of nanostructuration cannot be modeled.

a.2.2 FTIR spectroscopy: the Micro VISIR setup

Another way to measure reflection is offered by the VISIR characterization platform. This platform is divided in two distinct but complementary setups: an angle-resolved reflection and transmission measurement system (GonioVISIR) and a bench for the optical and electrical characterization of micro-scaled devices (MicroVISIR).

The 2 setups are based on the use of a Fourier Transform Infra Red (FTIR) spectrometer with external MCT (Mercury Cadmium Telluride) and InSb detectors in the infrared (0.7 -16 µm) and Si and GaP detectors in the visible (0.3 -1.2 µm). The FTIR spectrometer relies on the pass through a Michelson interferometer of the light beam coming from a broadband source and exciting the sample. The obtained interferogram contains the intensity measured in reflection or transmission for the different values of retardation. A Fourier Transform is then performed by the software to obtain the final spectrum. FTIR spectrometers allow to achieve a much higher spectral resolution than standard dispersive spectrometers. The Brüker Vertex 70 FTIR spectrometer used in our setup has a maximal resolution of 0.5 cm -1 . GonioVISIR was initially developed for infrared spectroscopy (MCT and InSb detectors). It was adapted to the visible range with additional detectors (Si and GaP) and the use of achromatic mirrors. The main limitation of this setup is the probe size, which allows to characterize only samples with areas larger than 2 mm 2 . Indeed, the light beam exiting the FTIR is focused on the sample with an optical system imaging a pinhole. It results in a probe with a diameter of 1.7 mm. The MicroVISIR setup was therefore developed by Inès Massiot to study the optical and electrical response of micrometer-scaled devices.

Similarly than GonioVISIR, the part of the MicroVISIR setup designed to carry on optical characterization also relies on the focusing of the light beam exiting the FTIR spectrometer. As described in Figure 100, the light beam emitted by the external halogen white light source of the FTIR is focused with an achromatic system of two parabolic mirrors and a pinhole whose diameter can be varied from 0.125 to 2 mm. The pinhole is placed in the image plane of the first mirror and in the object plane of the second such that light is still collimated. An additional focusing objective is added to image the pinhole on the sample. The spot size depends on the chosen pinhole and objective. For example, the use of a pinhole with a diameter of 200 µm combined with a ×20 objective (Nachet, focal length 10 mm) results in a spot size of around 50 µm. In this configuration, the setup can be used to characterized devices with a probe area from 20 µm to 1 mm.

Reflected light from the sample surface is collected by a beam splitter in the optical path and focused on the FTIR detector with a parabolic mirror. If light can be transmitted through the sample, it is also possible to measure transmission by collecting light that has gone through the device with another objective. Reflectivity measurements are normalized with respect to a reference spectra measured on a surface whose optical characteristics are perfectly known. Usually, a gold mirror deposited on the sample or a silicon wafer are used as references. The use of another beam splitter collecting light reflected by the sample allows to image its surface, and identify the different diodes (see Figure 94). It is thus possible to position precisely the spot on a specific diode.

The MicroVISIR platform was developed to offer very accurate measurements with a higher spectral and spatial resolutions than conventional dispersive spectrometers. This is an important advantage to be able to resolve certain resonances in multi-resonant absorbers such as the ones that we intend to fabricate. The setup is particularly adapted for the study of the ultrathin GaAs solar cells that have been fabricated during my PhD or in the case of micro-cells.

a.3 opto-electrical characterization a.3.1 Electrical Measurements with MicroVISIR

The MicroVISIR setup was also extended to measure IV characteristics and EQE. The techniques described in this section were really developed and optimized during my PhD as the need for characterization increased with the fabrication of the first ultrathin GaAs solar cells.

In parallel with the FTIR measurement lines, a source monitoring unit (SMU) is used to deliver a voltage and measure the current generated in the cell (see Figure 101). A pair of needles in a four-point configuration are used to connect the SMU to the device. For transferred cells, one contact is taken on the annular front contacts whereas the other contact is taken on an apparent area of the back mirror. The presence of the needles limit the optical setup to the use of high working distance objectives to focus light on the sample. They nevertheless allow for the characterization of devices with very small contacts whose surface can go down to 50 by 50 µm when most of the commercial measurement systems are limited to pads size of several hundred micrometers.

Electrical measurements can be done in the dark or in specific illumination conditions. Light can be shined on the sample either with the FTIR light sources, with a Xenon light source connected to a grating monochromator (HORIBA, Triax 180, working range: 200 nm -2400 nm) whose light is brought from the exit of the monochromator to the optical axis of the setup by an optical fiber, or a 10 mW He:Ne laser whose intensity can be modulated with the help of a variable optical attenuator.

The monochromator uses blazed gratings to select the excitation wavelength sent towards the sample. Typically, for measurements in the visible spectral range, we use a blazed grating optimized in the 400-1200 nm wavelength range. The light beam transmitted is in fact a spectral distribution whose power and width are controlled by the size of the exit slit of the monochromator. In general, we prefer to use a light source as powerful as possible with a fully opened exit slit. The spectral width of the source at half maximum in these conditions is of the order of 10 nm. At the beginning of my thesis, we used an HP/Agilent 4145A Semiconductor Parameter Analyzer for SMU. The setup has been upgraded and it was replaced in 2014 by two Keithley Sourcemeters (2601B and 2612). The electrical measurements are now fully automatized thanks to a LabView interface developed by Alexandre Gaucher to acquire and save data.

a.3.2 EQE measurements

The external quantum efficiency (EQE) measures the probability to collect a photogenerated electron at each wavelength. This allows for the calculation of the experimental short circuit current density (J sc ) (see Section 2.2.4) under the AM1.5G solar spectrum, supposing that the response of the cell is independent from the power it receives. Through this measurement and the measurement of total absorption in the layer, it is possible to derive the IQE which is a useful tool to evaluate the collection efficiency of the device and the potential sources of loss (parasitic absorption, recominations ...).

The procedure followed to measure the EQE on our platform begins by the acquisition of a dark IV curve (see below) to verify that no shunts or other issues limit the performances of the solar cell. Once this verification is completed, EQE measurements are done in two steps. First, we run a wavelength scan over the spectral range of interest (typically from 300 to 1000 nm for GaAs solar cells) and record the current delivered by the device at zero voltage for each wavelength. In a second time, a calibration diode is placed in the focal plane of the objective, in place of the fabricated sample. We then run the same wavelength scan as in the first measurement. With the known responsivity of this diode, the measure of the current it delivers can be translated directly in a power flux. We deduce from there the number of monochromatic incident photons. The EQE is finally the ratio of the number of collected electrons over the number of incident photons.

During these two scans, an additional reference diode receives a part of the light sent towards the sample, captured on the optical axis by a beam splitter of a mirror collecting only a small part of the beam. Thus we verify that the optical flux on this diode is the same for the two different scans. Spectral response on different diodes measured at LPN through this technique were consistent with measurements done on the same samples at IRDEP or at RCAST in Japan.

a.3.3 Dark IV measurements

Dark IV characteristics are valuable tools to assess the electrical behavior of solar cells. Values of series and shunt resistance can be immediately determined from the IV characteristics. The slope of the IV correspond to the ideality factor of the diode which gives information on the recombination mechanisms in the cell. Usually, the Form the dark IV curve measured on solar cells, we can extract these parameters by fitting the experimental data with the 2-diode model. To allow for comparison between diodes, the idealities of the two diodes were fixed at n 01 = 1 and n 02 = 2 In these conditions, the dark current in the cell is given as a function of the bias V by:

J dark = J 01 exp q(V -J dark R s ) kT + 1 +J 02 exp q(V -J dark R s ) 2kT + 1 - V -J dark R s R p (56) 
where q, k, and T are the electronic charge, Boltzmann's constant and T the operating temperature (300K) respectively. The saturation currents J 01 and J 02 as well as values of series and shunt resistances (respectively R s and R sh = R p ) are evaluated by a least squares variational minimization procedure programmed in a software that was developed by J-P Connolly [START_REF] Connolly | Analysis of efficiency limiting processes in thin film cu(in,ga)(s,se)2 electrodeposited solar cells[END_REF]. Starting from a first guess on the parameters, the fitter plays on their values to reduce the minimize the distance between the fit and experimental data points.

In our cells, we generally see that the 1-kT component related to the ideal diode of ideality n 01 = 1 dominates in Equation 56for bias V 0.8-0.9 V. The 2-kT component related to the diode of ideality n 02 = 2 is thus driving the cell behavior, meaning that the devices are behaving as diodes limited by recombinations, as long as the bias do not reach these values.

The software does not take into account the experimental data points acquired at negative bias, what reduces the precision on the determination of R p . For our cells, the values of R p are usually high enough, and the parameter does not impact the IV characteristics. It is thus not determined efficiently by the fitter.

a.3.4 1-sun like measurements

The IV characteristics under illumination gives an idea of the performances of a solar cell under operating conditions. Particularly, the values of standardized J sc , V oc and FF are reached for an illumination corresponding to the AM1.5G spectral irradiance. The incident power on the cell is thus close to 100 mW/cm 2 .

Although the light IV characteristics can be approached by a translation of the dark IV curve by J sc along the current axis, it is generally useful to have a closer look to the IV characteristic under illumination to identify illumination or power related problems (non-ohmic contacts, evolution of resistance values...). There is no solar simulator at LPN so it is not possible to measure directly the values of V oc and FF. The size of the front contacts on our fabricated diodes was also detrimental for the characterization under conventional solar simulator such as the one in IRDEP, and micro-welding attempts did not successfully tackled this issue. Instead, we proceed to 1-sun like IV characteristic measurements.

After the EQE measurement on a solar cell, we know its J sc at one sun thanks to the integration of the EQE over the AM1.5G solar spectrum. We then shine a monochromatic He:Ne laser (λ = 632 nm) on the same device, and tune the incident power on the diode until the current delivered by the cell equals its J sc . We then proceed to a classic IV measurement by scanning the values of current delivered by the cell at different bias. An estimate of V oc and FF values can be made from the obtained 1-sun like curve.

This technique has been used previously and showed very good accuracy in comparison with measurements done with a solar simulator in spite of the monochromatic nature of the light beam [START_REF] Paire | Microscale solar cells for high concentration on polycrystalline cu(in,ga)se2 thin films[END_REF]. The values of V oc found on the 1-sun like IV characteristics measured on our samples were consistent with the V oc calculated from the measurement of the Fermi-level-splitting measured with hyper-spectral images of the diodes (see Section 5.5.2).

To increase the accuracy of the technique, we improved the setup by replacing the incident laser beam by collimated light provided by an halogen lamp (depicted as a light bulb in Figure 101). In these conditions, the setup better simulates the excitation of a solar cell by the Sun. Estimating V oc and FF with this new feature led to results very close to the ones that were obtained with laser illumination.

The development of all the measurement techniques described here makes of MicroVISIR a powerful characterization platform for microscaled solar cell devices. A systematic acquisition procedure (measurement of the dark IV followed by acquisition of an EQE spectrum and finally a 1-sun like measurement) has been adopted. Until now, the geometry of the annular contacts used on circular diodes has prevented for an automation of the characterization platform. It would be a handful functionality allowing for testing a very large number of cells rapidly. Such a development would be necessary to open the perspective of meaningful statistics on measurement results acquired on ultrathin solar cell .

B E L E C T R O M A G N E T I C C A L C U L AT I O N S W I T H R E T I C O L O

In this thesis, we used the program RETICOLO to perform electromagnetic calculations. It was developed at the Institut d'Optique by Philippe Lalanne and Jean-Paul Hugonin, and Christophe Sauvan contributed to the customized software that was provided to our group [START_REF] Lalanne | Highly improved convergence of the coupled-wave method for tm polarization[END_REF][START_REF] Lalanne | Computation of the near-field pattern with the coupled-wave method for transverse magnetic polarization[END_REF]. The software is written in the Matlab language, and operates under Matlab1 . More information about the software licensing can be found on the dedicated web page: https://www.lcf. institutoptique.fr/Groupes-de-recherche/Nanophotonique-et-Electromagnetisme/ Themes-de-recherche/Computational-Nanophotonics/Free-software.

RETICOLO is based on the Rigorous Coupled Wave Analysis (RCWA) and performs an exact calculation of the electromagnetic field. It relies on the computation of the eigenmodes of the different layers of a grating structure in a plane-wave basis (Fourier basis). A scattering matrix approach is used to recursively solve the continuity equations at the interfaces between successive layers to calculate mode amplitudes.

With our RETICOLO version, we can describe one period of a layered stack as described in Figure 102 which presents the typical modeling of a layered structure. This period p is the same for all layers in the structure. It is not necessarily squared as different p x and p y can be chosen along the horizontal axes of the modeled devices. This notably allows for the simulation of 1D gratings.

As sketched in Figure 102a, each layer can contain two different materials along the x-axis whose dimensions are defined by the linear filling fraction ff. For each j layer, the first material of index n j,m is contained in a square of width w = ff × p x . It is generally the representation of a square nanostructure. The remaining volume of the layer is filled with another material of index n j . In the code, the nanostructure is centered in the period to benefit maximally of the symmetries of the problem in order to simplify and improve calculation performances. Materials are entirely defined by their complex optical indices in the software. A list of the optical constants used in this thesis is given in Appendix C.

As for other calculation methods, there are limitations related to the geometrical description of the structures. The calculation is done over one period, applying periodic boundary conditions. We are thus limited in the code to rectangular nanostructures and only one period and its multiples can be modeled in the stack.

The light incident on the structure is polarized in TM or TE mode, whose axis orientation is precised in Figures 102b and102c, respectively. Unless precised, most of the calculations presented in this thesis are done at normal incidence for which TM or TE responses are similar for 2D square patterns. It is however possible to study the effect of an incidence angle on the structure. In these cases and otherwise stated, calculation results are given with a TM incident polarization. This is notably true for cross sections of the field intensity. These cross sections reveal where absorption occurs in the modeled devices, and consequently where the carrier density is the highest.

The calculations are normalized such that the norm of the Poynting vector incident on the structure is equal to 1. Once the calculation is completed, one can access light reflection on the device or the layer by layer absorption as functions of the wavelength. It is also possible to separate the absorption in a layer with the absorption in the nanostructures. The absorption calculation is done by integration of the field over one period.

The RCWA relying on a description of the electromagnetic field by plane waves in a Fourier basis in RETICOLO, the number of considered Fourier harmonics (M x and M y along the x and y directions) is limited in the calculation. These parameters affects directly the final absorption spectra with relative variations in amplitude and spectral position of the resoannces, but also the calculation time. A compromise has thus to be found between the precision of the calculation, and its duration. In order to assess the influence of M x and M y , convergence studies are carried on. We observed that for structures similar to the one that is studied in Chapter 4, a number of Fourier orders of M x = M y 20 was sufficient to limit the variations of the final absorption spectra to a few percent [START_REF] Massiot | Metal nanogrid for broadband multiresonant lightharvesting in ultrathin gaas layers[END_REF]. Unless otherwise specified, all calculations have been done for M x = M y = 20. As field intensity cross-sections are done at a specific wavelength, M x and M y can be chosen greater than the one used for absorption spectra: M x = M y = 30 in intensity maps.

In certain figures, notably those where the influence of a parameter on absorption are studied, a large number of spectra has been calculated. Some of these figures have been plotted after several days of calculation. They are often limited to total absorption, this calculation requiring far less random access memory and time than the calculation of absorption in each layer of the structure. For instance, the calculation of absorption in each layer of the nominal NBM structure with M x = M y = 20 takes 20 hours whereas calculation of total absorption only takes 1 hour for the same device (spectrum of 231 points with a resolution of 5 nm between 300 and 700 nm and 2 nm from 700 to 1000 nm, necessary for a good ). If M x = M y = 25, the calculation of absorption may take several days. A new customized version of the software was available in 2014. It is not used in this study to guarantee the comparison between different numerical spectra along the thesis. The width of the nanostructures defined by linear filling fractions can now be different along the two axis of the device: w x = p x × ff x and w y = p y × ff y . This allows for the simulation of rectangle nanostructures. It also proceeds to the calculation of the Poynting vector to determine absorption in non-structured layers instead of integration of the electric field in all points of the structure. This allows for lower hardware requirements for the calculation and lower calculation times. With this approach, the calculation can also be distributed on all CPU much more efficiently.

C O P T I C A L C O N S TA N T S A N D A D D I T I O N A L C A L C U L AT I O N S

In this appendix, we give the optical constants used in the numerical simulations presented in this thesis. For each material, the reference is given as well as a plot of the real and the imaginary parts of the refractive index. We also provide additional calculation results on the NBM structure. They may illustrate or help to understand the optimization or different properties of the structure. In this thesis, two different sets of refractive indices have been used to describe the metal parts of our devices during electromagnetic simulations. Optical constants for silver and gold are extracted form Palik's database [START_REF] Palik | Handbook of Optical Constants of Solids[END_REF] or Johnson & Christy publications [START_REF] Jonhson | Optical constants of the noble metals[END_REF]. They are displayed together in Figure 103 for Ag and Figure 104 for Au. Properties of the fabricated structures depend on these indices. In Chapter 4, our measurements are better fitted with the gold index given by Johnson & Christy, whereas in Chapter 5, the absorption loss in silver seems well approached using Palik's data (see Figure 61). Figure 109 shows the influence of this choice on the calculated performances of the ultrathin cells with a NBM. 

c.1.2 GaAs refractive index

The optical constants of crystalline GaAs used in the numerical calculations are displayed in Figure 105. They are taken from Palik [START_REF] Palik | Handbook of Optical Constants of Solids[END_REF]. 

c.1.3 Semiconductor compounds for window layers

The optical constants of wide-bandgap III-V materials used as potential barriers are displayed in Figure 106. Values for AlGaAs compounds are extracted from Palik's database [START_REF] Palik | Handbook of Optical Constants of Solids[END_REF]. The refractive index of InGaP is taken from a study by Kato, Adachi et al. [START_REF] Kato | Optical properties of (al x ga 1-x) 0.5 in 0.5 p quaternary alloys[END_REF]. The one of AlInP was extracted from the PhD thesis of Yuan [START_REF] Yuan | Variable angle spectroscopic ellipsometry of In-AlP native oxide gate dielectric layers for GaAs MOSFET applications[END_REF]. The values of the different bandgaps for these semiconductor compounds are important to understand their different interactions with light and the advantages they may represent as window layer materials. They are given as a function of material composition in Figure 107. AlGaAs materials are naturally lattice matched to GaAs. For InGaP and AlInP, the indium compound must be equal to 50% to obtain materials that are lattice matched with GaAs.

The better candidates for window layers have the highest bandgap possible, eventually with an indirect behavior. With this criterion, the four materials quoted in this thesis can be ordered from worst to best as follows: Al 0.3 Ga 0.7 As, In 0.5 Ga 0.5 P, Al 0.8 Ga 0.2 As and In 0.5 Al 0.5 P.

c.1.4 TiO2 refractive index

The optical constants of TiO 2 used in this thesis are displayed in Figure 108. In order to maximize the performances of our structures, we took the highest values of refractive index found for this material. It has been measured by Devore [START_REF] Devore | Refractive indices of rutile and sphalerite[END_REF], for the optical index along the extraordinary axis of the crystalline TiO 2 . To take into account the porosity of the material deposited as a sol-gel, we also present the index weighted by a uniform porosity factor of 75% (see Section 6.4). We compare here the calculations made for the NBM structure of Chapter 6 for two different refractive indices for the silver of the back grating. The first index was measured by Johnson and Christy [START_REF] Jonhson | Optical constants of the noble metals[END_REF] whereas the other one was tabulated by Palik [START_REF] Palik | Handbook of Optical Constants of Solids[END_REF] (see Figure 103). The choice of Palik's database leads to an important increase in absorption loss in metal parts of the devices whereas parasitic absorption is minimized with the other choice. Resulting J th , J tot and J metal (the short circuit current density lost by parasitic absorption in metal) are given in Table 8. (unit: mA/cm We compare here the optical response for different metal/dielectric couples to be used in the NBM architecture: Ag/TiO 2 , Ag/SiO 2 , Au/TiO 2 and Au/SiO 2 . The effect of this choice on calculated J th and J tot are summarized in Table 9. The use of silver as a low absorptive metal and TiO 2 as a high index dielectric maximizes the absorption in ultrathin solar cells. This justifies the choice made for the realization of the NBM structure in Chapter 6. Note that for the use of SiO 2 as the dielectric material of the NBM, the structure used in these calculations is the same than in the TiO 2 case (h grating = 100 nm, p = 600 nm, ff = 0.5). Absorption could probably be improved by further optimizing the geometrical parameters of the design with this material.

(unit: mA/cm 

Figure 110: Calculated absorption spectra for ultrathin GaAs solar cells with a NBM and an absorber thickness of 120 nm. We comparge here different couples of materials for the dielectric/metal NBM: (a) Ag/TiO 2 , (b) Au/TiO 2 , (c) Ag/SiO 2 , (d) Au/SiO 2 . In red: absorption in the GaAs, in grey:absorption in silver, in black: total absorption. Similar behavior is obtained for the absorber thickness of 220 nm.

c.3 specific grating thicknesses

By studying the evolution of total absorption as a function of wavelength and of the grating thickness h grating , we observed in Section 6.2.3 that two specific values of h grating are favorable to maximize absorption. They correspond to the spectra featuring a maximum number of resonances for an ultrathin solar cell with an absorber thickness of 120 nm. More precisely, for h grating = 100 nm, the absorption benefits from grating-coupled waveguide modes of the third order, whereas for h grating = 235 nm, the absorption benefits from grating-coupled waveguide modes of the fourth order. The calculation predicts J tot = 27.02 mA/cm 2 and J sc = 21.11 mA/cm 2 for the grating thickness of 235 nm. 

c.4 nbm period

Not shown but mentioned in the main text of Section 6.4, we present here in Figure 111 the calculated absorption spectra for ultrathin solar with NBM of different periods: 400 nm, 500 nm, 600 nm, 700 nm, and 800 nm. Black line represents the total absorption, red line represents absorption in the GaAs p-i-n junction, and grey line represents the absorption in silver grating and substrate. We give on the graphs J th , J tot and J metal . The best performances of the devices with a 120 nm-thick absorber are achieved for a period p = 600 nm (J sc = 22.41 mA/cm 2 ), whereas they are achieved for p = 700 nm in the 220 nm-thick absorber case (J sc = 25.41 mA/cm 2 ).

c.5 iqe spectra

With Equation 9, we plot in Figure 111 the IQE for experimental Total absorption/EQE couples measured on fabricated samples with a SiN x single layer ARC. Figures 112a,112b, 112c and 112d are plotted for a flat back mirror, whereas the other are plotted with data extracted from Figure 95. In each case, IQE reaches very high values often reaching 80% and sometimes 90% in the 400-870 nm wavelength range. A good collection efficiency is thus expected. The high values of IQE achieved in the case of a flat mirror are also observed for nanostructured mirrors with low periods of 400 or 500 nm. IQE seems impacted by the nano-imprint process for large periods or when there is no structuration of the TiO 2 layer. The flatness of the semiconductor absorber transferred with a gluing technique (bubbles, cracks...) can be questioned for these samples. (e) for t GaAs = 120 nm and p = 600 nm. (f) for t GaAs = 220 nm and p = nm.

(g) for t GaAs = 120 nm and p = 700 nm. (h) for t GaAs = 220 nm and p = 700 nm.

(i) for t GaAs = 120 nm and p = 800 nm. (j) for t GaAs = 220 nm and p = 800 nm.

(k) Variation of J tot calculated with 1-R values as a function of the grating period for t GaAs = 120 nm.

(l) Variation of J tot calculated with 1-R values as a function of the grating period for t GaAs = 220 nm.

Figure 111: (a-j) Calculated layer-by-layer absorption spectra for a grating period varying from 400 nm to 800 nm. Absorption is expressed in terms of short circuit current densities for each layer in the legend of each plot. The dJ terms thus correspond to current density losses by absorption. (k) and (l) represent the values of J tot given by the integration of the 1-R curves calculated for very close values of periods. To save calculation time, the J th plotted in pink lines is approached considering a constant shift from J tot to J th . The approached values can be compared with the ones given by the layer-by-layer calculation of absorption for the values p = 400, 500, 600, 700 and 800 nm(red crosses). (e) for t GaAs = 120 nm and p = 400 nm. (f) for t GaAs = 220 nm and p = 400 nm.

(g) for t GaAs = 120 nm and p = 500 nm.

(h) for t GaAs = 220 nm and p = 500 nm.

(i) for t GaAs = 120 nm and p = 600 nm. (j) for t GaAs = 220 nm and p = nm.

(k) for t GaAs = 120 nm and p = 700 nm. (l) for t GaAs = 220 nm and p = nm.

(m) for t GaAs = 120 nm and p = 800 nm.. (n) for t GaAs = 220 nm and p = nm.. 

D S Y N T H È S E E N F R A N Ç A I S introduction

Aspects Environnementaux

La demande mondiale d'électricité devrait progresser de 25% à l'horizon 2050 pour atteindre 42 TW. Pour répondre à ces besoins, les capacités de production augmentent de 2.5% chaque année dans le monde, en grande majorité dans les nouveaux pays industrialisés (Inde, Chine...) et les pays en voie de développement. La construction massive de centrales thermiques alimentées au charbon entraîne néanmoins une augmentation notable des rejets de CO 2 dans l'atmosphère, qui restent la principale cause du réchauffement climatique indubitablement lié à l'activité humaine. La pollution qui y est associée pose également des problèmes majeurs de santé publique avec des impacts sociétaux importants.

Le photovoltaïque (PV) présente de nombreux avantages stratégiques et environnementaux. Il n'a pas besoin de matière combustible pour produire de l'énergie, ce qui renforce de fait l'indépendance et la sécurité énergétique des pays producteurs. L'utilisation limitée des ressources en eau est aussi un avantage par rapport aux énergies fossiles, surtout dans les régions arides du globe. Les panneaux solaires produisent de l'électricité sans émettre de gas à effet de serre, et leur bilan carbone est de seulement 20 g/kWh au cours de leur cycle de vie complet [3], soit un impact 93% inférieur à celui des meilleures centrales thermiques (300 g/W). Le photovoltaïque apparaît donc comme un candidat incontournable pour pouvoir relever le défi d'une limitation du réchauffement climatique. Discuté depuis plusieurs années par le GIEC comme une limite à ne pas dépasser pour éviter les conséquences les plus sévères sur nos conditions de vie, le maintien de la hausse des températures moyennes en dessous de 2°C requiert en effet une diminution de 40 à 70% des émissions de gaz à effet de serre d'ici 2050, et des émissions nulles à la fin du siècle [4].

Pour faire face à l'impératif de développement des moyens de production tout en réduisant l'usage des ressources fossiles polluantes et limitées, les énergies renouvelables occupent une part croissante des investissements dans le domaine de l'énergie. Plus de la moitié des nouvelles capacités de production renouvelables dont solaire et éolien sont installées dans les pays en voie de développement. Dans les différents scenarios établis par l'Agence Internationale de l'Energie et reportés Figure 112a, la part de production de l'énergie photovoltaïque passe de moins de 1% aujourd'hui à 16% d'ici 2050 dans le scenario Hi-Ren qui privilégie le recours aux renouvelables dans le mix électrique. Cette évolution représente un marché potentiel de 5 à 10 trillions de dollars.

Aspects Économiques

En accord avec cette analyse, le marché du photovoltaïque est très dynamique et affiche un taux de croissance annuel moyen supérieur à 40% depuis 2003. Malgré une baisse de la capacité installée chaque année dans les pays développés suite à la crise économique, le marché du PV n'a pas connu de contraction au niveau mondial, la demande étant restée soutenue dans les pays en développement. La demande doit d'ailleurs repartir à la hausse en Europe dès 2015, comme l'indiquent les prédictions de l'EPIA (European Photovoltaic Industrial Association) reportées en Figure 112b [5]. Ce marché s'est recentré sur la Chine, devenue à la fois leader de la fabrication de panneaux solaires mais également le débouché le plus important pour cette production. A elle seule, la Chine a installée un capacité de production de 11 GW en 2013, plus que l'ensemble de tous les pays européens réunis. Aujourd'hui, 500 MW de puissance électrique solaire sont installés chaque semaine, soit l'équivalent d'un réacteur nucléaire de nouvelle génération (type EPR) tous les 15 jours (sans tenir compte du facteur de charge).

Le succès actuel de l'énergie photovoltaïque repose sur une augmentation progressive du rendement de conversion des cellules commerciales et la diminution importante des coûts de production des panneaux. L'évolution des prix en USD/W suit une courbe d'apprentissage qui se traduit pour l'industrie PV par des coûts divisés de moitié à chaque fois que la production est mutlipliée par 10. Cela conduit aujourd'hui à des coûts de l'ordre de 0.8 USD/W pour les centrales PV. Dans certaines région du monde particulièrement ensoleillées comme à Austin au Texas, des tarifs de rachats de l'électricité à 5 USD cents/kWh ont été constatés [START_REF]Recurrent energy awarded 150 mw utility-scale solar contract by austin energy for texas solar projects[END_REF]. Malgré les difficultés de comparaison directe avec les autres sources d'électricité (facteurs de charge, intermittance, coût d'intégration au réseau...), ces coûts capacitaires sont très compétitifs et participent à l'essor du PV. Cet atout devrait être renforcé par l'augmentation progressive du coût du carbone et la diminution des quotas d'émissions délivrés par les états. L'IEA estime que le prix de l'électricité produite par les cellules PV en 2050 devrait être compris entre 40 et 160 USD/MWh [1], ce qui le place en dessous des prix de l'électricité actuellement pratiqués par la majorité des distributeurs, et qui ne cessent de croître.

Des défis à relever

Alors qu'il devient de plus en plus rentable de produire sa propre électricité puisque les coûts de production de l'énergie PV baissent en dessous des tarifs proposés par les distributeurs (la parité réseau devrait être atteinte dans plusieurs pays européen d'ici 2020 [5]), le développement du PV est aujourd'hui limité par un certain nombre de verrous.

Le premier d'entre eux est certainement l'acceptation limitée du PV parmi les politiques et le grand public. L'évolution des technologies et des marchés du PV a sans doute été très rapide par rapport à celle du ressenti du plus grand nombre. Le PV est encore faussement décrit par beaucoup comme une technologie très chère, peu efficace, très consommatrice d'eau et d'énergie durant la phase de fabrication des panneaux, consommatrice d'espace au sol et destructrice de paysages. Les volte-face à répétition des politiques en fonction des groupes de pression et plus particulièrement les changements radicaux et répétitifs dans les mécanismes d'incitation pour l'installation de moyens de production PV n'ont pas amélioré la lisibilité et la confiance envers l'utilisation de sources d'énergie renouvelables. Heureusement, un soutien plus appuyé et constant, ainsi que d'importants efforts d'éducation de la population devraient conduire à une meilleure connaissance du PV et à une plus grande acceptabilité. Le PV permettra sûrement une plus grande démocratisation de l'outil de production électrique, et une responsabilisation nécessaire des acteurs locaux pour atteindre les objectifs fixés d'économie d'énergie.

Au delà de ces aspects sociétaux, des verrous techniques subsistent quant à la possibilité d'intégrer une large part de PV -plus généralement renouvelable -dans le mix électrique. L'intermittance du niveau d'ensoleillement peut en effet impacter les performances globales du système de production et de distribution de l'électricité. L'équilibrage entre la production et la demande devant être maintenu en permanence, l'utilisation d'une large part de renouvelables avec des lieux de production décentralisés doit s'accompagner d'une modification de la grille de distribution. En particulier, une connaissance renforcée de l'état du réseau est nécessaire et les flux d'énergie doivent pouvoir circuler dans les deux sens -vers et depuis les consommateurs-producteurs au lieu d'une organisation pyramidale classique orientée des lieux de production vers les consommateurs. La mise en place de structures de stockage au sein de cette nouvelle grille peut répondre en tout ou partie à la question de l'intermittence, le réseau de distribution devenu 'intelligent' (smart-grid) pouvant compenser les écarts de production instantanément. Des solutions à ce besoin de stockage existent déjà aujourd'hui. Le pompageturbinage dans les stations hydro-électriques ou les stations de stockage à deux bassins constitue une manière de réguler la production d'électricité, tant à l'intérieur d'une même journée que sur plusieurs saisons. L'étalement de la demande ou d'autres solutions permettent de jouer sur le temps de réponse du réseau à un pic de demande (centrale thermique au gaz avec une unité de compression, batteries Li-ion...). Toutefois, le développement d'une technologie de stockage bas coût efficace pourrait permettre des avancées majeures pour répondre aux prépoccupations des distributeurs et faciliter l'intégration d'électricité renouvelable dans le mix énergétique.

Enfin, un dernier verrou technologique pourrait rendre le PV bien plus attractif qu'il ne l'est actuellement. En effet, même si les nouvelles cellules multi-junction présentent aujourd'hui un rendement de 45% [START_REF] Dimroth | Wafer bonded four-junction gainp/gaas//gainasp/gainas concentrator solar cells with 44.7[END_REF], juste supérieur à celui des générateurs thermiques couramment employés pour produire l'électricité, l'efficacité des cellules commerciales simple jonction en silicium cristallin qui représentent 90% du marché du PV ne dépasse pas 25%. En 1961, Shockley et Queisser ont calculé le rendement de conversion maximal d'une cellule simple jonction en fonction du bandgap du matériau utilisé pour absorber la lumière [START_REF] Shockley | Detailed balance limit of efficiency of p-n junction solar cells[END_REF]. En considérant les pertes spectrales dues à l'inadéquation entre l'énergie des photons du spectre solaire et l'énergie du bandgap, ils ont abouti à un rendement maximal de 33% pour un gap de 1.4 eV, très proche de celui du GaAs. L'efficacité record de 28.8% pour des cellules simple jonction a d'ailleurs été obtenue par Alta Devices avec une cellule en GaAs [START_REF] Kayes | 27.6cell under 1 sun illumination[END_REF].

Cependant, si ces pertes spectrales peuvent être atténuées, les rendements des dispositifs photovoltaïques peuvent en théorie atteindre les 60-70%. C'est le cas dans les cellules à porteurs chauds dans les-quelles l'énergie des charges photogénérées est extraite avant qu'elles ne se thermalisent et retombent dans le plus bas niveau d'énergie inoccupé de la bande de conduction (électrons) ou de valence (trous). C'est également le cas dans les cellules munies d'un convertisseur de photons (up/down-conversion). La transformation de deux photons en un photon d'énergie égale à la somme de celles portées par les deux premiers (et vice-versa) permet de faire participer au photocourant des photons dont l'énergie est normalement trop faible par rapport au gap de l'absorbeur.

Ces perspectives d'amélioration du rendement rendent le photovoltaïque très prometteur, alors que les autres technologies de production d'électricité ont pour la plupart atteint leur maturité avec des rendements de conversion restant pour la plupart en dessous de 50%. La possibilité d'accéder à de meilleurs rendements avec des technologies plus compétitives nourrit aujourd'hui l'effort de recherche sur ces nouveaux concepts appliqués au PV. Ils sont la promesse d'une énergie décarbonée accessible au plus grand nombre.

Dans ce contexte, cette thèse a pour objet la fabrication de cellules solaires simple jonction à couches minces 10 fois plus fines mais tout aussi efficaces que les cellules records. Les économies de matériau ainsi réalisées permettent une diminution des coûts de production et la possibilité de fabriquer un nombre beaucoup plus important de cellules avec la même quantité de matériau. Cela permet d'envisager le développement des filières CIGS, CdTe ou GaAs jusqu'à des capacités de plusieurs TW sans qu'il n'existe de contraintes majeures liées à l'utilisation de matériaux relativement rares et chers comme l'Indium, le Tellurium ou le Gallium.

De plus, la diminution de l'épaisseur des cellules doit permettre de diminuer le nombre de défauts présents dans les volumes de semiconducteurs utilisés. Par conséquent, une diminution des recombinaisons non-radiatives est attendue si les interfaces sont parfaitement passivées. En effet, les recombinaisons de surface occupent alors un rôle prédominant. Les effets radiatifs comme le recyclage de photons sont aussi exacerbés, une hausse du V oc des cellules est donc attendue [START_REF] Benagli | High-efficiency amorphous silicon devices on lpcvdzno tco prepared in industrial kai tm-m r&d reactor[END_REF][START_REF] Miller | Strong internal an external luminescence a solar cells approach the shockleyqueisser limit[END_REF]. Enfin, les densités optiques recherchées dans les dispositifs ultrafins sont beaucoup plus élevées, ce qui facilite l'apparition d'effets non-linéaires favorables à l'application des nouveaux concepts (up/down-conversion, porteurs chauds...).

La filière GaAs présente un intérêt particulier pour cette étude, puisque les meilleurs rendements des cellules simple jonction ont été obtenus avec ce matériau. La connaissance du matériau et des procédés de croissance et de fabrication associés par l'industrie du semiconducteur -en particulier au Laboratoire de Photonique et de Nanostructures -facilitent la fabrication de preuves de concept en GaAs. Les stratégies ainsi démontrées sur ce matériau pourront être mises en oeuvre sur d'autres matériaux à gap direct, comme le CIGS ou le CdTe. Tout au long de cette thèse, on utilisera donc le GaAs comme plateforme pour fabriquer des absorbeurs les plus efficaces possible de quelques dizaines ou centaines de nanomètres. Ceci représente une division par 10 de l'épaisseur des cellules conventionnelles comme celles d'Alta Devices, et revient à travailler sur des cellules de 100 à 200 nm.

piégeage optique dans les cellules solaires

Le fonctionnement d'une cellule solaire classique repose sur la séparation d'une paire électron-trou lorsqu'un photon est absorbé dans un matériau semi-conducteur. La collection de ces porteurs à un potentiel différent aux bornes du dispositif permet d'utiliser la cellule comme un générateur de puissance électrique. Le rendement de conversion de la cellule dépend donc directement de la faculté d'absorber efficacement la lumière. L'EQE (External Quantum Efficiency, ou rendement quantique externe) de la cellule mesure à chaque longueur d'onde la probabilité de collecter une paire électron-trou pour un photon incident. L'intégration pour toutes les longueurs d'onde de cette courbe pondérée par le nombre de photons incidents dans le spectre solaire standard fournit la densité de courant de court-circuit J sc de la cellule. Cette grandeur peut donc servir de facteur de mérite des performances optique des cellules solaires.

L'absorption simple-passage définie par la loi de Beer-Lambert : Diverses approches ont été avancées pour résoudre ce problème. Après les travaux de Novotny et Pala, qui démontrèrent la capacité de nanostructures à coupler la lumière incidente dans des couches semiconductrices [START_REF] Novotny | Antennas for light[END_REF][START_REF] Ragip | Design of plasmonic thin-film solar cells with broadband absorption enhancements[END_REF], Atwater et Polman ont proposé trois manières différentes d'utiliser la plasmonique pour améliorer l'absorption des cellules solaires en 2010 [START_REF] Atwater | Plasmonics for improved photovoltaic devices[END_REF]. Les absorbeurs peuvent béné-ficier de la diffusion de la lumière par les nanostructures métalliques, de la concentration du champ immédiatemment autour de celles-ci ou d'effets de couplage de la lumière par un réseau de nanostructures en face arrière de la cellule. Ces différentes approches ont été testées à travers la déposition de cellules en a-Si:H sur des miroirs arrières structurés pour coupler la lumière à des modes guidés dans les couches absorbantes [14-17, 188-192, 225] ou la présence de nanostructures dans la structure des cellules [11, 164-177, 179-186, 338]. Ces tentatives se sont soldées par des gains en J sc relativemment limités, ce qui a conduit la communauté PV à se détourner de l'utilisation de nanostructures métalliques, en particulier parce que les pertes par absorption dans le métal sont importantes pour les géométries proposées sur des cellules relativement épaisses.

Les réseaux de nanostructures diélectriques sont toutefois toujours étudiés [START_REF] Mark | Light management for photovoltaics using high-index nanostructures[END_REF][START_REF] Van Lare | Dielectric back scattering patterns for light trapping in thin-film si solar cells[END_REF][START_REF] Spinelli | Light trapping in thin crystalline si solar cells using surface mie scatterers[END_REF]. De manière plus générale, la nanophotonique et en particulier de réseaux de nanostructures périodiques (ou pseudopériodiques) offre des pistes prometteuse pour améliorer l'absorption dans les cellules solaires. Depuis Heine en 1995, qui proposait un réseau blasé comme miroir arrière pour augmenter le chemin optique des photons dans une cellule en c-Si [START_REF] Heine | Submicrometer gratings for solar energy applications[END_REF], Haase, Catchpole, Isabella ou Dewan et Knipp ont envisagé d'utiliser des réseaux de diffraction pour exciter les modes guidés non-radiatifs des couches absorbantes [START_REF] Haase | Optical properties of thin-film silicon solar cells with grating couplers[END_REF][START_REF] Catchpole | A conceptual model of light coupling by pillar diffraction gratings[END_REF][START_REF] Isabella | Diffraction gratings for light trapping in thin-film silicon solar cells[END_REF][START_REF] Dewan | Light trapping in thin-film silicon solar cells with integrated diffraction grating[END_REF]. Dans une approche similaire, les cristaux photoniques offrent des propriétés optiques qui ont également été mises à profit pour augmenter l'absorption de certaines cellules [START_REF] Üpping | Three-dimensional photonic crystal intermediate reflectors for enhanced lighttrapping in tandem solar cells[END_REF][START_REF] Dedman | Photonic crystals with a chiral basis by holographic lithography[END_REF][START_REF] Fahr | Rugate filter for lighttrapping in solar cells[END_REF][START_REF] Park | Absorption enhancement using photonic crystals for silicon thin film solar cells[END_REF][START_REF] Meng | Absorbing photonic crystals for silicon thinfilm solar cells: Design, fabrication and experimental investigation[END_REF][START_REF] Meng | Design, fabrication and optical characterization of photonic crystal assisted thin film monocrystalline-silicon solar cells[END_REF][START_REF] Gomard | Light harvesting by planar photonic crystals in solar cells: the case of amorphous silicon[END_REF][START_REF] Bermel | Improving thin-film crystalline silicon solar cell efficiencies with photonic crystals[END_REF][START_REF] Mutitu | Thin film silicon solar cell design based on photonic crystal and diffractive grating structures[END_REF][START_REF] Bielawny | Intermediate reflectors for enhanced top cell performance in photovoltaic thin-film tandem cells[END_REF][START_REF] Rockstuhl | Comparison and optimization of randomly textured surfaces in thin-film solar cells[END_REF][START_REF] Chutinan | High-efficiency photonic crystal solar cell architecture[END_REF][START_REF] Basu Mallick | Optimal light trapping in ultra-thin photonic crystal crystalline silicon solar cells[END_REF][START_REF] Chutinan | Light trapping and absorption optimization in certain thin-film photonic crystal architectures[END_REF]. La nanostructuration des couches absorbantes de cellules elles-mêmes conduit à l'étude des cellules solaires à nanofils, qui présentent des propriétés d'absorption remarquables [132,[START_REF] Krogstrup | Single-nanowire solar cells beyond the shockley-queisser limit[END_REF].

Sur les cellules en GaAs plus particulièrement, différentes stratégies ont été adoptées. Le transfert des couches absorbantes sur un miroir arrière a été étudié pour bénéficier des effets bénéfiques du recyclage de photons et augmenter le V oc des cellules [START_REF] Kayes | 27.6cell under 1 sun illumination[END_REF][START_REF] Miller | Strong internal an external luminescence a solar cells approach the shockleyqueisser limit[END_REF][START_REF] Yablonovitch | Extreme selectivity in the lift-off of epitaxial gaas films[END_REF][START_REF] Bauhuis | 26.1% thin-film gaas solar cell using epitaxial liftoff[END_REF][START_REF] Steiner | Optical enhancement of the open-circuit voltage in high quality gaas solar cells[END_REF]. Liang et al. ont aussi proposé de structurer la barrière d'Al-GaAs en face avant de la cellule pour en améliorer l'absorption (effet anti-reflet) [START_REF] Liang | High-efficiency nanostructured window gaas solar cells[END_REF]. Pour des couches de GaAs ultrafines, l'utilisation de nanostructures en face avant de cellules épaisses de 200 nm a conduit Nakayama et al. puis Liu et al. à des J sc expérimentaux inférieurs à 12 mA/cm 2 [START_REF] Nakayama | Plasmonic nanoparticle enhanced light absorption in gaas solar cells[END_REF][START_REF] Liu | Surface plasmon enhanced gaas thin film solar cells[END_REF]. Yang et al. ont recemment montrés des J sc expérimentaux de 24.5 mA/cm 2 pour un absorbeur épais de 300 nm [START_REF] Yang | Ultra-thin gaas single-junction solar cells integrated with a reflective back scattering layer[END_REF]. Ils dépassent avec ce résultat la limite définie par l'absorption simple passage.

D'un point de vue plus théorique, Grandidier et al. ont étudié numériquement l'utilisation de nanosphères en SiO 2 déposées sur des couches de GaAs de 100 nm [START_REF] Grandidier | Gallium arsenide solar cell absorption enhancement using whispering gallery modes of dielectric nanospheres[END_REF]. Grace aux modes résonants des nanosphères, l'absorption est amélioré ponctuellement à quelques lon-gueurs d'onde, ce qui conduit à un J sc maximal de 18.14 mA/cm 2 . Eyderman et al. ont aussi proposé des structures absorbantes aux architectures très éloignées de celles de cellules solaires fonctionnelles, comme un réseau de nanocones permettant d'atteindre un J sc théorique de 28.8 mA/cm 2 pour un quantité de matériau équivalente à celle d'une couche de 200 nm d'épaisseur [132].

La plupart des solutions décrites ci-dessus pour améliorer l'absorption dans les cellules solaires reposent sur la déposition conforme du matérieu semiconducteur sur une surface texturée ou sur la gravure ou la texturation des couches actives des cellules. Ces stratégies ont donc particulièrement été étudiées pour la filière du silicium amorphe (a-Si:H) [START_REF] Paetzold | Optical simulations of microcrystalline silicon solar cells applying plasmonic reflection grating back contacts[END_REF][START_REF] Ferry | Modeling light trapping in nanostructured solar cells[END_REF]. Cependant, de telles approches conduisent à un élargissement des interfaces et à la création de stress ou de défauts structuraux dans les couches actives, favorisant les recombinaisons non-radiatives et réduisant les performances photovoltaïques.

Au LPN, notre approche repose sur l'utilisation des modes résonants des différentes structures étudiées pour en maximiser l'absorption sur de larges bandes spectrales. Pour des épaisseurs de semiconducteur données, l'introduction de réseaux de nanostructures métalliques permet d'augmenter le nombre des résonances, de jouer sur leur position spectrale et d'optimiser la valeur de l'absorption à chaque résonance. Dans ces cellules ultrafines, les couches actives de semiconducteur restent planes afin de prévenir l'apparition de recombinaisons parasites. A titre d'exemple, la Figure 113 montre les performances qui ont été obtenues par Inès Massiot après la conception d'une cellule de 90 nm de a-Si:H avec un réseau 1D en argent servant de contact avant (Figure 113a) et par Clément Collin sur un superabsorbeur comprenant une couche de 45 nm de CIGS surmontée d'un réseau 2D de nanostructures carrées d'argent (Figure 113b) [START_REF] Massiot | Nanopatterned front contact for broadband absorption in ultrathin amorphous silicon solar cells[END_REF][START_REF] Massiot | Multi-resonant absorption in ultra-thin silicon solar cells with metallic nanowires[END_REF][START_REF] Clément | Metal nanostructures for light-trapping in ultrathin GaAs and CIGS solar cells[END_REF]. On observe dans les deux cas la présence de nombreuses résonances aboutissant à un spectre d'absorption élevé sur l'ensemble du spectre solaire et des J sc théoriques respectifs de 14.6 mA/cm 2 et 38 mA/cm 2 .

La conception de la structure des absorbeurs est réalisée grâce à des simulations numériques. Les champs électromagnétiques à l'intérieur des couches sont calculés de manière exacte avec RETICOLO, code RCWA (Rigorous Coupled Wave Analysis) fonctionnant sous Matlab développé par P. Lalanne, C. Sauvan et al. [START_REF] Lalanne | Highly improved convergence of the coupled-wave method for tm polarization[END_REF][START_REF] Lalanne | Computation of the near-field pattern with the coupled-wave method for transverse magnetic polarization[END_REF]. Cette étape est suivie du développement des procédés de fabrication des structures en salle blanche. Les structures sont ensuite fabriquées et caractérisées optiquement et électriquement. Les résultats expérimentaux obtenus font alors l'objet d'une comparaison systématique avec les résultats des simulations. Cette méthode a été suivie pour l'ensemble des travaux de cette thèse, tant pour la conception d'un super-absorbeur ultrafin avec une couche de 25 nm de GaAs que pour la réalisation de cellules solaires ultrafines nanostructurées en GaAs avec des absorbeurs de 120 et 220 nm.

conception et fabrication d'un super-absorbeur ultrafin L'un des premiers résultats majeurs de cette thèse a été la conception et la fabrication d'un super-absorbeur constitué d'un couche de 25 nm de GaAs. Dans cette étude menée conjointement avec Inès Massiot, nous démontrons qu'il est possible d'absorber plus de 80% de la lumière incidente dans la gamme spectrale 450-850 nm avec une couche aussi fine de semiconducteur. Ces résultats ouvrent la voie vers la conception et la fabrication de cellules solaires fonctionnelles de seulement quelques dizaines de nanomètres.

La littérature présentent de nombreux exemples de super-absorbeurs faisant principalement intervenir des propriétés plasmoniques pour piéger la lumière de manière la plus isotrope et large bande possible [START_REF] Aydin | Broadband polarization-independent resonant light absorption using ultrathin plasmonic super absorbers[END_REF][START_REF] Cui | Ultrabroadband light absorption by a sawtooth anisotropic metamaterial slab[END_REF][START_REF] Cattoni | λ 3 /1000 plasmonic nanocavities for biosensing fabricated by soft uv nano-imprint lithography[END_REF][START_REF] Watts | Metamaterial electromagnetic wave absorbers[END_REF][START_REF] Schaich | Tuning infrared emission from microstrip arrays[END_REF][START_REF] Stéphane | Nanostructure arrays in free-space: optical properties and applications[END_REF]. Inspirée par ces travaux, la structure de notre super-absorber repose sur un empilement metal-semiconducteurmetal (MSM) décrit en Figure 114. Une nanogrille en argent est déposée sur la couche de GaAs de 25 nm, elle-même transférée sur un miroir arrière en argent. La grille périodique de période p suivant les deux axes de la surface du super-absorbeur est constituée de deux réseaux 1D orthogonaux de doigts d'argent de largeur w et d'épaisseur h metal . Constituant un réseau métallique continu, la nanogrille peut constituer un contact avant alternatif aux TCOs généralement utilisés dans les cellules solaires. Une couche anti-reflet (ARC) de nitrure de Les paramètres géomètriques de la structure sont optimisés à l'aide des simulations numériques pour maximiser le J sc théorique de l'absorbeur. La meilleure absorption dans la couche de GaAs est obtenue pour une période p = 500 nm, des doigts de largeur w = 125 nm, une épaisseur de grille limitée h metal = 20 nm et une couche ARC de h SiN x = 80 nm. Le spectre d'absoprtion totale de cette structure est tracé en noir sur la Figure 115a. Il présente 5 résonances à λ = 517, 606, 711, 802, et 881 nm (respectivemment identifiées par les lettres A, B, C, D et E), qui atteignent toutes une absorption proche de 1. En valeur moyenne, l'absorption totale dépasse les 80% pour les longueurs d'onde comprises entre 450 et 850 nm.

Sur la même Figure 115a, le spectre d'absorption dans le GaAs est tracé en rouge. De manière remarquable, ce spectre reste relativement proche de celui de l'absorption totale sur l'ensemble de la plage spectrale considérée, ce qui indique des pertes par absorpion dans le métal relativement limitées, moins de 16% de la lumière incidente est perdue dans l'argent alors que plus de 40% de la surface du super-absorbeur en est couverte. L'utilisation d'une nanogrille suffisamment fine et la localisation des résonances dans la couche semiconductrice et non sur le métal limite l'absorption parasite. L'intégration du spectre rouge permet de prédire un J sc théorique de 21.6 mA/cm 2 . C'est la valeur de densité de courant la plus élevée jamais calculée pour des couches aussi fines de semiconducteur. En considérant l'absorption simple passage, l'épaisseur équivalente correspondant au même J sc est 320 nm, soit une réduction d'épaisseur d'un facteur supérieur à 12. A titre de comparaison, la cellule record d'Alta Devices ne présente qu'un J sc 1.6 fois supérieur pour un ab-sorbeur 40 fois plus épais que notre super-absorbeur.

A partir de la Figure 115, nous avons analysé l'origine des différents mécanismes résonants de la structure. Les spectres d'absorption calculés et tracés pour différents états du super-absorbeur -avec ou sans nanogrille ou ARC -permettent de déterminer les principales contributions des éléments de la structure. Tracé en pointillés orange, le spectre d'absorption de la couche de GaAs reportée sur un miroir présente un mode de Fabry-Pérot centré autour de λ = 650 nm. L'ajout de la nanogrille en face avant vient dédoubler cette résonance et l'absorption augmente presque jusqu'à 1 pour ces deux pics à λ = 600 nm et λ = 670 nm (courbe verte). Un troisième pic apparaît à λ = 870 nm, mais le pic d'absorption reste limité à 23%. L'ajout d'une couche ARC en face avant de la couche reportée sans nanogrille est à l'origine d'une résonance à λ = 450 nm observable sur le spectre bleu. Ainsi, la résonance A autour de λ = 500 nm est due à la présence de la couche ARC de SiN x , les résonances B et C sont intimement liés à la présence ou l'absence du métal de la grille en face avant et les résonances D et E sont des résonances liées à la grille dont l'absorption est favorablement optimisée par la présence de l'ARC.

Les cartes de champ des Figures 115b-115f viennent corroborer ces résultats. La résonance A résulte d'une localisation du champ électrique sous les doigts métalliques de la nanogrille. Elle est en fait due à une oscillation verticale du champ similaire à un Farby-Pérot dans la structure MSM. Similairement, la résonance B est due à une résonance verticale de Fabry-Perot dans les trous de la grille, avec un maximum de champ dans la couche de GaAs clairement identifiable. Pour la résonance C, la distribution du champ présente des variations dans l'ensemble des couches. Le mécanisme de résonance est surement du à la superposition des différents modes. Les résonances D et E correspondent à des modes plasmoniques résonant horizontallement sous les doigts métalliques de la nanogrille, avec des indices effectifs beaucoup plus élevés que ceux du GaAs (n eff 10) [START_REF] Cattoni | λ 3 /1000 plasmonic nanocavities for biosensing fabricated by soft uv nano-imprint lithography[END_REF]. Le couplage de la lumière dans ces cavités est optimisé quand l'ARC est présent en face avant du super-absorbeur. Après l'étude numérique de ce super-absorbeur, un procédé de fabrication en salle blanche a été mis au point. Au cours de la fabrication, l'or a été utilisé à la place de l'argent pour éviter les problèmes d'oxidation et de vieillissement. Après l'épitaxie d'une couche de 25 nm de GaAs, séparée du substrat de croissance par une couche d'arrêt sacrificielle en Al 0.85 Ga 0.15 As, une étape de transfert des couches cristallines sur un miroir et un substrat hôte est nécessaire. Le miroir en or est déposé sur la couche de 25 nm, suivi d'une couche d'aluminium. On utilise une technique de collage anodique pour fixer l'empilement ainsi formé sur un substrate en pyrex. La substrat de GaAs servant pour l'épitaxie est ensuite gravé chimiquement puis la couche d'arrêt en AlGaAs est également retirée. On peut ensuite travailler directement sur la couche de 25 nm. La nanogrille est définie en face avant de la couche reportée par lithographie électronique, dépôt métallique d'or, puis lift-off. La dernière étape du procédé consiste en un dépôt de la couche ARC de SiN x par pulvérisation. A chaque étape du procédé de fabrication, le spectre d'absorption totale de la structure a été mesuré. La Figure 116a présente les résultats de ces mesures pour la couche de GaAs transférée seule (tracé orange), la couche transférée avec la nanogrille (tracé vert), la couche transférée avec l'ARC sans nanostructures (tracé bleu), et pour le super-absorbeur à la fin du procédé de fabrication complet (tracé noir). Le spectre d'absorption totale présente les caractéristiques multirésonante et large bande recherchées, avec 4 différentes résonances observables et une absorption moyenne supérieure à 80% de 450 à 850 nm.

La différence entre ce dernier spectre et celui qui avait été obtenu pour la structure canonique calculée dans les simulations précédentes est due aux écarts constatés dans l'épaisseur de la couche de GaAs -on mesure expérimentalement une épaisseur de 23 nm au lieu des 25 nm attendus -mais surtout au fait que le dépôt de l'ARC est conforme à la nanogrille en face avant. La surface du super-absorbeur fabriqué n'est donc pas plane comme dans la structure canonique. Pour prendre en compte ces différences, nous avons relancés de nouvelles simulations dont les résultats sont présentés en Figure 116b. L'accord remarquable entre les Figures 116a et 116b confirme la qualité des prévisions ainsi que la faisabilité de structures très fines pour piéger et absorber efficacement la lumière. Malgré l'absence de jonction dans la couche absorbante de nos échantillons, des mesures électriques ont été mises en oeuvre. En particulier, nous avons essayé de discriminer l'absorption dans le GaAs de l'absorption totale des super-absorbeurs fabriqués. Ces mesures n'ont pas abouti à l'observation d'un photocourant, probablement à cause de recombinaisons importantes aux interfaces de la couche de GaAs. Une meilleure passivation de cette couche par ALD (Atomic Layer Deposition) constitue une piste d'amélioration prometteuse de la structure. Nous avons proposé et fabriqué une structure superabsorbante constituée d'une couche de GaAs de 25 nm seulement comprise entre une nanogrille en face avant et un miroir arrière. Nous avons démontré numériquement et expérimentalement une absorption multi-résonante supérieure à 80% sur une bande spectrale allant de 450 nm à 850 nm. La densité de courant théorique de ce superabsorbeur atteint 21.6 mA/cm 2 , 25% de moins que les meilleurs J sc expérimentaux des cellules conventionnelles actuelles, mais pour une couche de GaAs 40 fois plus fine. Ces résultats ouvrent la voie vers la conception de cellules solaires épaisses de quelques dizaines de nanomètres seulement. L'ensemble de ces résultats obtenus avec Inès Massiot a fait l'objet d'une publication dans ACS Photonics [START_REF] Massiot | Metal nanogrid for broadband multiresonant lightharvesting in ultrathin gaas layers[END_REF]. conception et fabrication de cellules solaires ultrafines en gaas de 120 et 220 nm Alors que l'étude de super-absorbeurs ultrafins confirme la possibilité de fabriquer des cellules solaires de quelques dizaines de nanomètres, la deuxième partie de cette thèse s'intéresse à la conception et la fabrication de cellules de quelques centaines de nanomètres, dix fois plus fines que les cellules solaires records en GaAs. Dans ces épaisseurs, il est possible d'intégrer des jonctions p-n ou p-i-n, des couches barrières pour faciliter la collection des porteurs photogénérés et éviter des recombinaisons parasites, comme dans les structures des cellules conventionnelles.

On étudie dans cette partie des cellules solaires avec des couches de GaAs non intentionnellement dopées de 100 et 200 nm d'épaisseur. Ces couches forment une jonction p-i-n avec des couches dopées en GaAs de 10 nm et des couches d'AlGaAs, matériau à plus grand gap, constituent des barrières pour les porteurs minoritaires de chaque côté de la jonction afin d'éviter des recombinaisons en surface ou aux contacts de la cellule. Le transfert de ces hétérostructures, dans un premier temps sur un miroir plan puis sur un miroir nanostructuré, permet d'en améliorer l'absorption. Les J sc calculés pour ces cellules avec des absorbeurs de 120 et 220 nm atteignent ainsi des valeurs records pour des couches semiconductrices aussi fines.

Cellules avec un miroir plan

L'utilisation de miroirs plans à l'arrière des cellules solaires permet en principe de doubler le chemin optique des photons dans l'absorbeur (réflection spéculaire) et de renforcer les phénomènes de recyclage de photon, avec des gains potentiels sur le V oc des cellules [START_REF] Miller | Strong internal an external luminescence a solar cells approach the shockleyqueisser limit[END_REF]. En général, ces miroirs sont fabriqués par la déposition de films métalliques d'or ou d'argent. Cependant, les contacts Au/GaAs et Ag/-GaAs ne sont pas ohmiques et la formation de contacts ohmiques sur les cellules impliquent des recuits qui favorisent la diffusion de ces métaux et augmentent la rugosité des films métalliques, de sorte que la réflectivité des miroirs est amoindrie [START_REF] Bauhuis | 26.1% thin-film gaas solar cell using epitaxial liftoff[END_REF].

L'approche originale adoptée pour la fabrication de nos cellules ultrafines consiste à regrouper les traitements thermiques avant le dépôt du miroir pour bénéficier d'une reflectivité maximale. Des contacts ohmiques en NiGeAu recuits à 400°C pendant 30 s sont réalisés sur la face dopée n de l'épitaxie avant le dépôt du miroir puis le transfert des couches sur un substrat en pyrex (Figure 120b). Le miroir en argent recouvre ainsi plus de 96% de la surface arrière tandis que les contacts ohmiques forment des passages privilégiés pour les charges entre la jonction et le miroir utilisé comme contact arrière.

La fabrication des cellules utrafines avec un miroir en argent entraîne une amélioration de l'absorption, principalement due à l'apparition de résonances de Fabry-Pérot verticales à l'intérieur de l'absorbeur. Pour chaque résonance, l'absorption est très bien décrite par un modèle simple basé sur la théorie des modes couplés. En particulier, l'absorption totale proche de 1 pour certaines résonances correspond à un équilibrage entre les pertes radiatives et non-radiatives du système (condition de couplage critique). L'association du miroir en face arrière avec un anti-reflet de SiN x conduit à un élargissement du spectre d'absorption. Les J sc mesurés à partir des mesures d'EQE atteignent 16.3 mA/cm 2 pour l'absorbeur de 120 nm et 20.7 mA/cm 2 pour celui de 220 nm [START_REF] Vandamme | Ultrathin gaas solar cells with a silver back mirror[END_REF]. Ces valeurs sont au dessus de celles obtenues pour l'absorption simple passage dans les couches de GaAs et constituent l'état de l'art pour des couches semiconductrices de moins de 250 nm d'épaisseur.

Malgré ces performances remarquables, la mesure des caractéristiques courant-tension de ces cellules sous éclairement équivalent à 1 soleil indique que les V oc et FF des cellules fabriquées sont en deçà des valeurs attendues pour des cellules en GaAs (V oc ≈ 850 mV et FF ≈ 75% au lieu de V oc 1 V et FF ≈ 85%). L'étude du comportement électrique des cellules à l'aide d'un modèle à deux diodes appliqué aux mesures des caractéristiques courant-tension à l'obscurité confirme des courants de saturation élevés. Ceux-ci sont attribués à la présence de défauts dans la couche active des cellules, dûs à des problèmes de croissance du matériau et/ou à des problèmes dans le procédé de fabrication.

Design du miroir arrière nanostructuré et performances théoriques

Inspirés par les stratégies de piégeage optique déjà mises en oeuvre pour les cellules en a-Si:H et c-Si, nous avons proposé l'utilisation d'un miroir nanostructuré pour améliorer encore l'absorption dans nos cellules ultrafines en GaAs. Dans une étude numérique, Mc Pheeters et al. préconisent l'utilisation de ce type de structure pour améliorer le J sc de cellules à multi-puits quantiques (MQWs) [START_REF] Clairborne O Mcpheeters | Semiconductor heterostructures and optimization of light-trapping structures for efficient thin-film solar cells[END_REF] et Watanabe et al. ont fabriqué par nano-impression des miroirs nanostructurés en face arrière de cellules avec MQWs de quelques micromètres d'épaisseur [START_REF] Watanabe | Thin-film ingaas/gaasp mqws solar cell with backside nanoimprinted pattern for light trapping[END_REF].

Dans notre structure, la jonction p-i-n et ses couches barrières ne sont pas affectées par la nanostructuration et restent planes pour miniser les risques de recombinaison en surface. Le miroir en face arrière est constitué d'un réseau de nanostructures métalliques carrées à l'intérieur d'une matrice diélectrique, comme représenté en Figure 117, au-dessus d'un substrat entiérement métallique. Pour le réseau, le couple de matériaux Ag/TiO 2 a été choisi pour maximiser les performances, l'Ag présentant la meilleure réflectivité pour un métal dans le visible et le TiO 2 l'un des indices de réfraction le plus élevé pour un diélectrique.

L'optimisation de cette structure a consisté à faire varier les différents paramètres géométriques du réseau décrits en Figure 117 pour maximiser l'absorption dans la p-i-n et donc le J sc théorique. Les meilleures performances pour l'absorbeur de 120 nm d'épaisseur ont été obtenues avec un réseau d'une période p = p x = p y = 600 nm avec des nanostructures occupant la moitié de cette période w = 0.5 × p = 300 nm. Pour la p-i-n plus épaisse de 220 nm, les meilleurs résultats sont obtenus avec p = 700 nm et w = 0.5 × p = 350 nm. Dans les deux cas, la hauteur optimale du réseau est h grating = 100 nm et l'épaisseur de l'anti-reflet est h SiN x = 60 nm. Les spectres d'absorption calculés pour les deux épaisseurs d'absorbeur sont présentés en parallèle pour le même réseau de période p = 600 nm en Figure 118. Par rapport à l'absorption de la structure avec un miroir plan (trait rouge pointillé), on observe une amélioration de l'absorption due à la présence de résonances supplémentaires obtenues grâce au réseau (trait rouge) entre λ = 700 et 900 nm pour h GaAs = 120 nm et 220 nm. Respectivement, les J sc théoriques gagnent 5.68 mA/cm 2 et 4.1 mA/cm 2 pour atteindre 22.4 mA/cm 2 et 24.9 mA/cm 2 , ce qui représente à nouveau des valeurs records de densité de courant pour des cellules ultrafines. L'utilisation d'un anti-reflet double couche (MgF 2 /ZnS) sur la structure optimisée pour h GaAs = 220 nm avec le réseau de période p = 700 nm conduit même à un J sc théorique de 26 mA/cm 2 .

On peut noter sur les graphes en Figure 118 que pour λ 700 nm, le réseau n'impacte pas le spectre d'absorption. En effet, les photons de ces longueurs d'onde traversent une première fois l'absorbeur avant d'interagir avec le réseau en face arrière, ce qui constitue également un avantage de notre design, puisque les pertes par absorption dans les nanostructures métalliques sont fortement réduites. On peut également remarquer sur l'absorption totale (tracé noir) que des modes résonants sont présents au delà du gap du GaAs et ne participent pas à l'absorption de la cellule. L'apport ou le déplacement de ces résonances supplémentaires pour les ramener autour de λ = 650 nm, où l'absorption de notre structure est plus faible, pourra faire l'objet d'une future optimization.

Modèle analytique du couplage de la lumière dans les modes guidés des absorbeurs

Un modèle permettant de connaître avec précision la position des résonances en fonction de la longueur d'onde et de l'épaisseur de la couche de GaAs considérée a été développé dans cette thèse. Très général, il permet de décrire la plupart des modes résonants de la structure malgré la diversité des mécanismes optiques rentrant en jeu. Dans une coupe de la structure à incidence normale, la lumière réfléchie par le miroir nanostructuré en face arrière de la cellule se propage avec un vecteur d'onde oblique dans les couches de l'hetero-structure. Par symétrie, l'onde diffractée dans un ordre +m l'est aussi dans l'ordre -m, donc deux ondes de sens opposés se propagent suivant l'axe horizontal. Si l'on considère que la lumière est réfléchie vers le bas par réflection totale sur l'interface SiNx/GaAs ou air/-SiNx, deux ondes de sens opposés se propagent suivant l'axe vertical. Finalement, les modes résonants de la structure résultent de l'interférence de 4 ondes planes suivant les vecteurs d'ondes ±k y ± k z . Les relations de pseudo-périodicité de la composante horizontale k y (apport d'un moment horizontal par le réseau) à incidence normale, les conditions aux limites pour la composante verticale k z (de la forme d'une relation de Fabry-Pérot vertical) et de continuité du vecteur d'onde k s'écrivent pour chaque couche j de l'empilement :

k y m = k y 0 + m 2π p = m 2π p (57) 
2 h grating k zT iO 2 + h j k zj m + ϕ = q2π (58)

(k y m ) 2 + k zj m 2 = n j k 0 2 (59) 
Les modes de la structures sont ainsi décrits dans un modèle 2D par deux indices m et q. La résolution de ce système de trois équations donne les fits tracés en diffèrentes teintes de bleu sur le tracé de l'absorption totale de la structure en fonction de l'épaisseur de GaAs considérée et de la longueur d'onde en Figure 119a. Un très bon accord entre le calcul exact et le modèle permet d'identifier pour m = 0 des résonances de Fabry-Pérot verticales dans la couche semiconductrice (pointillés). L'intensité du champ électrique varie alors uniquement suivant z, comme schématisée en Figur 119b. Pour m = ±1, l'onde diffractée dans le premier ordre résonne verticalement pour λ 650 nm (traits pointillés). L'intensité du champ est caractérisée par une oscillation verticale localisée au dessus des fentes de TiO 2 du miroir arrière, avec un maximum par période (Figure 119c). Des modes apparaissent pour les ordres supérieurs m = ±2 (bleu ciel), ainsi que des résonances localisées dans la couche 119d.

Ce modèle simple souligne le rôle du miroir arrière nanostructuré dans le couplage de la lumière incidente aux modes guidés de la couche absorbante. Il décrit les principaux mécanismes à l'origine de l'amélioration de l'absorption dans ce type de structure.

Fabrication et Caractérisation des cellules nanostructurées

Les cellules modélisées ont ensuite été entièrement fabriquées au LPN en suivant le procédé de fabrication décrit en Figure 120. L'épitaxie de l'ensemble de la jonction p-i-n, des couches barrières et des couches de contact a été réalisée par épitaxie par jet moléculaire pour les deux épaisseurs d'absorbeur (h GaAs = 120 ou 220 nm). La fabrication des contacts localisés est suivie par une étape de nano- impression, décrite en Figure 120c, pendant laquelle un moule flexible bi-couche en PDMS vient embosser une couche sol-gel de TiO 2 pour la nanostructurer [START_REF] Cattoni | Soft uv-nil at 20 nm scale using flexible bi-layer stamp casted on hsq master mold[END_REF]. Cette technique développée au LPN permet une nanostructuration à grande échelle, reproductible, relativement bas-coût et industrialisable. Le dépôt conforme du miroir d'Ag audessus de cette couche aboutit à la formation du miroir nanostructuré décrit plus haut. Les couches avec le miroir sont ensuite transférées sur un substrat hôte en verre par collage et le substrat de GaAs servant pour la croissance est gravé chimiquement. Des cellules sont enfin isolées à la surface de l'échantillon par une gravure partielle de la couche de GaAs intrinsèque, après fabrication des contacts avant. La coupe schématique de la cellule en Figure 120g est à comparer avec l'image obtenue au microscope électronique à balayage de la coupe d'un échantillon fabriqué en Figure 121. On y retrouve les différentes couches de l'empilement, notamment la couche de TiO 2 nano-imprimée (en bleu).

La caractérisation complète des cellules fabriquées pour les deux épaisseurs d'absorbeur a été effectué à travers des mesures systématiques d'EQE et de caractéristiques courant-tension à l'obscurité ou sous éclairement équivalent à un soleil sur les cellules fabriquées. La Figure 122 résume les résultats obtenus pour des cellules avec un absorbeur de 120 nm d'épaisseur. Sur l'EQE (Figure 122a), on observe effectivement la présence de résonances qui améliorent l'absorption autour de λ = 800 nm. On retrouve ce résultat sur les cellules avec des absorbeurs de 220 nm. Cette amélioration par rapport aux cellules avec un miroir plan conduit à mesurer des valeurs maximales de J sc de 17.52 mA/cm 2 pour h GaAs = 120 nm et 22.81 mA/cm pour h GaAs = 220 nm, qui constituent l'état de l'art pour des cellules solaires aussi fines. La forme de l'EQE mesurée ne correspond pas exactement à celle donnée par le calcul, entrainant des performances expérimentales limitées par rapport aux simulations. L'effet de différences entre les échantillons fabriqués par rapport à la structure modélisé expliquerait un élargissement des résonances mais c'est le faible indice de la couche nano-imprimée de TiO 2 obtenue par procédé sol-gel qui est la principale raison des désaccords observés. En effet, alors que les calculs d'absorption ont été effectués pour une couche diélectrique parfaitement dense et cristalline, la couche nano-imprimée est mésoporeuse et son indice de réfraction est réduit. L'introduction d'un facteur de porosité ρ = 75% permet de prendre en compte cette différence d'indice dans de nouveaux calculs d'absorption dont les résultats sont tracés en pointillés sur la Figure 122a. On retouve alors un meilleur accord entre simulations et mesures sur les échantillons fabriqués, en particulier pour les positions et valeurs relatives des résonances. La mise au point d'une procédure de recuit pour l'obtention d'une couche nano-imprimée de plus fort indice se poursuit actuellement pour améliorer les performances optiques des cellules nanostructurées.

Sous éclairement équivalent à 1 soleil, les J sc des cellules ultrafines sont très prometteurs (cf. Figure 122b). Les V oc et FF mesurés sont faibles par rapport aux valeurs de l'état de l'art des cellules solaires en GaAs, comme dans le cas des cellules avec un miroir plan. Le V oc reste notamment le principal facteur limitant les performances de nos cellules. L'amélioration de la qualité du matériau semiconducteur ainsi que l'optimisation des étapes technologiques du procédé de fabrication devraient permettre d'augmenter à court terme le rendement de conversion de nos dispositifs. conclusion et perspectives L'amincissement des cellules solaires permet d'envisager un développement moins onéreux du photovoltaïque à plus grande échelle. Pour augmenter l'efficacité de cellules d'une épaisseur de quelques centaines de nanomètres, nous avons proposé dans cette thèse l'utilisation de réseau de nanostructures métalliques pour piéger la lumière et obtenir des spectres d'absorption large-bande multi-résonants dans des couches ultrafines de GaAs.

Dans un premier temps, nous avons conçu et fabriqué un superabsorbeur avec une couche de GaAs de 25 nm d'épaisseur seulement. Grâce à un nanogrille métallique déposée en face avant qui pourrait servir de contact alternatif, la lumière est confinée dans le semiconducteur et, en moyenne, 80% de la lumière incidente est absorbée entre 450 nm et 850 nm. Dans un second temps, nous avons étudié des cellules solaires complètes 10 fois plus fines que les cellules records en GaAs, pour lesquelles les absorbeurs ont donc une épaisseur h GaAs = 120 nm et h GaAs = 220 nm. En combinant des contacts ohmiques localisés avec un miroir arrière plan en argent pour maximiser la réflexion de la lumière en face arrière des cellules, puis en optimisant un anti-reflet de SiN x en face avant, nous avons mesuré des J sc à l'état de l'art de 16.3 mA/cm 2 pour h GaAs = 120 nm et 20.7 mA/cm 2 pour h GaAs = 220 nm. Ces valeurs sont respectivemment 16% et 12% au-dessus des J sc obtenus pour l'absorption simple passage dans ces couches ultrafines (cf. Figure 123). L'intégration à ces cellules d'un miroir nanostructuré en argent permet d'améliorer encore l'absorption. Nos simulations ont montré qu'il était possible d'atteindre des J sc théoriques de 22.4 mA/cm 2 pour h GaAs = 120 nm et 24.9 mA/cm 2 , ou même 26 mA/cm 2 avec un anti-reflet double couche pour h GaAs = 220 nm. Ces performances sont obtenues grâce à l'utilisation d'un grande variété de modes résonants dans les couches semiconductrices (Fabry-Pérot, modes guidés,...). Nous avons construit un modèle simple permettant de décrire l'ensemble de ces phénomènes, et plus particulièrement le couplage de la lumière dans les modes guidés de la structure via le réseau de nanostructures en face arrière. En parallèle, nous avons développé un procédé de fabrication complet de ces cellules en salle blanche. Il repose sur la nano-impression pour nanostructurer le miroir arrière des cellules sur de larges surfaces et différentes techniques de transfert des couches actives. Les mesures sur les échantillons fabriqués montrent des J sc records de 17.5 mA/cm 2 (h GaAs = 120 nm) et 22.8 mA/cm 2 (h GaAs = 220 nm) (cf. Figure 123).

Malgré des J sc très prometteurs, les performances électriques de nos cellules sont limitées par de faibles V oc et FF. La résolution des problèmes liès à la qualité du matériau et au procédé de fabrication devrait conduire à des cellules ultrafines beaucoup plus efficaces. L'amélioration de ces paramètres pourrait conduire à court terme à l'obtention de rendements de conversion supérieurs à 20% pour des cellules solaires simple jonction d'épaisseur inférieure à 200 nm.

Les succès de la modélisation et la maîtrise des procédés de fabrication sur le GaAs permettent d'envisager le développement de solutions de piégeage optique similaires pour d'autres types de cellules. Les résultats obtenus dans cette thèse trouvent déjà des applications pour la réalisation de cellules solaires ultrafines en CIGS (projet ANR Ultracis-M). Certains concepts peuvent également être adaptés pour la fabrication de cellules solaires en silicium cristallin absorbant efficacement la lumière dans quelques micromètres seulement (projet ANR NATHISOL).

Ces travaux montrent aussi qu'il est envisageable de concevoir des cellules solaires efficaces de quelques dizaines de nanomètres d'épaisseur seulement. Les modes résonants utilisés dans ces structures pour confiner la lumière conduiraient à des densités optiques très importantes qui favoriseraient l'apparition d'effets non-linéaires nécessaires dans les cellules intégrant les nouveaux concepts de glissement spectral (up/down-conversion) ou de porteurs chauds. Dans ce dernier cas, la faible épaisseur des dispositifs constituerait également un avantage pour l'extraction des charges avant leur thermalisation. Notre stratégie alliant nanophotonique et plasmonique ouvre donc de nouvelles perspectives pour atteindre de nouveaux records d'efficacité avec des dispositifs opto-électroniques ultrafins. colophon This document was typeset using the typographical look-and-feel classicthesis developed by André Miede. The style was inspired by Robert Bringhurst's seminal book on typography "The Elements of Typographic Style". classicthesis is available for both L A T E X and L Y X: http://code.google.com/p/classicthesis/ Any questions, comments, remarks or discussions about this work are very welcomed. Feel free to contact me directly: nicolas.vandamme.phd@gmail.com.
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 1 Figure 1: Global electricity mix following the various scenarios examined by the IEA [1].

Figure 3 :

 3 Figure 3: (a) Global annual market size (GW installed), historical data (2003-2013) and predictions until 2018 following three scenarios qualifying the adequate support and political will to promote PV electricity: high, medium or low. (b) Cumulative PV capacity (GW installed) following the same scenarios until 2018. Charts taken from Reference [26].

Figure 5 :

 5 Figure 5: Unsubsidized levelized cost of energy comparison between various energy sources evaluated in September 2014 [30]. The price ranges in blue indicate the observed or evaluated costs under various scenarios analyzed by the financial advisory and asset management firm Lazard. PV figures are highlighted in orange. They show that utility-scale PV is competitive with almost all the other electricity sources in terms of costs.

Figure 6 :

 6 Figure 6: Schematic view of grid evolutions: new electricity flux should be reversible depending on production by renewables vs demand. Storage capacities will help maintaining the grid at different grid levels.It reinforces the need for a real intelligence of the 'smart-grid' system. Self-consumption could also help reduce the transportation capacity of the grid.

Figure 7 :

 7 Figure 7: Comparison of efficiencies between various electricity sources in the energy mix. Thermodynamic limits and maximum efficiencies achieved experimentally are represented in the chart. Room for improvement is much larger in the solar PV field than any other energy sector.

Figure 9 :

 9 Figure 9: Power spectral density and photon flux of Solar Radiation on Earth.

Figure 11 :

 11 Figure 11: Shockley-Queisser efficiency limit as a function of the material bandgap. A maximum of 33% is reached for E gap = 1.4 eV. Dots represent experimental record for various materials (also see Table1). GaAs ans Si are the materials for which experimental efficiency records approach the theoretical efficiency limit. The dashed line shows the theoretical efficiency limit calculated for Si taking into account Auger recombinations.

Figure 12 :

 12 Figure 12: Typical band structure of a solar cell in equilibrium (taken from reference [46]). The carriers created inside the junction virtually follow the slope of the band diagram and are collected at the extremity of the device. Electrons flow to the n-type semiconductor on the right while holes flow to the p-type semiconductor.
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 13 Figure 13: Equivalent electrical circuit of a solar cell using the double diode model.
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 14 Figure 14: Typical J-V curve for a solar cell.

Figure 15 :

 15 Figure 15: Absorption coefficient of GaAs and other PV materials at 300K as a function of wavelength [74].

Figure 16 :

 16 Figure 16: Lattice constant vs energy bandgap for most III-V binary and ternary compounds [76]. Materials that are lattice matched with GaAs are quoted on the horizontal dashed line at 5.65 Å.
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 43 State-of-the-art thin film GaAs solar cells 2.4.3.1 Step by step towards records: a review on Bauhuis and co-workers' works

Figure 19 :

 19 Figure 19: Operating principles of solar cells based on new concepts: (a) a hot-carrier solar cell benefits from charge extraction before carriers thermalize inside their electronic bands. The chemical potential extracted from the cell is higher than in conventional devices [142]. (b) In intermediate band solar cells, the presence of a independent band inside the bandgap allows for lower energy photons to be absorber without loss in the chemical potential between the conduction and valence bands for collected carriers [143]. (c) The up-converter transform low energy photons in high energy photons, with an energy higher than the solar cell bandgap. These photons are sent back to the solar cell by a mirror, and participate in total absorption [144].
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Figure 20 :

 20 Figure 20: Single-pass absorption in GaAs assuming perfect anti-reflection for thicknesses of 25 nm (blue), 100 nm (orange), 200 nm (red), 1000 nm (green), 2000 nm (cyan) and 3000 nm (black).

Figure 21 :

 21 Figure 21: Light path enhancement inside an absorber slab (a) with a back mirror and (b) with Lambertian surfaces (Yablonovitch limit).

Figure 22 :

 22 Figure 22: Micrometer sized pyramids fabricated by chemical etching on Si Solar cells: (a) SEM picture of random texturation of Si surface in TMAH [150], (b) SEM picture of inverted pyramids obtained by KOH etching of c-Si at LPN with a square grid as a mask pattern.

Figure 23 :

 23 Figure 23: Plasmonic light-trapping geometries for thin-film solar cells taken from Reference [159]. a, Light trapping by scattering from metal nanoparticles at the front surface of the solar cell. Light is preferentially scattered and trapped into the semiconductor thin film by multiple and high-angle scattering, causing an increase in the effective optical path length in the cell. b, Light trapping by the excitation of localized surface plasmons in metal nanoparticles embedded in the semiconductor. The excited particles near-field causes the creation of electron-hole pairs in the semiconductor. c, Light trapping by the excitation of surface plasmon polaritons at the metal/semiconductor interface. A corrugated metal back surface couples light to surface plasmon polariton or photonic modes that propagate in the plane of the semiconductor layer.

Figure 24 :

 24 Figure 24: Design of GaAs ultrathin cells with a p-n absorber of 200 nm and EQEs measured on fabricated cells with different Ag nanoparticle arrays (colored lines). They are compared to the case of a cell without nanoparticles (black line).

Figure 25 :

 25 Figure 25: Experimental achievements and concepts of light trapping by periodic nanophotonic structures. (a) SEM picture of a nanostructured silver back mirror for light coupling to guided modes in µc-Si:H solar cells [16, 225]. (b) Representative diagram of a simulated GaAs multiple quantum well device in Reference [221] with a 2D diffractive structure located on its back side. (c) 3D Photonic crystal (PC) used as an intermediate reflector layer (IRL) in a tandem a-Si:H/µc-Si:H (≈1 µm) solar cell [226].The absorption enhancement is compared between a reference thin film PC/IRL (purple,[START_REF] Das | A constructive combination of antireflection and intermediate-reflector layers for a-si/uc-si thin film solar cells[END_REF]) and a opal structure 3D PC/IRL (orange,[START_REF] Üpping | Three-dimensional photonic crystal intermediate reflectors for enhanced lighttrapping in tandem solar cells[END_REF]). (d) Concept of light coupling in ultrathin absorber layers via whispering gallery modes excitation in dielectric nanospheres[START_REF] Grandidier | Gallium arsenide solar cell absorption enhancement using whispering gallery modes of dielectric nanospheres[END_REF]. Additional resonances A, B and C appear with the presence of nanospheres. Notably, A and B induce a localization of the electric field in the absorbing layer as sketched in the intensity cross sections.

Figure 26 :

 26 Figure 26: Calculated multi-resonant broadband absorption spectra: (a) on a a-Si:H solar cell with a 90 nm-thick absorber and a 1D silver stripes front grating [245], (b) on a 45 nm-thick CIGS absorber topped with a periodic array of squared silver nanostructures [247].

Figure 27 :

 27 Figure 27: Experimental fabrication and concepts of III-V nanostructured solar cell. (a) Core-shell GaAs nanowires passivated by an InGaP capping layer. (b) Heteroepitaxy of aligned InAs nanowires on a Si substrate [282]. (c) Resonance effects and light coupling in nanowire arrays [283]. This simulation represents the solution of the source problem with vertically aligned dipoles on the axis of the centered nanowire in the array. The color is representing the absolute value of the real part of the electric field. It illustrates the interferences and coupling effects that can occur between nanowires. (d) Standing single core-shell nanowire studied by Krogstrup et al. [276].

Figure 28 :

 28 Figure 28: Examples of localized plasmonic resonant approaches. (a) 1D Trapezoidal metal stripe grating and its resonances, and 2D geometry with two crossed trapezoidal arrays [211]. The absorption spectra corresponds to reflection measurements in orange (A = 1 -R) and electromagnetic (FDTD) calculations in blue. (b) MIM cavities defined by Au square nanostructure deposition at the end of a nano-imprint lithography process [246]. The horizontal Farby-Perot plasmonic resonance leads to nearly perfect absorption in TE or TM polarizations close to λ = 1.2 µm.

Figure 29 :

 29 Figure 29: Schematic of the ultrathin super-absorber design.

Figure 30 :

 30 Figure 30: Absorption spectra calculated for the MSM structure at normal incidence. Total absorption is plotted in blue whereas absorption in the GaAs is plotted in red.

Figure 31 :

 31 Figure 31: (a) Total absorption for the 25 nm-thick GaAs layer transferred on a silver back mirror. The inset describes the Farby-Perot vertical resonance mechanism ruled by Equation 19 (b) Electric field intensity cross-section shows that the field is only oscillating vertically in the semiconductor cavity (| E 2 x |=| E 2 | with a maximum intensity close to the air/semiconductor interface).

Figure 32 :

 32 Figure 32: (a) Total absorption in the 25 nm-thick GaAs layer transferred on a silver back mirror with a top silver nanogrid. The electric field cross sections are given for (b) resonance B, (c) resonance C and (d) resonance D. At each wavelength, the cross section of the main electric field component (| E 2 x | for (b) and (c) and | E 2 z | for (d)) is given along with the one for the total electric field | E 2 |.

Figure 33 :

 33 Figure 33: (a) Total absorption for the 25 nm-thick GaAs layer transferred on a silver back mirror with a 60 nmthick silicon nitride coating. (b) The electric field intensity cross section indicates the localization of the transverse electric field | E 2 x | in the GaAs layer.

Figure 34 :

 34 Figure 34: (a) Total Absorption spectrum of the MSM structure with its silicon nitride coating. For each of the five resonances observable in the spectrum, we plotted the cross-section of the total electric field intensity in the super-absorber structure (b-f).

Figure 35 :

 35 Figure 35: Total absorption of the super-absorber as a function of incidence angle and wavelength for (a) TE incident polarization and (b) TM incident polarization.

Figure 36 :

 36 Figure 36: Zoom of Figure 35b on the nanogrid surface plasmon resonance area.

Figure 37 :

 37 Figure 37: Calculation of the theoretical short circuit current density as function of incidence angle for TE and TM polarization. The arithmetic average of TE and TM is taken for unpolarized light.

  (a) Variation of total absorption vs wavelength and the SiNx coating thickness.(b) Variation of absorption in GaAs vs wavelength and the SiNx coating thickness. The theoretical short circuit current density J th is calculated as a fucntion of SiNx thickness. The best value is obtained for t SiNx ≈ 60 nm. For this thickness, we also plot the multiresonant absorption spectrum in the GaAs layer.

Figure 38 :

 38 Figure 38: Numerical study of absorption as a function of the thickness of the anti-reflective silicon nitride coating.

Figure 39 :

 39 Figure 39: Numerical study of total absorption with geometrical parameters variations. The value and spectra of the parameters used for the optimized super-absorber structure are evidenced in blue dashed line on each graph.

  (a) MBE epitaxy. (b) Semiconductor layer transfer. (c) Substrate removal. (d) Nanofabrication by e-beam lithography.

Figure 40 :

 40 Figure 40: Main steps of the super-absorber fabrication process.

Figure 41 :

 41 Figure 41: Scanning Electron Microscope image of the superabsorber surface (a) before SiN x deposition and (b) after SiN x deposition. The gold nanogrid is 20 nm-thick, lying on a ≈ 25 nm thick GaAs layer transferred on a gold mirror. The grid period is actually of 500 nm and the finger width is close to 125 nm. The SiN x deposition is conformal, as sketched in the schematic structure below the image.

Figure 42 :

 42 Figure 42: Image of a 200 µm by 200 µm nanogrid on a transferred ultrathin GaAs slab. The actual thickness of the GaAs can be determined by fitting the absorption spectrum in the area where there is only a SiN x coating on the GaAs. Fits in dotted and dashed lines for different thicknesses of GaAs are calculated with Johnson and Christy's refractive index for gold.

Figure 43 :

 43 Figure 43: Comparison between optical measurements on the proof-of-concept device and numerical calculations for the fabricated design.

Figure 44 :

 44 Figure 44: Comparison between experimental absorption measurements and the corresponding calculations for each step of the fabrication process. The detailed structure for the final fabricated super-absorber is given in inset of Figure 43b.

4. 7

 7 towards ultrathin active opto-electronic devices 4.7.1 Comparison with state-of-the-art super-absorbersWe compare the measured absorption of our device with the ones of other super-absorbers in the literature in Figure46. These observations indicate that the nanogrid design is of primary interest for super-absorption applications in the visible spectrum.

Figure 45 :

 45 Figure 45: Maps of the intensity of the electric field components (| E 2 |, | E 2 x | and | E 2 z |) for (a) λ = 480, (b) 620, (c) 750 and (d) 845 nm for the Au/GaAs/Au nanogrid structure described in Figure43b(GaAs thickness h GaAs = 23 nm, nanogrid thickness h m = 20 nm, grid period p = 500 nm, grid width w = 125 nm). The sample is excited at normal incidence with a transverse magnetic field perpendicular to the cross-sections. All the intensity maps have the same unit for each resonance.

Figure 46 :

 46 Figure 46: Comparison of total absorption between our structure and state-of-the-art superabsorbers on the 300-1000 nm wavelength range. The spectra (a-d) are experimental measurements whereas (e) is the result of numerical calculations. Data are taken from (a) blue line -Massiot et al. Nanogrid superabsorber (our work) [298], (b) red line -Colin et al. 2D array of squarred Ag nanostructures on GaAs with a ZnO:Al [309], (c) black line -Søndergaard et al. plasmonic black gold, reflectivity for polarization perpendicular to the groove direction [307], (d) orange line -Aydin et al. trapezoidal shaped grating for the orange line [211], (e) green line -Cao et al. 2D array of squared Au nanostructures on a 25 nm-thick phase change material (GeSbTe) layer [308].
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Figure 47 :

 47 Figure 47: Schematic representation of the studied structure: a GaAs p-in junctions of variable thickness h GaAs is sandwiched between Al 0.8 Ga 0.2 As layers and transferred on a silver back mirror.

Figure 48 : 5 . 1 . 1

 48511 Figure 48: Animated evolution of total absorption (black line) and absorption in the GaAs p-i-n (red line) as a function of the GaAs p-i-n thickness. Fabry-Perot orders shift to higher wavelengths when this thickness increases. Printed version: Total absorption and absorption in GaAs (dotted lines) for a GaAs p-i-n of 160, 180, 200, 220 and 240 nm. Resonances are shifted to higher wavelengths when h GaAs increases. The area under the curve is the highest for h GaAs = 220 nm.

Figure 49 :

 49 Figure 49: Calculated current densities for (a) total absorption J tot and (b) absorption in the GaAs J th for thicknesses of the semiconductor slab from 20 to 300 nm. The charts display the calculated values for the p-i-n thickness chosen in our study: 120 and 220 nm. (c) and (d) are the calculated absorption spectra for the two devices: the absorption in the GaAs p-i-n is plotted in red whereas total absorption is plotted in black. The difference between the two curves represent parasitic losses(mostly in the barrier layers for λ 500 nm, and in the metal for all wavelengths).

Figure 50 :

 50 Figure 50: Comparison of absorption spectra between various materials for the barrier layers. Calculation are done for the 120 nm thick GaAs p-i-n on the left and 220 nm-thick GaAs p-i-n on the right. The structure is equivalent to the one sketched in Figure 47 except that the barrier materials tested are Al x Ga 1-x As with x = 0.3 for (a) and (b), with x = 0.8 for (c) and (d) and InGaP for (e) and (f). On all graphs, total absorption is plotted in black, the absorption in the back window layer is the difference between blue and green curves, the absorption in the front window layer is the difference between green and red curves, the absorption in the GaAs p-i-n junction is plotted in red, and the absorption in the back silver mirror is represented by the blue dotted line. Performances of cells are mostly affected by the bandgap of the window layer material: for low energy bandgaps, absorption in the barrier is more important in the blue part of the spectrum.

Figure 51 :

 51 Figure 51: Absorption spectra calculated for various compositions of Al x Ga 1-x As barriers of different thickness for the 120 nm thick GaAs p-i-n on the left and 220 nm thick GaAs p-i-n on the right. The aluminum content is x = 0.3 in (a) and (b), x = 0.8 in (c) and (d), and finally a gradual content modeled by a bi-layer of 15 nm of Al 0.3 Ga 0.7 As and 25 nm of Al 0.8 Ga 0.2 As in (e) and (f) (see insets for semiconductor structure). With the thicknesses chosen for the GaAs p-i-n, the thinner the barrier is, the higher the overall absorption value. For h barrier =20 nm in (a), (b), (c) and (d), one Fabry-Perot resonance occurs just above the bandgap what maximizes the average absorption on the 300-900 nm wavelength range. The two bottom spectra show that a gradual composition may partially decrease absorption in barriers with a low aluminum content.

Figure 52 :Figure 53 :

 5253 Figure 52: Schematic representations of the layered structures compared during the band engineering of the solar cell. The red line on the right side viewgraph indicate the aluminum content in the layers. (a) Layer structure for 20 nm-thick abrupt barriers in Al 0.8 Ga 0.2 As. (b) Layer structure for 50 nmthick barrier layers whose Al content is gradually varied to allow for progressive bandgap variations inside the heterostructure. The Al content x varies linearly on both sides of the barrier and reaches 80% in the central 10 nm of the barrier. It allows for progressive bandgap variations inside the heterostructure according to Figure 53. This avoids detrimental spikes in band diagrams and thus charge traps formation. (b) gives consequently the structure of our solar cells.

Figure 54 :

 54 Figure 54: Evolution of the band diagram with an increase of doping concentrations. The structure studied is a 120 nm-thick p-i-n with barriers whose Al concentration is gradually varying according to Figure 52b. Doping is uniform in the barrier and in the 10 first nanometers of the GaAs p-i-n on each side of the device. From the lower to the upper curves on the p-side (right), the doping levels are the following: [p=2.10 18 cm -3 , n=1.10 18 cm -3 ], [p=5.10 18 cm -3 , n=2.10 18 cm -3 ], [p=1.10 19 cm -3 , n=5.10 18 cm -3 ], [p=2.10 19 cm -3 , n=1.10 19 cm -3 ], [p=5.10 19 cm -3 , n=2.10 19 cm -3]. An increase of doping concentrations lead to a lower energy barrier for electrons in the conduction band (blue) on the n-side (left) of the device, whereas the valence band (green) lies at a higher energy than the Fermi level on the p-side (right). Increasing doping thus improves the collection of charges.

Figure 55 :

 55 Figure 55: Study of the effects on the band diagram of a non-symmetrical gradual barriers in Al x Ga 1-x As withx up to 40% on the n-side and x up to 80% on the p-side for the 120 nm-thick GaAs p-i-n.

Figure 56 :

 56 Figure 56: SEM image (cross-section) of the solar cell semiconductor stack after epitaxy for (a) the 120 nm-thick GaAs p-i-n absorber device (sample E1T194) and (b) the 220 nm-thick GaAs p-i-n absorber device (sample E1T195). A few deformations due to cleaving stress are visible in (b). They do not impact the layers otherwise.

Figure 57 :

 57 Figure 57: Principle of localized ohmic contacts: ohmic contacts (in pink)occupy only a few percent ( 5%) of the sample back surface and a highly reflective silver mirror is deposited directly on the back AlGaAs barrier.

  (a) Picture of the sample surface after local contact deposition. 20 µm-wide parallel fingers, periodically spaced by 400 µm, serve as contact grid on the ndoped GaAs contact layer. (b) Colorized SEM image of the cross-section of a local contact before silver mirror deposition. The n-doped GaAs contact layer in yellow has been removed everywhere but under the metallic deposition. Underetching is clearly marked at the edge of the contact. The shape of NiGeAu contacts in blue is also characteristic of the chaotic alloying during annealing.

Figure 58 :

 58 Figure 58: Sample imaging after local contacts fabrication.

  where D the diffusion coefficient and τ the minority carrier lifetime. For undoped GaAs at room temperature, D n = 220 cm 2 /s, D p = 10 cm 2 /s and τ n ≈ τ p ≈ 1.10 -8 s. For bulk GaAs, carrier diffusion lengths have been measured by various techniques but never overcomes 1 µm [Zarem:1989].

Figure 59 :Figure 60 :

 5960 Figure 59: Schematic overview of the entire process from epitaxy to the cylindrical solar cell. The schematics are approximately to scale in the vertical direction. -(a) Growth of the cell structure by Molecular Beam Epitaxy. Layer composition from bottom to top: GaAs wafer (≈ 300 µm-thick) [yellow], 300 nm-thick Al 0.8 Ga 0.2 As etch stop layer [orange], 200 nm-thick p-doped GaAs contact layer [light orange], 50 nm-thick p-doped Al x Ga 1-x As barrier [orange], 10 nm-thick p-GaAs [light orange], 100/200 nm-thick non-intentionally doped GaAs [yellow], 10 nm-thick n-GaAs [light orange], 50 nm-thick n-doped Al x Ga 1-x As barrier layer [orange], 200 nm-thick n-doped GaAs contact layer [light orange]. p regions are doped 1.10 19 cm -3 . n regions are doped 5.10 18 cm -3 . -(b) Rear NiGeAu contact deposition by UV lithography, metal deposition and lift-off. -(c) n-GaAs contact layer wet etching and contact annealing. -(d) Metallic silver mirror conformable deposition. -(e) Transfer on a glass substrate by gluing. -(f) Substrate removal by wet chemical etching or epitaxial lift-off -(g) Front TiAu contact deposition by UV lithography, metal deposition and lift-off. -(h) p-GaAs contact layer by wet etching. -(i) Mesa wet etching of the remaining p-doped layers for diode isolation. Diode are defined by UV lithography and protected by resist during etching. The etch is stopped in the first 10 nm of the intrinsic GaAs layer. -Surface imaging with optical microscopy on samples with (j) a 120 nm and (k) a 220 nm-thick GaAs p-i-n junction at the end of the fabrication process (before anti-reflection coating deposition). Cylindrical diodes of various sizes are featured. Differences in color allow for direct thickness comparisons.

Figure 61 :Figure 62 :

 6162 Figure 61: External quantum efficiency and total absorption (1-R) measurements of non-transferred and transferred ultrathin GaAs solar cells without anti-reflection coating for (a) h GaAs = 120 nm and (b) h GaAs = 220 nm. Numerical calculation of total absorption and absorption in the GaAs p-i-n layers of the same structures for (c) h GaAs = 120 nm and (d) h GaAs = 220 nm.

Figure 64 :

 64 Figure 64: Calculated absorption spectra and maximal absorption predicted by TCMT for (a) the 120 nmthick GaAs absorber and (b) the 220 nm-thick absorber. Dark-dashed line: calculated total absorption, solid-red line: calculated absorption in GaAs, dotted red line: maximal absorption in the GaAs predicted by TCMT (Equation37), dotted balck line: total maximal absorption in the cavity (GaAs+mirror) predicted by TCMT (Equation 37+38).

Figure 65 :

 65 Figure 65: Schematic view of GaAs ultrathin solar cells transferred on a silver mirror with 25 nm-thick Al 0.8 Ga 0.2 As barriers and a singlelayer SiN x anti-reflection coating (ARC).

Figure 66 :

 66 Figure 66: (a-d) Maps of the calculated J th for the double layer ARCs as a function of the thicknesses of coating layers. (e-f) Total absorption spectra as a function of SiN x thickness and wavelength for the mono layer ARC. The cell is made of a GaAs junction (h GaAs = 120 nm for (a), (c), and (e) and h GaAs = 220 nm for (b), (d), and (f)) sandwiched by two 25 nm-thick barriers in Al 0.8 Ga 0.2 As transferred on a flat silver back mirror. In blue: maximum achieved for J th and optimal thicknesses for the ARC layers.

Figure 67 :

 67 Figure 67: Calculated solar cell performances in terms of Jsc for various thicknesses of GaAs layers transferred on a silver mirror with 25 nm-thick Al 0.8 Ga 0.2 As barriers and a single-layer SiNx antireflection coating (ARC).

Figure 68 :Figure 69 :

 6869 Figure 68: EQE (red solid line) and total absorption (black dashed line) measurements on fabricated samples with (a) h GaAs = 120 nm and (b) h GaAs = 220 nm. They are compared to calculated absorption in GaAs (red solid line) and calculated total absorption (black dashed lines) for modeled structures for (c) h GaAs = 120 nm and (d) h GaAs = 220 nm.

Figure 70 : 1 -

 701 Figure 70: 1-sun like IV measurements (see Appendix A) on ultrathin solar cells giving the highest V oc for (a) the 120 nm-thick absorber and (b) the 220 nm-thick absorber. Efficiency and other electrical parameters given in inset are extracted from the curves.

Figure 71 :

 71 Figure 71: Measurement of the local V oc on the entire surface of a diode with a diameter of 400 µm. The V oc is measured through the hyperspectral imaging of the diode. The front contact is delimited by white dashed lines.

Figure 72 :

 72 Figure 72: Typical dark IV measurements on ultrathin solar cells with an ARC. Measurements for diodes of 1 mm in diameter, the contributions of the different terms of the two-diode model equation are plotted as blue dashed lines.

Figure 73 :

 73 Figure 73: Saturation current densities J 01 and J 02 fitted from dark IV measurements as a function of diode area in (a -b) and perimeter in (c -d). (e -f) Calculated V oc with the fitted values of J 02 according to Equation 12 (logarithmic dependence of V oc on J sc , see Section 2.2.5) for various diode areas on samples with GaAs junctions of 120 nm for (a), (c) and (e) on the left and 220 nm for (b), (d) and (f) on the right.

Figure 74 :

 74 Figure 74: Study of the leakage current as a function of defect density. (a) Comparison of IV characteristics for diodes of various areas on the same sample. Only the IV curve for the bigger device differs from the others. (b) Plot of extracted J 02 vs perimeter-to-area ratio for solar cells. Red dots represent values measured on the sample with a 120 nm-thick absorber, blue dots on the sample with a 220 nm-thick absorber.

  (a) Large area picture to count the number of defects.(b) Closer view on a specific oval defect.

Figure 75 :

 75 Figure 75: Optical microscopy imaging of the sample surface in order to analyze MBE-grown defects.

Figure 76 :

 76 Figure 76: Schematic drawing illustrating the principle of coupling incident light to wave-guided modes of the structure with the use of a nanostructured back grating. Light path is enhanced in the absorbing layers of the solar cell, improving its short circuit current.

Figure 77 :

 77 Figure 77: Design of the ultrathin GaAs solar cell transferred on a nanostructured back mirror. As in the previous chapter, we study more particularly solar cells with GaAs p-i-n thickness h GaAs =120 and 220 nm. The p-i-n is sandwiched with 25 nm thick Al 0.8 Ga 0.2 As barrier layers and a 60 nm-thick SiNx ARC is deposited on the front interface of the cell. The nanostructured back mirror (NBM)is defined by its geometrical parameters: the periods p x and p y in the horizontal plane and its thickness h grating , whose influence will be discussed in Section 6.2.3.

6. 1 . 3

 13 Absorption spectra for ultrathin solar cells with the NBM I first present the numerical results on the optimization of the NBM structure that have been the basis of the experimental work presented in Sections 6.3 and 6.4. A first optimization of the grating's parameters -with a low number of points and a number of Fourier harmon-(a) Calculated absorption spectra for t GaAs = 120 nm. (b) Calculated absorption spectra for t GaAs = 220 nm.

  (a) Calculated absorption spectra for t GaAs = 120 nm.(b) Calculated absorption spectra for t GaAs = 220 nm.

Figure 79 :

 79 Figure 79: Comparison of calculated absorption spectra in the GaAs p-i-n for different back mirror geometries.For all transferred cells, the spectra are very similar before λ = 700 nm meaning that the grating has a negligible influence. Resonances appearing after λ = 700 nm are caused by the interaction of light with the NBM structure, and evolve with its geometrical parameters.

  (a) Calculated absorption spectra for t GaAs = 120 nm.(b) Calculated absorption spectra for t GaAs = 220 nm.

  (a) Calculated absorption spectra for t GaAs = 120 nm.(b) Calculated absorption spectra for t GaAs = 220 nm.

Figure 83 :

 83 Figure 83: Electric field intensity distribution inside the device structure over one period under monochromatic illumination. The wavelength corresponds in each case to resonances of the absorption spectra for the absorbers of 120 nm (a,b) and 220 nm (c,d). In (c), the light intensity inside the device (red line) is plotted along with the Beer-Lambert's law (dashed orange line).

Figure 84 :

 84 Figure 84: Cross sections of the electric field intensity |E| 2 for specific resonances A, B, C, and D between λ = 700 nm and λ = 900 nm for (a) the 120 nm-thick GaAs absorber and (b) the 220 nm-thick GaAs absorber

Figure 85 :

 85 Figure 85: Electric field intensity cross-sections inside the device structure for the 220 nm-thick absorbers. These specific field distributions indicate the presence of horizontal guided modes. In (a), the two intensity maxima indicate probably the presence of a diffraction order. In (b), the field is distributed entirely along the lateral direction with low vertical modulations. These variations are typical for modes in which light waves propagate horizontally, as if the semiconductor stack acts as an horizontal waveguide

Figure 87 :

 87 Figure 87: (a) Calculated total absorption (1-R) as a function of the grating thickness and wavelength for a cell with an absorber thickness of 120 nm. A very thin nano-structuration of the back mirror limits the diffraction efficiency of the grating whereas a thick grating induces more parasitical absorption in silver nanostructures. Between λ = 450 and 600 nm, the resonance position h grating = f(λ) given by the Fabry-Perot model of Equation 50 is plotted for q = 3, 4, 5 and 6 (blue dashed lines). For λ 650 nm, resonant modes A and C (thin dotted blue lines) are described by Equation 54 and correspond to the vertical oscillation of the wave diffracted in the ±1 orders of the back grating. Light behavior for the main resonance mechanisms are sketched for (b) vertical Fabry-Perot oscillations in and above the TiO 2 cavities labeled FPq, (c) grating coupling to waveguide mode of the structure A and C, and (d) other localized resonances B, and D in the device structure.

Figure 88 :

 88 Figure 88: Calculated total absorption (1-R) for a GaAs p-i-n thickness varying from 20 to 300 nm and as a function of wavelength. Dashed lines represent vertical Fabry-Perot modes for λ 700 nm.In accordance with the model previously described (Equation54), tightly dotted lines are the diffracted modes in the ±1 diffraction orders whereas spaced dotted lines correspond to ±2 diffraction orders.

Figure 89 :

 89 Figure 89: Calculated absorption spectra (total absorption in black and absorption in GaAs in red solid lines) leading to a short circuit current density J th = 25.96 mA/cm 2 in ultrathin solar cells (220 nm thick absorber with a NBM of period p = 700 nm and a DLARC made of MgF 2 /ZnS). Red dotted line: same structure with a flat back mirror (J th = 22 mA/cm 2 ).

  Schematic cross section of the final ultrathin nanostructured GaAs solar cell.

Figure 90 :

 90 Figure 90: Main steps of the fabrication process.Figure90grepresents a schematic cross section of the final ultrathin nanostructured GaAs solar cell. The mesa etched diode (yellow) is transferred on a nanostructured back mirror in TiO 2 /Ag (dark blue/gray). Circular TiAu contacts with the p-GaAs contact layer (dark pink and light orange) are on top of the mesa, very close to the diode edges. Localized NiGeAu ohmic back contacts on the n-GaAs contact layer (pink and light orange) are not necessarily aligned with the diode. They connect the n-doped region of the device with the Ag back mirror, acting as a common contact for all cells on the sample. A final SiNx ARC (light blue) has been deposited on top of the cell. The entire device is bonded to a glass substrate thanks to a polymer glue (dark orange).

Figure 91 :

 91 Figure 91: Nano-imprinted sol-gel TiO 2 onto n-doped AlGaAs layers. The Nano-Imprint Lithography technique developed at LPN allows for large scale (>cm 2 ) nano-structuration of different types of solgels or resists with a remarkable uniformity and reproducibility.

  (a) Sample surface after mirror deposition. The deposition of the 200 nmthick Ag mirror is conformal on the nano-imprinted TiO 2 . (b) Cross section of the nanostructured mirror deposited on nanoimprinted titania. (c) Normal view of the mirror, peeled off at 90°from the nano-imprinted surface during cleavage. (d) Silver back mirror peeling from the nano-imprinted titania surface.

Figure 92 :

 92 Figure 92: SEM images of the mirror surface after silver deposition onto the nano-imprinted sol-gel titania.

Figure 93 :

 93 Figure 93: Sample cross section after cleavage of a solar cell with an absorber of t GaAs = 220 nm. From top to bottom: in green: the SiN x ARC, in yellow: the AlGaAs/GaAs heterostructure, in blue: the nanoimprinted TiO 2 layer, in grey: the Ag mirror and the protective Cr layer, in pink: the polymer glue layer, in light blue: flat glass substrate.

  (a) t GaAs = 120 nm. (b) t GaAs = 220 nm.

Figure 94 :

 94 Figure 94: Optical Microscopy imaging of samples surfaces. Different areas are highlighted on the samples.Areas with red stripes correspond to regions where the mirror was deposited directly onto the semiconductor structure. In these regions, the cell behave as the ones described in Chapter 5. Five nanostructured areas are highlighted with black dots. The different densities of dots represents the variation of period of the nanostructured pattern. The period of the NBM varies indeed by 100 nm steps from 400 (high density) to 800 nm (low density). On remaining areas, a layer of TiO 2 sol-gel of a few tens of nm separates the semiconductor layers from the silver mirror. For t GaAs Localized ohmic back contact stripes are visible as the reflection of light differs onto these contacts and the silver back mirror.

  (a) h GaAs = 120 nm and 100 nm-thick TiO2 without texturation. (b) h GaAs = 220 nm and 100 nm-thick TiO2 without texturation. (c) h GaAs = 120 nm and Ag/TiO 2 NBM with p = 400 nm. (d) h GaAs = 220 nm and Ag/TiO 2 NBM with p = 400 nm.

  (a) NBM with p = 500 nm and h GaAs = 120 nm. (b) NBM with p = 500 nm and h GaAs = 220 nm. (c) NBM with p = 700 nm and h GaAs = 120 nm. (d) NBM with p = 700 nm and h GaAs = 220 nm.

Figure 96 :

 96 Figure96: Internal Quantum Efficiency (IQE) spectra calculated from previous EQE and total absorption measurements of Figure95for the two GaAs absorbers and a NBM with a period p = 500 nm or p = 700 nm.

  (a) h G aAs = 120 nm. (b) h G aAs = 220 nm.

Figure 97 :

 97 Figure97: IV characteristics measured under 1-sun-like illumination for representative solar cells. The shortcircuit is tuned to the value extracted from EQE measurements assuming AM1.5G illumination. This allows for an estimation of V oc , FF and thus the efficiency of the cells.

Figure 98 :

 98 Figure 98: Typical dark IV measurements (dotted red) and corresponding 2-diode model fits (black) on cells with (a) h GaAs = 120 nm and (b) h GaAs = 220 nm. The contributions of the different diodes and resistances are highlithed in blue. The values of fit parameters are given in inset.

Figure 99 :

 99 Figure 99: State-of-the-art short circuit current densities with respect to absorber thicknesses for GaAs thin film and ultrathin solar cells. Full dots represent experimental records and circles values obtained from numerical simulations. In blue, we report the J th calculated for our structures and J sc measured on our samples with a flat silver mirror and a nanostructured mirror, whereas literature data are plotted in black: a. Steiner et al. [128] b. Alta Devices (we made the assumption of a 1 µm-thick absorber) [10] c. Yang et al. [84] d. Nakayama et al. [85] e. Liu et al. [86] f. Grandidier et al. [130] g. Eyderman et al. [132]

Figure 100 :

 100 Figure 100: MicroVISIR setup for the optical characterization of fabricated samples by FTIR spectroscopy.

Figure 101 :

 101 Figure 101: MicroVISIR setup for the eletrical characterization of fabricated samples.

Figure 102 :

 102 Figure 102: Description of the layer stack and period used with RETICOLO to calculate the electromagnetic field inside the device structure. (a) Description of the calculation period. The calculation is done on the pattern delimited by the red square with pseudo-periodic boundary conditions. In one period p, a rectangular nanostructure is embedded in the layer. The description of a period is the same through all the layers in the modeled device. Notably, nanostructure size can not vary from one layer to the other. (b) Typical device structure and axis orientation for an incident polarized plane-wave in TM mode. (c) Typical device structure and axis orientation for an incident polarized plane-wave in TE mode.

c. 1

 1 optical constants used in calculations c.1.1 Silver and gold refractive indices

Figure 103 :

 103 Figure 103: (a) Real and (b) Imaginary parts of the refractive index of silver (Johnson & Christy and Palik's databases).
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Figure 104 :

 104 Figure 104: (a) Real and (b) Imaginary parts of the refractive index of gold (Johnson & Christy and Palik databases).

Figure 105 :

 105 Figure 105: (a) Real and (b) Imaginary parts of the refractive index of GaAs (Palik's database).

Figure 106 :

 106 Figure 106: (a) Real and (b) Imaginary parts of the refractive index of window layer materials.

Figure 107 :

 107 Figure 107: (a) Bandgap of Al x Ga 1-x As as a function of the aluminum content x in the compound. Values are given for the direct bandgap (Γ valley) as well as the indirect bandgaps in other valleys (X and L). Note that the bandgap is smaller in the X valley than in the Γ valley for x 0.45. (b) Bandgaps of In x Ga 1-x P and In x Al 1-x P as a function of their indium content x. The curves representing the bandgap are solid lines as long as the material is considered as a direct bandgap semiconductor (dashed lines are traced for indirect bandgaps). Similarly with Al-rich AlGaAs, the AlInP lattice matched to GaAs is an indirect bandgap material.

Figure 108 :

 108 Figure 108: (a) Real and (b) Imaginary parts of the refractive index of crystalline TiO 2 (n(e) in Devore's database) and porous TiO 2 with a porosity factor ρ = 0.75.

Figure 109 :

 109 Figure 109: Calculated absorption spectra for ultrathin GaAs solar cells with a NBM for absorber thicknesses of (a) 120 nm and (d) 220 nm. Solid lines have been calculated using Johnson and Christy refractive index for silver whereas dotted lines have been calculated using Palik's index. In red: absorption in the GaAs, in grey:absorption in silver, in black: total absorption.

Figure 111 :

 111 Figure 111: Calculated absorption spectra for ultrathin solar cells with a 120 nm-thick GaAs absorber with a nanostructured grating thickness of (a) 100 nm and (b) 235 nm.

  (a) for t GaAs = 120 nm and p = 400 nm.(b) for t GaAs = 220 nm and p = nm.(c) for t GaAs = 120 nm and p = 500 nm. (d) for t GaAs = 220 nm and p = nm.

  (a) for t GaAs = 120 nm with a flat silver mirror.(b) for t GaAs = 220 nm with a flat silver mirror.(c) for t GaAs = 120 nm and a flat TiO 2 spacer of 100 nm and flat silver mirror.(d) for t GaAs = 220 nm and a flat TiO 2 spacer of 100 nm and flat silver mirror.

Figure 111 :

 111 Figure 111: IQE calculated from experimental measurements of total absorption and EQE on fabricated samples with a single layer SiN x ARC.

Figure 112 :

 112 Figure 112: (a) Mix électrique en 2050 pour les différents scenarii d'évolution de la temperature globale établis par l'Agence Internationale de l'énergie [1]. (b) Perspective d'évolution du marché de l'énergie photovoltaique en puissance installée jusqu'en 2020 [5].
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  (d) = I 0 exp(-αd) où α est le coefficient d'absorption et d la profondeur considérée dans le matériau) est très limitée dans des couches de semiconducteur de quelques centaines de nanomètres, même dans le cas de matériaux à gap direct. Pour une absorption simple-passage dans 100 nm de GaAs avec un anti-reflet parfait, le J sc calculé est de seulement 12.5 mA/cm 2 , très inférieur aux ≈30 mA/cm 2 atteints dans la cellule record d'Alta Devices d'1 µm d'épaisseur. Les anti-reflets et autres techniques traditionnelles pour capturer le plus grand nombre de photons ne permettent pas d'améliorer l'absorption dans des couches d'épaisseur très inférieure à la longueur d'onde de la lumière. Pour espérer fabriquer des cellules ultrafines performantes, il faut donc mettre en place de nouvelles stratégies de piégeage optique.

Figure 113 :

 113 Figure 113: Spectres d'absorption de cellules solaires multi-résonantes conçues au LPN pour maximiser l'absorption dans des couches semiconductrices ultrafines. En (a), l'absorbeur est une couche de 90 nm de a-Si :H, surmonté d'un réseau 1D de nanobandes d'argent pouvant servir de contact avant, alternatif aux TCO conventionnels [245]. En (b), un absorbeur de 45 nm de CIGS est considéré avec un réseau de nanostrutures métalliques carrées en face avant [247].

Figure 114 :

 114 Figure 114: Description de la structure du super-absorbeur, avec les paramètres géométriques déterminés après l'optimization du spectre d'absorption.

Figure 115 :Figure 116 :

 115116 Figure 115: (a) Spectres d'absorption totale et d'absorption dans le GaAs calculés pour le superabsorbeur à incidence normale. La répartition de l'intensité du champ électrique dans la strcuture est tracée pour chaque résonance (b-f).

Figure 117 :

 117 Figure 117: Design des cellules solaires ultrafines en GaAs avec un miroir arrière nanostructuré.

  (a) Calculated absorption spectra for h GaAs = 120 nm. (b) Calculated absorption spectra for h GaAs = 220 nm.

Figure 118 :

 118 Figure 118: Spectre d'absorption calculés dans le GaAs à incidence normale pour un simple passage de la lumière (tracé jaune), dans le cas de l'ajout d'un miroir plan en argent (tracé rouge pointillé), puis dans le cas du miroir nanostructuré en Ag/TiO 2 (tracé rouge) et enfin les spectres d'absorption totale (tracé noir). La différence d'absorption dans les structures avec un miroir plan ou avec un miroir structuré est mise en valeur par les aires coloriées en rouge pour 700 nm λ 900 nm. Les gains espérés en J sc grâce à la nanostructuration sont de 5.68 pour l'absorbeur de 120 nm et 4.10 mA/cm 2 pour celui de 220 nm.

Figure 119 :

 119 Figure 119: (a) Absorption totale calculée de la srtucture (1-R) en fonction de la longueur d'onde et de l'épaisseur de l'absorbeur en GaAs à incidence normale. Des résonances de différentes pentes sont clairement visibles et très bien modélisées par un modèle analytique de Fabry-Pérot pour la composante verticale des vecteurs d'onde en considérant des intérférences entre quatre ondes planes dans la structure. Ce modèle unique décrit la plupart des résonances malgré leur nature différente : (b) des oscillations verticales de Fabry-Pérot dans la couche absorbante, dénotées FPq, (c) des résonances verticales des ondes diffractées dans l'ordre ±1 du réseau nanostructuré A et C. et (d) d'autres mécanismes de résonance plus localisées dans la structure comme B ou D.

  Coupe schématique d'une cellule solaire terminée avec miroir arrière nanostructuré.

Figure 120 :

 120 Figure 120: Principales étapes du procédé de fabrication des cellules avec miroir nano-structuré.La Figure120grepresente la coupe schématique d'une cellule terminée. Une diode isolée par gravure dans la couche absorbante (en jaune) est reportée sur un miroir arrière nano-structuré de TiO 2 /Ag (indiog/gris). Des contacts avants circulaires sont déposés aux bords de la diode sur la couche de contact en GaAs dopé p (rose foncé et orange). Les contacts ohmiques localisés en NiGeAu, sur la couche de GaAs dopé n (rose et orange) ne sont pas nécessairement alignés avec la diode. Ils connectent la diode avec le miroir arrière qui sert de contact commun pour toutes les cellules d'un même échantillon. Un ARC de SiN x (bleu ciel) est déposé en face avant, l'ensemble de la cellule étant reporté sur un substrat pyrex grâce à une couche de polymère (orange sombre).

Figure 121 :

 121 Figure 121: Image au microscope électronique à balayage d'une coupe de cellule nanostructurée après clivage de l'échantillon (h GaAs = 220 nm). De haut en bas : l'ARC de SiN x (vert), l'hétérostructure AlGaAs/GaAs (jaune), la couche de TiO 2 nanoimprimée (bleu), la miroir d'argent et sa couche protectrice de chrome (gris), la couche de colle polymère épousant la forme du miroir structuré (rose), et le substrat hôte de pyrex (bleu ciel).
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Figure 122 :

 122 Figure 122: EQE et caractéristique courant-tension sous éclairement équivalent à 1 soleil d'une diode avec un absorbeur de 120 nm.

Figure 123 :

 123 Figure 123: Etat de l'art des densités de courant de court-circuit (J sc ) obtenues sur des dispositifs en GaAs en fonction de l'épaisseur des absorbeurs. Les valeurs numériques sont présentées comme des cercles creux, quand les cercles pleins représentent des résultats expérimentaux. Les résultats de cette thèse sont reportés en bleu et peuvent être comparés aux valeurs de la littérature en noir : a. Steiner et al. [128] b. Alta Devices (avec un absorbeur d'une épaisseur estimée à 1 µm) [10] c. Yang et al. [84] d. Nakayama et al. [85] e. Liu et al. [86] f. Grandidier et al. [130] g. Eyderman et al. [132]

  

  

  

  

Table 1 :

 1 2 V oc mv FF % lab/company reference Record efficiencies for laboratory cells made with different technologies and materials. Values are taken from[START_REF] Green | Solar cell efficiency tables (version 45)[END_REF] and the latest chart from NREL (December 2014).

	c-Si (HIT, rear junction cell)	25.6	41.8	0.740	82.7 Panasonic	[55]
	a-Si:H		10.2	16.4	0.896	69.8 AIST	[56]
	GaAs		28.8	29.7	1.122	86.5 Alta Devices	[10]
	CIGS		21.7	36.6	0.796	79.3 ZSW	[57]
	CdTe		21.0	30.3	0.876	79.4 First Solar	[58]
	Perovskites					
	(not	stabi-	20.1	24.7	1.059	77.0 KRICT	[59]
	lized)						
	Organic PV	11.1	17.8	0.867	72.0 Mitsubishi	[60]
						Chem.	

Table 3 :

 3 Raw material pricing for the back mirror. Prices per grams are taken from pellets prices found on the internet in December 2014 (mostly from ElementSales and ChemiCool websites), with an exchange rate USD 1.23/EUR. In blue, pure metals deposited directly on semiconductor layers are considered, a 40 nm-thick chromium layer will be added to prevent oxidation or corrosion of the mirror. For silver, the price of the back mirror is around EUR 6.5/m 2 . The price of gallium and arsenic are given in orange. These figures do not take into account the cost of handling and safety measures linked with the use of these very hazardous materials.
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  220 nm thick absorbers

	Barrier	Bandgap	J th assuming charge collection	J th assuming charge collection
	Material	(nm)	in GaAs only for p-i-n thick-	in GaAs and barriers for p-i-n
			nesses		thicknesses	
			120 nm	220 nm	120 nm	220 nm
	Al 0.3 Ga 0.7 As	680	9.79	14.31	13.69	17.50
	Al 0.8 Ga 0.2 As	475	13.63	17.95	14.66	18.91
	In 0.5 Ga 0.5 P	650	10.45	14.94	14.32	18.12

Table 4 :

 4 Theoretical short circuit current densities J th in mA/cm 2 calculated from absorption spectra in Figure50for the two GaAs p-i-n thicknesses of 120 and 220 nm. We present results assuming charge collection only in the GaAs p-i-n junction (middle of the table) or assuming charge collection inside the barriers (two columns on the right).

Table 5 :

 5 Best short circuit currents achieved in non-transferred and transferred ultrathin GaAs solar cells. Data are displayed as Best experimental J sc /Average experimental J sc /Calculated J th .

		Non-transferred	Non-transferred +	Transferred w/o ARC Transferred w/ ARC
			ARC		
	100 nm	8.9/8.1/7.8	11.7/11.6/11.0	12.4/11.6/11.0	16.3/15.5/16.0
	200 nm 11.8/11.6/10.9	15.8/15.7/15.1	16.2/15.6/15.6	20.7/19.3/20.8
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Table 6

 6 gives both the very best values of J sc and the average value obtained by taking into ac-

		120 nm			220 nm	
	period	best J sc average J sc	period	best J sc average J sc
	TiO 2 only	14.60	14.21	TiO 2 only	20.73	18.36
	400 nm	17.52	15.95	400 nm	20.85	19.56
	500 nm	16.55	15.92	500 nm	22.81	20.80
	600 nm	14.92	14.56	600 nm	22.27	19.81
	700 nm	14.51	12.95	700 nm	20.53	19.02
	800 nm	13.54	13.06	800 nm	18.95	17.78

Table 6 :

 6 Best and average J sc measured on fabricated solar cells with 120 and 220 nm-thick GaAs absorbers for various periods of the silver/TiO 2 NBM.

Table 7

 7 summarizes the best calculated and measured short circuit current densities for our devices. From very low values of current J sc values (mA/cm 2 ) 120 nm 220 nm

	Non-transferred	Numerical	7.8	10.9
		Experimental	8.9	11.8
	Transferred on flat back mirror	Numerical	11.0	15.6
		Experimental	12.4	16.2
	Transferred on flat back mirror + ARC	Numerical	16.0	20.8
		Experimental	16.3	20.7
	Transferred on NBM	Numerical	22.4	24.9
		Experimental	17.5	22.8

Table 7 :

 7 Best short circuit currents (calculated J th and measured J sc ) achieved on GaAs ultrathin solar cells with 120 and 220 nm-thick absorbers densities measured in non-transferred cells (respectively J th = 8.9 and 11.8 mA/cm 2 for the 120 and 220 nm-thick absorbers), the current is increased by almost 40% to J th = 12.4 and 16.2 mA/cm 2 by the transfer of the cells on a silver flat mirror with localized ohmic contacts. J sc reach 16.3 and 20.7 mA/cm 2 for the two absorbers after the addition of a single layer SiN x ARC. Finally, the nano-structuration brings again an additional enhancement of the J th . Best achieved values are 17.5 and 22.8 mA/cm 2 for 120 and 220 nm-thick absorbers respectively. This corresponds roughly to a doubling of the short circuit current density in comparison with non-transferred cells.

Table 8 :

 8 Calculated J th in the GaAs, short circuit current loss inside metal parts J metal and J tot for total absorption in structures considering Johnson and Christy, and Palik refractive index databases for silver optical constants. c.2.2 Choice of the NBM metal/dielectric materials

		120 nm		220 nm	
	2 )				
		Johnson & Christy Palik Johnson & Christy Palik
	J th	22.41	20.48	24.91	23.59
	J metal	3.87	6.94	2.77	6.14
	J tot	27.65	28.78	28.98	31.02

Table 9 :

 9 Comparison between calculated J th and J tot for various couples of materials used as the metal/dielectric NBM. Metal refractive indices are taken from Johnson and Christy database[START_REF] Jonhson | Optical constants of the noble metals[END_REF].

1.1 photovoltaics: a future major electricity source

1.2 pv and economics

See Appendix A for a detailed description of the measurement setup.

See in Section A.3.4 for a detailed procedure concerning 1 -sun like IV measurements.

Matlab is a registered trade mark of The Mathworks, Inc. www.mathworks.com