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Je ne crois pas non plus que dans notre monde l'esprit d'aventure risque de disparaître. Si je vois autour de moi quelque chose de vital, c'est précisément cet esprit d'aventure qui me paraît indéracinable et s'apparente à la curiosité. »

The first part of this manuscript concerns the optimization of the process conditions to achieve high quality epitaxy and the identification of epitaxy breakdown causes. The quality of the epitaxy has been assessed via the structural properties measured by ellipsometry, Raman spectroscopy, X-ray diffraction and transmission electron microscopy. The full H2 depletion, measured by mass spectrometry, and a [H2]/[SiF4] gas flow ratio under 1/3 have been identified to be a decisive parameter to perform epitaxy. As a result, intrinsic epi-layers with a 100 % crystalline fraction deduced from ellipsometry measurements and Raman spectroscopy have been achieved. Raman spectroscopy measurements remarkably indicate that the FWHM and peak positions of transverse optical mode for intrinsic epi-layers are identical to those of a c-Si wafer. In the second part of the chapter, the epitaxy breakdown mechanisms have been investigated. Interestingly, TEM analyses and pole figures have shown that twinning was responsible of epitaxy breakdown in case of excessive RF power or incomplete H2 depletion. However, the epitaxy breakdown caused by an excessive RF power can be distinguished by the presence of <111> oriented grains in the direction of growth.

Then we focused on the growth mechanisms involved in low-temperature epitaxy by PECVD. A good correlation between in situ ellipsometry measurements and TEM characterization in the early stages of growth has been demonstrated, highlighting a Volmer-Weber growth mode on the initial stages of growth. Energy-filtered transmission electron microscopy has been used on carbon covered TEM grids previously exposed to the plasma to investigate the role of nanoparticles, radicals and ions precursors involved in epitaxial growth. A comparative study highlighting differences in morphology, crystallinity and size distribution of nanoparticles depending on the stages of growth has been shown. Although it is difficult as yet to draw general conclusions about the role of each precursor, given the complex environment, this study provides a first step for their identification.

The third part of the manuscript deals with the transfer and scale-up of process conditions from an academic research PECVD reactor to a pre-pilot line tool allowing the deposition on 6 inches wafers. Above all, this allowed to confirm the good parameterization of the process window through the H2 depletion measurements. Inhomogeneity and growth rate issues have been tackled by fluid dynamics simulations resulting in the design of a new shower head. Then the results for boron-doped low temperature epitaxy are described. By adding diborane to the gas mixture and optimizing the process conditions we have been able to manufacture boron-doped epi-layers with high quality structural properties. As a result, boron doped epi-layers grown at 300°C with an as-deposited hole concentration of 4.10 19 cm -3 and a doping efficiency up to 70 % have been achieved. The growth rate in these conditions reached 1.1 Å/s, keeping a low mosaicity and a low variation of the lattice parameter. Finally, the passivation of intrinsic and doped epitaxial layers has been investigated with both hydrogenated amorphous silicon (a-Si:H) and aluminum oxide (AlOx), respectively deposited by PECVD and atomic layer deposition (ALD). In spite of excellent structural properties, we encountered a lot of difficulties to achieve decent minority carriers lifetime. We finally succeeded to reach lifetimes up to 160 μs for a 200 nm thick intrinsic layer passivated with 10 nm of AlOx. With respect to passivated boron-doped layers, the lifetime dropped to 50 μs. Additional local electric characterizations need to be done to identify the recombination causes but the excellent structural properties achievable below 300°C are already promising results for the low-temperature formation of epitaxial emitter in nPERT solar cells.

Résumé

Les cellules en silicium cristallin, en particulier celles intégrant la structure Al-BSF (Aluminum back surface field), dominent le marché des technologies photovoltaïques depuis de nombreuses années. S'il est clair que la structure PERC (passivated emitter rear contact) deviendra le nouveau standard dans les prochaines années, beaucoup d'incertitude persiste quant à la technologie qui prendra le relais afin de poursuivre la course au rendement et à la baisse des coûts de production. La structure PERT (passivated emitter rear totaly diffused) est un candidat sérieux puisqu'elle permet d'améliorer le rendement tout en restant compatible avec les approches bifaciales, et ce en intégrant seulement une couche dopée de type p dans une architecture PERC. Alors que la formation de la couche fortement dopée de type n par diffusion POCl3 est très bien maitrisée dans l'industrie et bénéfique pour la cellule du fait de l'effet gettering, la formation de la couche de type p par diffusion à partir de BBr3 quant à elle présente quelques difficultés de fabrication. Le manque de reproductibilité, la formation d'une couche excessivement riche en bore (BRL) et une optimisation difficile du profil de dopage constituent plusieurs freins qui limitent son développement industriel. Ainsi d'autres approches de fabrication de cette couche de type p commencent à émerger.

Cette thèse de doctorat porte sur l'étude de la croissance épitaxiale à basse température (< 300°C) par dépôt chimique en phase vapeur assisté par plasma pour la formation des couches dopées dans les cellules solaires en silicium cristallin. En particulier, elle évalue le potentiel de cette technique pour la formation de la couche de type p à partir d'une chimie SiF4/H2/Ar dans une cellule n-PERT. Cette approche permet de bénéficier du large déploiement des équipements de PECVD déjà présents dans l'industrie pour le dépôt de nitrure de silicium, utilisé comme couche de passivation et antireflet.

La première partie de ce manuscrit concerne l'identification et l'optimisation des conditions de dépôt pour réaliser des couches épitaxiées non relaxées avec une interface epi/wafer de bonne qualité. Pour cela, les couches ont été caractérisées par ellipsométrie, spectroscopie Raman, diffraction de rayons X et microscopie électronique en transmission (MET). Ainsi, des couches épitaxiées avec une cristallinité de 100%, mesurée par ellipsométrie et spectroscopie Raman, ont pu être réalisées. Une attention particulière a été portée à l'absence de dislocations et de platelettes d'hydrogène. Des conditions nécessaires sur les conditions de croissance ont été identifiées, comme la déplétion complète de l'hydrogène moléculaire (H2), un ratio de débit de gaz [H2]/[SiF4] inférieur à 1/3 et une dépendance entre la puissance RF et la pression de travail. Comme en ont déduit les résultats de diffraction de rayons X, une pression de travail plus élevée permet une augmentation de la puissance RF en conservant une qualité structurale similaire. Ensuite, une étude sur les mécanismes de perte d'épitaxie (epitaxy breakdown) est présentée. La caractérisation des films par MET et figures de pôles a montré que la formation de macles au cours de la croissance était responsable de la perte d'épitaxie lorsque la puissance RF dépassait un certain seuil (à une pression donnée) ou que la condition de déplétion complète d'H2 n'était pas respectée. Cependant, les deux conditions de perte d'épitaxie se distinguent par l'observation de grains orientés <111> dans la direction de croissance dans le premier cas, alors qu'ils n'apparaissent pas dans la condition de déplétion incomplète d'H2.

La seconde partie concerne les mécanismes de croissance par l'étude comparative des phases initiales de croissance par MET et ellipsométrie. L'analyse a permis d'identifier un mode de croissance de type Volmer-Weber en observant une croissance systématique d'ilots de silicium cristallin dans les phases initiales de croissance. Même si la question reste ouverte, nous avons tenté d'identifier les précurseurs impliqués dans cette croissance. A l'aide de grilles de cuivre recouverte de carbone amorphe analysées par MET filtrée en énergie, la variation de la distribution et de la morphologie des nanoparticules de silicium présentes dans le plasma en fonction des étapes de croissance a été étudiée. Bien qu'il soit encore difficile de tirer des conclusions directes quant au rôle des nanoparticules, radicaux et ions dans leur contribution au dépôt et que d'autres recherches plus approfondies doivent être menées, cette étude fournit une première étape dans l'identification des principaux précurseurs.

Le manuscrit développe dans un troisième temps les étapes de transfert et de scale-up du procédé à partir d'un réacteur de recherche vers un réacteur PECVD de ligne pré-pilote permettant la croissance sur des wafers 6 pouces. Les problèmes d'homogénéité et de vitesse de croissance ont été abordés par le design d'une nouvelle injection de gaz basé sur des simulations d'écoulement. S'en suit le détail du développement des couches dopées. Ainsi, des couches épitaxiées dopées bore avec un dopage de type p de 4.10 19 cm -3 et une efficacité de dopage jusqu'à 70% ont ainsi été fabriquées à seulement 300°C. La vitesse de croissance dans ces conditions atteint 1.1 Å/s, soit 15 fois plus rapide que les premiers résultats obtenus, et ce en maintenant une faible mosaicité et variation du paramètre de maille dans les couches. Enfin, la passivation des couches épitaxiées a été étudiée et malgré d'excellentes propriétés structurales, les propriétés électriques du matériau ne sont pas encore adaptées à une utilisation dans une cellule à haut rendement. Néanmoins, un temps de vie de 160 µs a été mesuré sur des couches intrinsèques de 200 nm d'épaisseur passivées avec 10 nm d'oxyde d'aluminium déposé par ALD alors que le temps de vie reste en dessous des 50 µs dans le cas des couches dopées bore. Ainsi à l'avenir, un effort particulier doit être porté sur l'identification des causes de recombinaisons dans les couches épitaxiées à basse température par PECVD. même temps… Sans ce passage de témoin, cette thèse aurait été beaucoup plus compliquée et bien moins fournie. J'ai une immense reconnaissance pour le travail que tu as accompli aussi bien d'un point de vue purement scientifique que pour le fonctionnement du labo en intervenant notamment sur les problèmes d'équipements avant tout le monde. Mention spéciale pour rendre mes lundis matin plus agréables en préparant des gaufres ! Je poursuis dans ma lancée des doctorants de la génération d'audessus. Merci à Romain Cariou, qui a grandement contribué au domaine de l'épitaxie basse température et pour m'avoir montré la voie dans ce domaine. Merci à Bastien Bruneau, serial publisher, qui a beaucoup apporté au compteur des publications du labo, et pour m'avoir éclairé sur la physique des plasmas (mais pas après 17h). Merci à Igor Sobkowicz, recordman du rendement de cellule au LPICM, pour son accueil sur le campus, ses conseils avisés et ses recettes de dépôt sur le Cluster. Enfin merci à Soumyadeep Misra, pour ses conseils (atypiques) sur la rédaction.
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In 2013, the total global CO2 emissions from the combustion of fossil fuels reached 32.2 giga tons of CO2 (GtCO2) and half of global emissions came from three countries: China (9 GtCO2), the United States (5 GtCO2) and India (2 GtCO2) [4]. For all of them, coal is the main source of electricity and heat generation, with a part reaching two-thirds of the energy mix for China and India, while it is the most CO2 emitting developed energy source. The global energy-related CO2 emissions by sector are shown in Fig. 1.2. As it can be seen, these emissions grew by more than 50% over the last 25 years [5], particularly due to the doubling of emissions from electricity and heat generation in emerging and developing countries. Today's power generation represents about 40% of the total emissions and is now mostly driven by the non-OECD regions, especially China and its intensive generation from coal. If the struggle against a full carbon energy world is often focused on the electricity production sector, transport and industry sector together also represent another 40% of the current world CO2 emissions. The challenge in these figures lies on the electrification of these sectors to limit the emissions.

In addition besides greenhouse effect, the burning of fossil fuels induces other pollutant emissions like fine-particles, causing severe health problems. Thus, in urban areas, more than 80% of people live with air quality above pollution thresholds preconized by the World Health Organization (WHO). Not surprisingly, developing countries are more affected, 98% of cities in low and medium-income countries present pollution levels above recommendations of the WHO. Consequently, up to 6.5 million deaths in the world are attributed each year to air pollution [6]. This is a dramatic consequence mostly due to fossil fuels combustion and in particular the use of coal.

Since carbon capture and storage (CCS) is struggling to provide viable technical solutionsthe CCS only allowed the capture of 26 Mt CO2 in 2014 [7] the development of competitive solutions for "carbon-free" energy generation is mandatory to tackle climate changes and air quality issues in a world's growing population context.

Based on this observation, any carbon-free energy would need to play a significant role in the energy transition. As shown in Fig. 1.3, if we look at the comparison of life cycle greenhouse gas emissions (LCGGE) [8], the solution could arise from nuclear energy and hydropower. Indeed, according to the intergovernmental panel on climate change (IPCC), the nuclear energy and hydropower have median LCGGE of 12 and 24 g CO2eq/kWh [9], respectively, therefore among the lowest LCGGE of the different electricity supply technologies. These two energies also benefit from the best energy production density. Nuclear energy was considered as the energy of the future since it could ensure low LCGGE, a tremendous energy density and a low Watt-hour (Wh) price. But recent events in Fukushima, Japan, and the requirement to satisfy new norms applied to this industry to ensure the reactors safety, make the future of this energy unclear. If it was considered as low cost before, the new generation of reactors provide an energy at 110$/MWh [10]. Moreover the problem of nuclear waste produced by current reactors generation induces hidden costs for the reprocessing and storage of the nuclear waste. Even if it still represents a non-negligible part (2.5%) of the global final energy mix (Fig. 1.1), the nuclear electricity production started to stagnate in 2006 and dropped in 2011 due to Fukushima. For environmental and economic reasons, the Fukushima accident forced governments to reconsider their energy policy and for some countries toor to confirm their intention towithdraw their nuclear program, as Germany, Belgium and Italy for example. Above economical aspects, the question of safety related to energy production sources has become a priority.

The only solution ensuring the best energy independency, a significant drop of greenhouse and other polluting gas emissions, and safety, is to develop an energy mix implementing different renewable energy sources. Beyond finding the best energy for the future, it is also a question of diversification of energy sources. The dependency on one form of energy, whatever it is, inevitably leads to risks of geopolitical tensions. The idea of an energy mix supported by an electrification of the different sectors (industry, transport,…) offers solutions against global warming and avoids the risks of some conflicts linked to the dependence on an unique energy resource. From an economic point of view, the development of carbon-and other pollutants-free energies is also viable and provides opportunities for growth and job creation.

In that context, hydropower benefits from a lot of assets including those cited above, a low levelized cost of electricity with LCCGE between 4 and 14g CO2eq/kWh, and provides a good energy independency. In 2014, hydropower represented 3.9% of the global final energy consumption, namely 50% more than nuclear energy [2]. Today, 75% of the total generation from renewables [7] comes from hydropower and this share is projected to decrease by 2040. The hydroelectric power generation capacity has almost reached saturation in the developed countries and the implementation of this technology obviously requires the access to large streamflow which is not adapted to every region on earth.

To ensure the complementarity of hydropower other forms of renewables have to be developed. The task will be tough since only 1.4% of the final energy consumption comes from wind, solar, biomass and geothermal power (see Fig. 1.1). The expectations of growth in green energies are mainly led by wind and solar energy according to most of energy roadmaps. Thus in 2015, 118 GW of wind and solar generation capacity have been added. This represents 53.6% of the global new capacities installed in 2015 according to the Bloomberg New Energy Finance (BNEF) [11]. For the first time, without taking into account the difference in capacity charge, more renewables were installed than fossil. The global investment in renewable power capacity, excluding large hydro-electric projects, reached $265.8 billion, meaning more than twice the amount allocated to new coal and gas generation ($130 billion) [11]. In particular in the U.S., wind, solar and natural gas represented 97% of the electric generation capacity additions in 2014 and 2015 [12] and should further represent 90% in 2016. The development of a new electricity generation model based on renewables and natural gas (to manage intermittency) is more and more likely.

Solar in particular shows the most impressive cost decrease for a few years, given that wind energy has almost reached its maturity. The global average levelized cost of energy (LCOE) was 122 $/MWh in the second half of 2015 while it was $20 higher one year before [11]. Solar energy in some countries already reached the grid parity. Thus, the lowest power purchase agreements reach 48$/MWh in Peru [13], 35.4$/MWh in Mexico and even 29.9$/MWh in the United Arab Emirates [14], becoming even cheaper than coal in some regions, considered like the most competitive energy resource. Solar energy benefits from other advantages. First, as shown in Fig. 1.4, it is among the energy sources inducing the lowest LCGGE with a harmonized median result of 45 gCO2eq/kWh for c-Si technologies [15] (the harmonization considers an irradiation of 1700 kWh/m 2 /yr, a system lifetime of 30 years, a module efficiency of 13.2% or 14.0%, depending on module type, and a performance ratio 1 of 75% or 80% depending on installation) [16]. The evolution of the energy payback time (EPBT), the time after which the solar panel produces more energy that what has been necessary to its manufacturing, is also impressive. Today, as shown in Fig. 1.5, with a 14% efficient mc-Si solar panel, the EPBT is about two years in Germany (annual irradiation of 1000 kWh/m 2 /yr) and around one year in southern Europe (annual irradiation of 1700 kWh/m 2 /yr) [17]. It should be mentioned that this study has been led in 2012 so the values have been determined from the published results in literature prior to 2012. Since then, considerable progress has been done in process optimization and material consumption, in 10 years material usage drop from 16 g/Wp to 6 g/Wp today [18]. The performance ratio has also advanced significantly, it is now in the range of 80% to 90% [18] compared to 70% 10 years ago. In addition, today, the average commercial silicon module efficiency is 17% [18]. Based on these observations, these LCGGE and EPBT values should be considered as overestimated. Moreover, efficiency records continue to increase with 26.33% reached by Kaneka for a c-Si solar cell [19] and 24.1% obtained by SunPower for a c-Si module [20].

In the meantime, fast deploying solar panels look like an adapted solution for the new challenges of the world where flexibility and reactivity are key words. In two years the Solar Star power plant with a generation capacity of 580 MWAC has been completed. Considering fast growing emerging countries, the response to energy needs with a fast reaction time and the possibility to consume the energy where 1 The performance ratio is the ratio of net energy production on total energy production of a system. It deducts from energy production, the losses (line resistance, conversion losses from the inverter, dirt, etc) and the consumption for the operation of a system (e.g. solar farm). Fig. 1.5 -EPBT in Europe for a 14% efficient mc-Si solar panel [18]. Data from [17].

it is produced is a tremendous asset, which also favors the momentum of the new model for power generation as a distributed network.

In terms of material scarcity, silicon (which represents 90% of installed PV capacity in 2015 [18]) is the second most abundant element after oxygen in the earth crust. Hence, solar energy does not present risks of material shortage for its active material. Silver reserves, used as metallic contacts in solar cells are a more concerning issue. The global silver mine production reached more than 25.10 3 tons in 2015 while the ultimately recoverable reserves are estimated to be in the range 2.7 -3.1 million tons, this would lead to a most likely peak silver production in 2034 [21]. However more and more PV cell manufacturers use alternative contact formations solutions using more abundant metals like nickel, copper and aluminum. Solar power offers the possibility to recycle the majority of the whole end-oflife PV installations. The PV cycle organism developed a good expertise on the recycling of solar panels and recently, they accomplished a new record of 96% recycling rate for silicon based PV modules [22]. The rest can easily be stored in open air storage sites with low environmental risks.

Current status and roadmap for the photovoltaic energy

The installation of PV capacity is a fast growing market with a Compound Annual Growth Rate (CAGR) of 41% between 2000 and 2015. There was an additional installation of 57 GW of PV systems in 2015, which, taking into account an average capacity factor of 15% for PV, represents the energy production of more than 8 nuclear plants of 1 GW. Today, solar energy is no longer a marginal energy production source and analysts forecast the installation of 64 GW of new PV systems in 2016. Even if the cost of solar installations strongly decreased during the last years to reach grid parity in some countries (Chile, Germany,…) there is a continuous need for research in this area where companies are in a very competitive market. Moreover, additional cost reductions are required to make solar energy a cost competitive solution in any region in the world and to compensate additional costs induced by energy management to tackle intermittency issues, e.g. storage, smart grids, etc.

Two main strategies of research can be identified, the implementation of new materials with better performances but at higher prices or the cost reduction of existing technologies. Both could allow a reduction of the "$/kWh". Increasing efficiency requires the formation of tandem solar cells, i.e. the stacking on the same cell of different materials with different energy bandgaps in order to harvest the maximum of energy. Finding a suitable top cell for c-Si (bottom cell) is not an easy task as it leads to expensive materials such as III-V or (so far) unstable materials such as perovskites. Therefore, a further decrease of production costs in current technologies is also necessary to compensate potential additional costs induced by the use of other materials for the top cell.

Silicon-based technologies have always been and remain the most important player of the PV industry. In 1995, a 24% efficient solar cell was already reported by the UNSW [23]. The efficiency record for c-Si solar cells has not substantially evolved since the 90s but the revolution lied in the drastic cost decreases which happened since then, especially thanks to benefits of mass production, economies of scale and technological improvements (laser processes, number of process steps reduced,…). The evolution of module price as function of cumulative production is shown in Fig. 1.7. The production cost of solar cells experienced a rapid learning curve, called the Swanson law, which shows that the doubling of shipped modules induces a decrease of 20% of the PV modules costs, which is comparable with that of other industrial fields such as automotive for example. With more than 90% of the PV production in 2015, crystalline silicon (c-Si) based technologies largely dominate the market as shown in Fig. 1.8. The abundance, good stability and moderate price of silicon PV make it, still today, the best option for large production capacity. Silicon PV also took benefit from the innovations and experience developed in the microelectronics industry and the transfer of process linked to well-known equipment has also been easier for that reason.

Technologies overview in photovoltaics

The remaining 10% are mostly shared by thin film technologies such as CdTe, CIGS and silicon thin films. If CdTe technology provides among the lowest cost production on the market, it suffers from toxicity of cadmium and scarcity of tellurium. CIGS solar cells reached a new record of 22.6% [24], meaning that the difference with respect to c-Si solar cells is shrinking due to a rapid improvement of cell efficiency over the recent years. Indeed while efficiency record of CIGS solar cells increased by absolute 0.1% per year between 1998 and 2013, the efficiency record gained absolute 0.7% per year over the last 3 years. However this technology exhibits homogeneity problems on large areas, the referenced record has been obtained for a 0.5 cm 2 cell. In addition to implying highly toxic precursors, CIGS technology suffers from the scarcity of indium and high capital expenditures (CAPEX).

After a rise in the 2000s, thanks to the development in parallel of facilities for thin film transistors manufacturing used in liquid-crystal displays (LCD), silicon thin films experienced a setback in the 2010s due to the strong cost decrease of silicon wafers. In spite of a full integrated approachby suppressing wafer feedstock constraints, purification and crystallization phases and loss in wafers cuttinghigh CAPEX and low efficiencies have not allowed them to reach the hoped success. Even if a stabilized efficiency of 13.6% has recently been reached [25], "high" efficiency approaches, conducted by c-Si solar cells, have conquered the market.

The combination of thin film technologies with c-Si led to the development of silicon heterojunction (SHJ) solar cells, only manufactured at large scale by Panasonic with the HIT TM technology. It uses hydrogenated amorphous silicon (a-Si:H) as passivation layer of the c-Si substrate and as doped layer for the charge carriers collection. This structure demonstrates very high performances and has the record of c-Si solar cells when used with back contacts. With such architecture, Kaneka has recently reached the record of 26.33% for a practical solar cell [19]. According to Louwen et al. [26] significant cost cuttings for SHJ modules should happen for the next years. Considering production costs in 2015 of 0.48-0.56 $/Wp [26] (against 0.50 $/Wp for standard mono-Si modules at that time [27]) they prospect them to drop to 0.29-0.35 $/Wp in the next ten years [26]. However current spot prices for multi-Si and mono-Si modules are already at respectively 0.40 $/Wp and 0.42 $/Wp, and significant production costs for these technologies should arise from economies of scale and technological enhancement. In addition, heterojunction solar cells suffer from high CAPEX and metallization issues due to the low temperature needed in order to not damage the passivating a-Si:H layer processed around 200°C [26]. This implies to use more expensive metallization pastes and the necessity to deposit more silver to create a good conductive contact which means that a doubling of the silver price would induce, in case of bifacial SHJ structure, a raise of cost production for SHJ of 20%. In a volatile silver market this is a big factor of incertitude.

Among the 93% of c-Si solar cells shipped in 2015, most of them are homojunction based architectures. The schematics of structures to be the most likely implemented in industry are given in Fig. 1.9 and their main characteristics are detailed below:

• The Al-BSF structure (Aluminum back surface field) mostly used on mc-Si (multicrystalline silicon) wafers is the most largely produced technology due to its simple and low cost process flow. It is composed of a multicrystalline p-type substrate on which a n + doped layer (electron collector or more commonly called emitter) is formed on the front side by phosphorus diffusion to form the PN junction, using phosphoryl chloride (POCl3). It should be clarified that the term "emitter" refers to the minority carriers collector, and the back/front surface field (B/FSF) to the majority carriers collector. In the rear side, an aluminum layer is deposited by screen printing to make a metallic contact and the BSF. Its principle and process are simple, after annealing, the aluminum diffuses in the silicon and form an Al-Si alloy. The aluminum, having three valence electrons, is an electron acceptor for silicon which allows to create a p + doped layer playing the role of field effect passivation at the back by repelling the electrons.

• The PERC (passivated emitter and rear contact) solar cell is usually composed of a p-type monocrystalline substrate. The architecture is similar to that of Al-BSF but in the rear side, instead of a direct contact between the substrate and the metallic contact (a strongly recombination source), a dielectric layer is deposited on the full surface of the wafer acting as a chemical passivation layer of dangling bonds by saturating the electrically active interface states. Afterwards, this layer is usually opened by laser to create local metallic contacts with the substrate to be able to collect charge carriers.

• The PERL (passivated emitter with rear locally diffused) solar cell has the same architecture as the PERC solar cell but has local p ++ doped areas at the opened areas. This is now mainly done by laser doping. This allows to have local BSF and improves the metallic contact.

• Finally, the PERT (passivated emitter, rear totally diffused) has a p + layer on the full surface instead of only at the contacts. This allows holes to laterally move at the rear side of the cell with reduced resistance losses [28], [29]. As a result the solar cell conversion efficiency should be improved due to a higher fill factor (FF). The schematic in Fig. 1.9-d) applies to n-PERT solar cell with rear side emitter. It should be mentioned that this is a popular but not exclusive case, this PhD work refers to this architecture explaining the choice for this type of n-PERT solar cell in the schematic.

As shown in Fig. 1.10, a chart from the last international technology roadmap for photovoltaic (ITRPV), despite today's production is dominated by the Al-BSF structure (used with mc-Si wafers), there is a trend to move towards more efficient, but more complex, technologies like PERC (Passivated Emitter and Rear Cell), PERL (Passivated Emitter, Rear Locally diffused) and PERT (Passivated Emitter, Rear Totally diffused). Moreover, one objective of the PV industry is to reduce wafer thickness in order to reduce production costs; the Al-BSF is not compatible with this trend because of the bowing of the cell. Indeed, the difference of thermal expansion coefficient for silicon and aluminum is significant enough to create a compressive stress at the back of the solar cell resulting in its deformation and potential breakage.

The PV industry is very conservative, meaning that the purchase of new equipment is a real brake to the development of new technologies. This is why p-PERC solar cells are considered as a good potential for industrial applications because they do not require a lot of change in the current fabs process chain. Today the solar cell production is massively dominated by p-type wafers but there is a trend to move towards n-type wafers due to the improved performances achieved with n-type material. The significant difference between these two types of materials has been known for a long time but historical reasons led to the choice of p-type wafers in the industry. Indeed, the improved resistance to irradiation of p-type wafers made them more suitable for space applications [30], the first sector to really use solar cells. Also, the mobility of electrons, the minority carriers in case of p-type material, is three times higher than that of holes. As a result, the choice of p-type wafers was obvious at that time [30]. Afterwards, the PV industry aligned itself with the known processes from CMOS microelectronics industry to develop them at larger scale and for a long time used their waste as wafers material source. But now the limiting issues for the industry are completely different. There is no evidence about which solar cell architecture will be dominant in the future but the move towards ntype solar cell is completely rational and does not involve fundamental hurdle to that. Cotter et al. [30] have shown that n-type material is more likely to accept chemical and crystallographic defects. In addition, the Czochralski (Cz) growing method for ingot manufacturing, used for all commercial mono c-Si solar cells, introduces large amounts of oxygen into the silicon wafers. This leads in p-type wafers to the formation of boron-oxygen complexes (B-O complexes) which under illumination are transformed in highly active recombination centers, responsible for a drastic decrease of minority charge carrier lifetime. This phenomenon, discovered in 1973 [31] is known as light-induced degradation (LID). Its mechanism is not completely understood yet, but is related to excess carrier injection by above-bandgap illumination or forward biasing [32]. Considering the LCOE measured in $/Wh rather than the usual $/Wp, the development of n-type high efficiency solar cells is therefore a big advantage on the long-term due to a higher efficiency and a better stability over the long term.

The process for n-type wafers manufacturing is a bit more complex due to the segregation of phosphorus but should not be a limiting factor. Also, the formation of the p + layer in n-type wafers is more difficult to carry out than the formation of the n + layer in p-type wafers. In the standard process flow for n-PERT solar cells manufacturing, the p + layer at the rear side is formed by BBr3 diffusion, a process which can present some complexities, as discussed later. The aim of this PhD work is to address this issue by investigating the possibility to replace the diffusion for the p + doped layer manufacturing by low temperature epitaxy using SiF4/H2/Ar gas mixtures in a plasma-enhanced chemical vapor deposition (PECVD) reactor.

Application of silicon epitaxy in solar cells

High temperature epitaxy

Epitaxy is the growth of a crystalline material on a crystalline substrate imposing the orientation of the grown material. The substrate and the grown material are either from the same chemical species, referred as homoepitaxy, or different, referred as heteroepitaxy. In the solar applications, epitaxy can be either used for the manufacturing of the absorber of the solar cell or for the formation of doped layers to create the PN junction and the charge carriers selective contacts.

Several techniques are used for epitaxy, we briefly detail below their principle:

• MBE (Molecular Beam Epitaxy) is a deposition technique based on the evaporation or sublimation of precursors interacting with the sample surface to grow thin films. This technique is used for the growth of high purity materials implemented in high technology devices. Most of MBE reactors are used for growth of III-V or II-VI materials for optoelectronics devices used in defense and nanophotonic area. In spite of excellent material properties, it requires ultra-high vacuum (10 -8 -10 -12 Torr) and is not suitable for PV industry due to a very high CAPEX and low throughputs.

• PVD (Physical Vapor Deposition), or sputtering, consists in igniting a plasma, usually from argon, between the substrate and a target composed of the material we want to deposit. The ions from the plasma bombard and sputter the target, the pulled off atoms from the target condense on the grounded substrate through an isotropic deposition.

• CVD (Chemical Vapor Deposition) relies on chemical reactions from the gas precursors and the sample surface, it is subdivided in several techniques whose more suitable for PV industry are:

o APCVD (Atmospheric Pressure CVD) o PECVD (Plasma-Enhanced CVD)
In PV industry, PECVD is already widely used for SiNx layer deposition to form the anti-reflective coating (ARC) and the passivation layers (SiOx, a-Si:H in case of HIT TM , …). APCVD is not commonly used in today's PV industry but a few applications with excellent recent results could make it a game changer.

Epi-foil and epi-wafer as absorbers in c-Si solar cells

Companies and laboratories such as Crystal solar, previously Solexel and IMEC develop semiindustrial solutions for making monocrystalline silicon substrates via a direct gas-to-wafer method instead of pulling ingots by the standard Czochralski technique. This approach provides several advantages (comparable to thin films industry) because it eliminates any dependency on the ingot and wafer supply chain. It also prevents from kerf loss, the loss of materials due to wafer sawing. For instance, with 160 µm thick wafers the kerf loss for slurry-based and diamond wire-based wiring is respectively around 150 µm and 125 µm [33], it means that on a single ingot, the half is lost due to sawing.

The process flow for Si foils manufacturing performed by IMEC is given in Fig. 1.11-a). The process steps can slightly change between manufacturers but are roughly the same as these detailed in Fig.

1.11.

A porous layer is formed at the top of a parent crystalline silicon substrate, then a thermal treatment is performed to reorganize the porous silicon and to prepare the surface for epitaxy as shown in Fig. 1.11-b). The wafer is heated between 900°C and 1100°C and exposed to a silicon based gas, usually trichlorosilane (TCS). Crystalline growth occurs on the full surface and the epitaxial layer, on which the solar cell will be processed, is detached afterwards by etching the fragile porous silicon layer. One big advantage of this approach is the possibility to tune the absorber thickness. Thus, compared to current 160 µm thick wafers used in industry, the thickness can be lowered to 35 µm in case of former Solexel's process and 50 µm for IMEC Si foils.

Regarding the quality of the material, the lifetime in such Si foils and epi-wafer is now sufficiently high to manufacture high efficiency solar cells. The Table 1 lists lifetimes reached by different laboratories and companies reported in the literature. Note that a strong difference is observed between p-type and n-type epi-layers. The maximum lifetime measured in p-type epitaxial silicon is 300 µs and this result is obtained after phosphorus gettering [34]. For n-type silicon, Fraunhofer reached a mean effective charge carrier lifetime, measured by QSS-PC, of 1580 µs on a 5x5 cm 2 epi-wafer at an injection level of 10 15 cm -3 , close to its local maximum of 1720 µs [35]. Nevertheless, the record is held by Crystal Solar which reached 3.5 ms [36].

Solexel reached an efficiency record of 21.2% for a 240 cm 2 submodule with a 35 µm thick backcontacts reported cell [37] and Crystal Solar with Choshu Industry manufactured a 22.5% efficient heterojunction solar cell with an epi-bulk of 130 µm on a 243.4 cm 2 area [36]. More recently, IMEC and Crystal Solar collaborated to make a n-PERT solar cell with a 180 µm thick epi-bulk reaching an efficiency of 22.5% on a 238.9 cm 2 area [38], attaining the same efficiency as their reference cell obtained with standard BBr3 diffusion on a Cz wafer. However, this approach suffers so far from insufficient yield, due to several reasons. First in case of thin wafers manufacturing, the probability of breakage during manipulation is higher than for standard "thick" wafers of 150-180 µm. The results can also be not reproducible due to bumps at the surface of wafers caused by the difficulties to achieve a flat surface after the reconstruction of porous silicon.

Team Process Lifetime

IMEC

APCVD PSI [39] 195 µs APCVD lithography [39] 350 µs MIT -Crystal Solar [34] APCVDbefore gettering p-type epitaxial < 20µs APCVDafter gettering p-type epitaxial > 300 µs Crystal Solar [36] APCVDn-type 3.5 ms Fraunhofer ISE [40] APCVDp-type 40 µm (doping 5.10 16 cm -3 ) Si foil 80 µs

Fraunhofer ISE [35] APCVDn-type 150 µm (doping 5.10 16 cm -3 ) Epi wafer 1.5 ms IBM [41] PECVD -n+ epi-layer (doping 5.10 19 cm -3 ) SiH4/H2/PH3 100 ps LPICM [42] PECVD -SiH4/H2 10 µs Thus, throughput can be an issue for the current and future development of this technology from an industrial point of view. Moreover the epitaxy for PV not being a sufficiently important market for semiconductor equipment manufacturers, the development of industrially viable APCVD reactors meeting industrial constraints (throughput, reliability, yield,…) to compete with wafer manufacturers is not a priority. A new momentum for this technology coming from an industrial support is necessary to bring this technology to the industry.

Thus, the future of epi-foils and epi-wafers is unclear. Solexel, which was one of the most promising companies in kerfless technology, recently stopped its development of epi-foils because they didn't reach their objective to ship solar modules at 0.42 $/W by 2014 [43]. Even if the current kerfless wafers industry (Crystal Solar, 1366 Technologies,…) is doing good progress, the decrease of ordinary wafers cost in the meantime and overcapacity phases make difficult the perspectives for this new approach. Nevertheless epitaxy can find another promising application for its implementation in industry by the formation of the doped layers in c-Si solar cells.

Epitaxy for the formation of doped layers in c-Si solar cells

In the standard c-Si solar cells, whose architectures (Al-BSF, PERC, PERT, PERL) have been previously detailed, the doped layers are commonly made by diffusion. For Al-BSF and PERC, on ptype material, the PN junction is formed by a phosphorus diffused layer. In a tube furnace, wafers are heated at around 850°C, a phosphosilicate glass (PSG) is formed on the surface of the wafer by introducing POCl3, a subsequent annealling called the drive-in allows to adjust the doping profile. For the n-PERT solar cell, the same diffusion is performed to form the front surface field (FSF) in order to repel minority carriers, so holes in that case. The phosphorus diffusion allows to improve the performances of the cell by the so-called gettering effect.

For the p + doped layer, used as a hole collector, the common process is the boron diffusion. The principle is the same, a borosilicate glass (BSG) is formed from boron tribromide (BBr3) and dioxygen (O2) at the surface of the wafer heated around 900°C. Subsequently, the drive-in phase is performed for the diffusion of the elemental boron from the BSG into the wafer. This BBr3 diffusion is currently the standard way to form the p + doped layer, but this process is not as simple as phosphorus diffusion and not as beneficial.

On the one hand, the boron diffusion can cause misfit dislocations due to the high concentration of boron in the top layers. The atomic radius mismatch between boron and silicon induces a stress gradient in the silicon crystal, the covalent radius of boron is 0.88 Å while that of silicon is 1.18 Å. In case of moderate concentration the strain is elastic but above a critical threshold, diffusion-induced misfit dislocations appear [30], [44], [45]. The defects induced by the heavy doping at the surface of the wafer are shown in Fig. 1.12. First, dislocation lines perpendicular to the {100} planes form a dislocations network. Second, the movement of this misfit dislocation network induces the formation of etch pits at the intersection of the dislocation lines. It is worth noticing that even though a dislocation network may be observed in the case of phosphorus diffusion (but no etch pits [44]), the mismatch is lower due to the covalent radius of phosphorus being closer than that of silicon (1.08 Å), compared to boron with respect to silicon.

On the other hand, during the diffusion, boron precipitates on the silicon surface and induces the formation of a boron-rich layer (BRL) beneath the BSG at the surface of the silicon wafer [46]. A scanning-electron microscopy (SEM) image of a BRL between the BSG and the silicon substrate is shown in Fig. 1.13-a). This process suffers from uniformity problems for the BSG deposition, and this is more likely to produce a BRL in the case of thicker BSG layers. The reduction of process temperature to 850°C is beneficial to limit the BRL formation but the process window is narrow, sensitive to temperature variation, which is a problem for large scale industrial applications. The BRL is highly recombinant and requires additional oxidation and removal steps [47] to recover a high minority carrier lifetime. Secondary ion mass spectrometry (SIMS) profiles of BRL before and after oxidation are shown in Fig. 1.13-b). It should be mentioned that this SIMS profile does not correspond with the SEM image from Fig. 1.13-a). It can be seen that before removal, the boron concentration on the first tens of nanometers is up to 10 22 cm -3 . The subsequent oxidation/removal step necessarily affects the sheet resistance. Boron gettering to recover the electrical properties is also reported [46].

Fig. 1.12 -a) Optical microscope images of a wafer surface after an intentionally heavy planar boron diffusion (10 Ω/sq) after a Yang etch [65] showing misfit dislocations [44]. The BBr3 diffusion has been performed at 900°C for 45 min, and the drive-in at 1060°C for 900°C. b) Etch pits formed during movement of the misfit dislocation network [44].

The use of alternative dopant sources such as boron spin-on dopant (BSoD) leads to the same observations [48]. 
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The use of epitaxy to grow the doped layer instead of diffusion allows to avoid the formation of the BRL and the additional process steps to remove it. By doing so, it simplifies the process flow of n-PERT solar cells manufacturing. The comparison of standard and epi boron emitter process flows for n-PERT solar cells is shown in Fig. 1.14.

This innovative process flow requires two steps less than the reference one with boron diffusion and drastically reduces the process time to a few minutes in case of APCVD [49] instead of 45-60 minutes for diffusion, which could allow significant cost reductions. Also the epitaxy can be tuned to be a single side process either due to the equipment configuration [50] or by developing a selective epitaxy [49]. In selective epitaxy, the growth occurs on apparent crystalline surfaces but not on amorphous surfaces (dielectric layer used as passivation layer on the other side) so no mask or additional etching is required.

Besides, according to the last ITRPV, a strong reduction of recombination losses is expected by 2025, with a drop from 30 fA/cm 2 to 10 fA/cm 2 for n-type monocrystalline wafers and a reduction of 50% of J0 front and rear for p-type materials [51]. This involves a good management of recombination in the doped layers by optimizing the doping profile. Indeed, the dopant concentration should be high enough to create an efficient PN junction and to make a good electrical contact with the metal but it also induces Auger recombination and free carriers absorption.

Thus a good control of doping profile is mandatory to move towards high efficiency concepts. Contrary to diffusion, for which the doping profile is analytically described by a Gaussian or erfc function, epitaxy allows any kind of doping profile thanks to the easy control of dopant concentration through the layer by simply varying the dopant gas flow rate (B2H6, (CH3)3B). Therefore the optimization of the doping profile is much easier by epitaxy and also makes possible the formation of very shallow junctions. Doping profiles can be boxes (constant doping concentration through the layer) or multi-steps. Typically, it is possible with epitaxy to manufacture an emitter with a low boron concentration in its bulk, to limit Auger recombination and free carriers absorption, and a high boron concentration at its surface to reduce the series resistance thanks to a good electrical contact. Something much more difficult with diffusion as shown in the comparison of doping profiles obtained by diffused and epitaxial emitters, in Fig. 1.15. To achieve a deep and lowly doped diffused emitter (in sky blue), the boron concentration at the surface is necessarily reduced with respect to that of the shallow one. Even though the doping profiles for epitaxial emitters shown in Fig. 1.15 are uniform (boxes), epitaxy does not suffer from this constraint of trade-off between thickness of the emitter and the boron concentration within it. Thus, according to Rachow et al. [52] the replacement of a front surface diffused emitter by a front surface epitaxial emitter, could lead to a 30% reduction in J0, an improved blue response, and low contact resistance. However, until recently, the efficiency of solar cells using epitaxial emitters has always been lower than with diffused ones.

This approach of growing doped layers by epitaxy on silicon wafer-based solar cells has first been reported in 2006 by Schmich et al. [53] at the Fraunhofer ISE. At that time, they reached a 12.6% efficient solar cell with a phosphorus doped epitaxial emitter and a 12.3% efficient solar cell with a boron doped epitaxial emitter. In 2009, at IMEC, Gong et al. [54] also suggested this new approach to form the p + emitter by CVD rather than diffusion. They reached an efficiency of 17% with LPCVD and 16.7% by APCVD while their reference cell with diffused emitter was attaining 17.7%. The most critical reasons of efficiency losses were the optical management at the rear side and the cleaning prior to epitaxy, the latter is extremely important to limit recombination at this interface in order to reach high VOC. Rachow, Milenkovic et al. [52], [55], [56] used phosphorus doped epitaxial emitters and achieved a 18.4% efficient solar cell. Nevertheless, their reference cell (with phosphorus diffusion) was still giving significantly higher performances with an efficiency at 20.1%, so a nearly 2% absolute difference. But they were focusing on the n + layer formation, so without using the gettering effect of the phosphorus diffusion, in a p-PERL structure. By moving towards n-PERL, they achieved a 21% efficient solar cell [49] with epitaxial p + emitter by APCVD with a gas mixture composed of TCS and B2H6. But compared to their reference cell with diffused emitter using BBr3, with an efficiency of 22.8%, the results for epitaxial emitters have shown so far lower experimental efficiency values in spite of a better theoretical potential.

That's only very recently that IMEC reported the same efficiency with epitaxial and diffused emitters. They reported a 22.5% efficient solar cell [57] with a boron-doped epi-emitter in a n-PERT structure.

As mentioned before, the preparation of the surface prior to epitaxy is a paramount concern. This record has been obtained with sulfuric acid and ozone mixtures (SOM) cleaning. However for economic and environmental perspectives, the use of a sulfur-free mixture based on deionized water and ozone has been investigated and showed a promising 21% efficient solar cell.

A way to get rid of this critical step is to grow the whole cell in the APCVD reactor in the same process flow [58], combining the absorbers and doped layers deposition capability of the APCVD. This led to the same efficiency of 22.5%. This approach allows to considerably reduce the number of process steps because: i) there is no need for a cleaning prior to the doped epitaxy without risk of contaminations ii) no additional pumping step is required and iii) it gives the possibility to produce a very deep and lowly doped emitter to limit Auger recombination and free carriers absorption. The emitter thickness for the best cell efficiency is greater than 10 µm with a carrier concentration of 1.10 18 cm -3 (which is very low for an emitter) and leads to a very low sheet resistance below 30 Ω/sq. They also assure no degradation of cell performances related to the substrate reuse and reach efficiencies of 21.8% after 18 substrate reuses. Nevertheless this approach still relies on APCVD reactors with low throughputs, compared to industrial diffusion furnaces, and little information regarding the yields is provided. Thus, according to the ITRPV, alternative technologies to standard wafers should enter the market from 2020 but should stay below 5% of market shares in the next decade [33].

Diffusion and APCVD present another problem due to the high process temperature: 850°C-900°C for diffusion and 850°C-1000°C for epitaxy by APCVD. This represents a high thermal budget and can induce damages in the wafers. Rachow, Milenkovich et al. [55] have shown that the thermal budget of their process had a huge effect on the bulk lifetime. Fig. 1.16 relates the influence of the process temperature and time on the bulk lifetime. The wafers annealed at 1050°C for 2min have lifetimes one order of magnitude lower than the non-annealed wafers. The effect is even more critical by increasing the temperature and/or the annealing time. A lower process temperature is thus mandatory to limit the bulk lifetime degradation, but in the meantime, it results in a decrease of the crystalline quality of the grown layer. The use of HCl in the gas mixture which can prevent this negative effect is therefore required [55]. However by decreasing the growth temperature, the growth rate is also lowered.

In diffusion processes, analogue problems of bulk lifetime reduction are encountered. These phenomena are related to oxygen precipitation and/or impurities diffusion [59], [60]. Two distinct phases are identified. The first one is the nucleation phase which occurs around 700-800°C and produces small size oxygen precipitates (around 10 nm). These clusters are not sources of lifetime degradation except if they trap metallic impurities. If they do, this combination increases the cross section of the metallic impurity and makes it a dramatic active recombination center. In case of a subsequent process step at around 1000°C, these oxygen precipitates can diffuse and merge into larger aggregates of about 100 nm in diameter. In that case they become potential sources of dislocations once all vacancies have diffused and the lattice is no longer able to elastically accept the stress induced by the aggregates. A 1000°C process by itself does not necessarily induce this kind of dislocation but the ramp to reach this temperature can be enough to make the nucleation phase possible. Therefore, APCVD is not always associated with oxygen precipitation problems but the metallic impurities diffusion is inevitable. Moreover, the trapping of iron by oxygen precipitates makes less efficient the gettering effect during phosphorus diffusion. Thus, the gettering in oxygen-rich wafers is less efficient due to these trapping phenomena. This case is critical because the iron concentration is not reduced and the association of trapped iron and oxygen precipitates (iron-decorated oxygen precipitates) becomes extremely recombinant due to an increase of the recombination cross-section. The use of low cost oxygen-rich silicon wafers is therefore critical for high temperature processes. Moreover the loading and unloading of wafer batches in reactors heated to high temperature produces thermal gradients in the wafers and thus causes a thermal stress which can multiply dislocations into the wafer [61]. Conventional epitaxy (LPCVD, APCVD) is performed at high temperature to allow the thermal dissociation of gas precursors in the gas phase, the formed species are afterwards chemisorbed at the surface of the substrate. The growth of epitaxial thin films at temperatures below 400°C is possible in the case of plasma-enhanced CVD, which allows the formation of reactive species from the dissociation of gas precursors by their collision with electrons. In this range of temperature, gas precursors cannot react with the substrate. All the problems associated to high temperature processes related previously, can thus be avoided in the case of low-temperature processes. The use of PECVD to grow crystalline silicon is a way to limit the thermal budget and to introduce an alternative to the p + emitter formation with already widely spread equipment in the PV industry, therefore compatible with high throughputs.

Our approach is to combine the advantages of heterojunction solar cells, namely the use of low temperature processes, with the advantages of homojunction solar cells, for which no advanced metallization paste and transparent conductive oxide (TCO) are required [26]. Moreover it allows the formation of a sharp junction due to the reduced diffusion of dopants thanks to the low process temperature (200-400°C). It does not induce oxygen precipitation in the wafer due to a low thermal budget and the doping concentration is easily tuned to limit effects of high boron concentration in the layers, as detailed previously. Also, the reduced deposition rate, with respect to APCVD, is a way to genuinely optimize the doping profile. Moreover, epitaxy by PECVD does not require an additional mask to avoid wrap around, simplifying again the process flow. Besides, PECVD has been widely used in thin film transistors (TFT) industry for the manufacturing of LCD and a strong know-how has been developed. It is also well known and implemented in the PV industry: it is already used for the manufacturing of the absorbers in silicon thin film solar cells, the passivation (a-Si-H, SiOx, SiNx, …), the doped layers in SHJ solar cells and the silicon nitride (SiNx) for the antireflective coating. The reactive ion etching (RIE), used for the dry texturation of silicon wafers, is also done via plasma processes whose reactors used for this purpose have similar architectures than deposition ones. Thus from an industrial point of view, PECVD benefits from a strong know-how, the availability of equipment with throughput adapted to industrial standards (a few thousands of wafers per hour) and a large versatility, which allows to perform in the same type of reactors different process steps of solar cell manufacturing. Finally, as mentioned previously the PV industry is very conservative and the implementation of new processes is scarce. The move towards p-PERC solar cell architecture is a good example as it requires slight changes in the manufacturing process flow with most of production tools already in the industry. The replacement of diffusion by epitaxy using PECVD is therefore conceivable given that PECVD reactors are already implemented in the industry which is a strong asset compared to APCVD reactors. A potential industrial transfer should therefore be easier.

Although the PECVD has been widely used for a lot of different applications, its potential for the silicon epitaxial growth, so far, has not been exploited in the industry, mostly due to lower performances and deposition rate. The recent results obtained at LPICM by Labrune et al. [62] have shown that solar cell with low temperature epitaxial emitter grown with a SiH4/H2/B2H6 gas mixture could reach energy conversion efficiencies above 14%. This is encouraging but not sufficient to suggest n-PERT solar cell with low temperature epitaxial emitter as a viable solution for industry. In this PhD work we investigate the potential for low temperature epitaxy by PECVD using an alternative gas mixture composed of silicon tetrafluoride (SiF4), hydrogen (H2) and argon (Ar).

Cost of ownership calculations

In order to give some insights on the minimum deposition rate required to lead to a potential transfer to industry, cost of ownership (CoO) calculations for the formation of doped layers in c-Si solar cells by PECVD, BBr3 diffusion and APCVD processes have been carried out. APCVD and diffusion steps CoO were calculated for a 22% cell efficiency.

Fig. 1.17 compares relative epitaxial PECVD CoO for different solar cell efficiencies, revealing the minimal deposition rate required to compete with both diffusion and APCVD for a given efficiency. It shows that for a cell efficiency of 24%, a deposition rate of 3 Å/s is enough, but if the cell efficiency is only 18% then a deposition rate of 5 Å/s is required. The break even with APCVD is even tougher to reach. For a 24% efficient solar cell, a 10 Å/s deposition rate is required, while it needs to be more than 15 Å/s for a 18% solar cell. The deposition rate required to be cost competitive as a function of cell efficiency is shown in Fig. 1. 18. It shows that for a 20% efficient solar cell, PECVD can be cost competitive with diffusion for deposition rates above 4 Å/s, but it needs to reach 15 Å/s to meet APCVD CoO. It must be mentioned that in order to replace diffusion processes in industry, the deposition rate should be faster than the above mentioned break even to justify a change in the production equipment.

Today, the best deposition rate at LPICM for epitaxy by PECVD is 8 Å/s when using SiH4/H2 gas mixtures at 300°C. In case of SiF4/H2/Ar gas mixtures, it was 3 Å/s at the beginning of this PhD, but the process conditions were not as developed as for the SiH4/H2 chemistry.

Nevertheless, for both cases, if these values do not meet industrial requirements, they are clearly not far from consistent economic perspectives, since required deposition rates are not several orders of magnitude higher. Therefore, in order to increase the deposition rate, keeping device-grade quality, and thus favoring a potential transfer in industry, a comprehensive study of process conditions also needs to be led. This PhD work aims to bring new insights on the low temperature epitaxy growth mechanisms and to develop doped epitaxial layers to assess the feasibility of epitaxial emitter manufacturing by PECVD. 

Outline

While this introduction presented the context of this PhD topic, and the advantages of the PECVD as a way to replace diffusion by a cost competitive solution, we detail below the outline of this manuscript.

Chapter 2 is focused on the definition of the process conditions to perform epitaxy by studying the influence of chemical and physical properties of the plasma on the material properties. The objective is to introduce key process parameters (power, flow rates, pressure,…) in order to determine necessary conditions required to perform epitaxy for the purpose of an easier transfer. It also aims at providing insights on the understanding of the growth mechanisms and epitaxy breakdown. In particular we focus on the influence of H2 depletion (related to gas-phase reactions) and the plasma potential (related to surface and bulk modifications) on the material properties. Besides, comparative studies of the material properties determined from several characterization techniques (ellipsometry, Raman spectroscopy and X-ray diffraction) for different process conditions, inside and outside the process window, have been led to find out a signature of the cause of epitaxy breakdown.

Chapter 3 is devoted to the understanding of growth mechanisms for the process conditions leading to epitaxy. By studying the early stages of the epitaxial growth, this chapter aims to identify the growth mode of LTE and which plasma species (radicals, ions, nanoparticles, …) are involved in it. A Volmer-Weber growth mode has been highlighted in these early stages and a model for low temperature epitaxy is discussed.

Chapter 4 deals with the transfer of process conditions for epitaxy to a 6-inch semi-industrial PECVD reactor and the development of doped epitaxial silicon layers. Structural and electrical properties of boron-and phosphorus-doped silicon layers are analyzed. Optical and structural properties have been assessed by ellipsometry and X-ray diffraction on the doped epitaxial layers. The boron concentration has been assessed by plasma profiling time of flight mass spectrometry (PP-TOFMS) and SIMS, the carrier concentration by Hall effect and electrochemical capacitance-voltage (ECV) technique. In addition, the homogeneity of doping is assessed by 4-point probe mappings. In this chapter we also tackle homogeneity problems encountered with the gas injection and we suggest the design of an optimum shower head based on fluid dynamic simulations. Properties of epitaxial layers resulting from this new design are compared to those obtained with the former one. Besides, a comprehensive study about the influence of the pressure and the RF power has highlighted the significant influence of these plasma parameters on the structural and electrical properties. Finally the results of passivation of the doped and undoped epitaxial layers by aluminum oxide (AlOx) deposited by atomic layer deposition (ALD).

Finally, Chapter 5 concludes this manuscript and perspectives to carry on the work on LTE from SiF4/H2/Ar gas mixtures are suggested.

Definition of process conditions for lowtemperature epitaxy by PECVD using SiF 4 /H 2 /Ar gas mixtures

State of the art of low-temperature epitaxy

The first use of PECVD for growth of epitaxial films was reported in the early 1980s by Itoh's and Reif's research groups. At that time, the aim was to reduce the diffusion of impurities by reducing the process temperature and to increase the deposition rate of conventional CVD. By doing so, they reached growth rates of tens of Å/s at substrate temperatures from 750°C to 800°C [1]- [3]. It should be mentioned that the term "low temperature" is completely subjective. In some publications "lowtemperature epitaxy" (LTE) can refer to process temperatures higher than 700°C. In our case we will use this naming for processes below 400°C.

Overview of techniques used for LTE

A lot of techniques have been applied to grow monocrystalline silicon thin films at low temperature. Some studies have reported that low temperature epitaxy by molecular beam epitaxy (MBE) faces a systematic thickness limit before epitaxy breaks down when the substrate temperature is kept in the range from room temperature to 200°C [4], [5]. While some publications report the same problem associated to critical thickness with PECVD, other groups have shown that the use of plasma allows to grow thick epitaxial layers (> 5 µm) at 200°C [6]. It should be noted that this is more a practical limit, due to the impossibility to make deposition over more than one day, rather than a scientific threshold above which an epitaxy breakdown is observed.

The use of low temperature epitaxy (< 400°C) in a PECVD reactor was reported for the first time in 1987 by Shibata et al. [7]. They were investigating new ways to grow crystalline materials for the manufacturing of very large scale integrated circuits with very abrupt junctions. They showed that epitaxial growth could occur at 300°C using a non-conventional deposition method: the hydrogen radical enhanced chemical vapor deposition (HR-CVD). Interestingly, they were already using a SiF4/H2/Ar gas mixture and more generally the use of fluorinated gases in the 80's is often reported in the literature. Using remote microwave plasma with a gas mixture composed of H2 and Ar reacting with SiF4 injected near the surface of the substrate, they showed that a highly ordered material with a low density of defects can be obtained at 300°C with interesting deposition rates of 10 to 20 Å/s. The hydrogen was considered as the growth control parameter influencing both the gas-phase reactions and the surface growth mechanisms. Thus, they demonstrated the role of hydrogen to be responsible for the amorphous to microcrystalline transition while epitaxial growth occurs in between [8]. From these studies they concluded that the competing reactions between deposition from SiHnFm (n+m ≤ 3) gas precursors, induced by the reaction of SiF4 with atomic hydrogen [8], and the etching by fluorine (F) led to the growth of a well ordered Si-Si network. They also investigated doped layers by incorporating PH3 and BF3, and shown that conductivity of, respectively, 10 -2 Ω.cm (mobility around 10 cm 2 /V.s) and 1 Ω.cm could be achieved. It should be mentioned that in the case of boron doping, a minimum substrate temperature of 400°C was required, so their technique, in addition to being difficult to scale up, is not adapted for the growth of boron-doped epi-layers at low temperature.

Besides, in the same period, Shibata and Ohmi [9]- [11] also investigated the feasibility of silicon epitaxy by sputtering. They used a 100 MHz plasma under an argon atmosphere at low pressure (10 -4 mTorr), associated to a DC bias on the silicon target (to tune the deposition rate) and a DC bias on the substrate holder (to vary the ion bombardment energy) heated at 250°C. They found an optimum for the ion bombardment energy to be 25 eV. They demonstrated a n-type defect-free epitaxy at a deposition rate around 1 Å/s, with a very smooth surface and "device grade performances" (reverse bias currents of a few nA/cm 2 ). They claimed a 100% doping efficiency with a carrier concentration of 1.9.10 18 cm -3 (concentration of the doped target) for a mobility of 160 cm 2 /V.s. However they did not assess the homogeneity and the measurement for the reverse current is done on a 1x1 mm 2 area. This technique is also said to require the use of ultra clean processing environment and ultra clean wafer surface [11], which is hardly suitable for PV industry.

Electron cyclotron resonance PECVD (ECR-PECVD) has also been used to produce mono c-Si thin films but it encountered systematic epitaxy breakdown after a low thickness limit. The limit has been found to be 500 nm at 360°C by Varhue et al. [12]. Platen et al. obtained similar results at 325°C by observing a slow crystalline to amorphous transition beyond critical thickness of approximately 500 nm [13]. They also observed a critical limit thickness on <111> oriented substrates to be 35 nm at this temperature. By increasing the temperature to 525°C, epitaxial films with thicknesses beyond 1.5 µm (on Si(100)) have been reported [14]. In that case a mobility value of 600 cm 2 /V.s for nonintentionally doped n-type silicon epi-layers at 2.10 17 cm -3 was reached. Alike sputtering, they also found that a plasma potential above 25 V deteriorates the film structural properties. Rau et al. similarly obtained above 2 µm thick epi-layers from 510°C with a growth rate around 3 Å/s [15], [16].

In addition, Rosenblad et al. [17] investigated the low-energy DC PECVD applied to Si homoepitaxy. In a low pressure plasma (around 10 mTorr) composed of SiH4/H2 gas mixtures they showed that the bombardment of ions with energies higher than 15 eV leads to the formation of stacking faults in epitaxial films grown between 400°C and 600°C. They also claimed the hydrogen adsorption as a cause for stacking faults formation by limiting the surface mobility of Si atoms. The consequence of these two effects is the accumulation of surface roughness which favors the nucleation of stacking faults after a critical level.

Finally, it is worth noticing that the use of plasma is not necessary to grow crystalline thin films at such low temperature. In the same period, also Japanese research teams [18], [19] reported epitaxial growth using photochemical vapor deposition (photo-CVD). The energy is provided by a UV source (λ=253.7 nm) radiating the substrate in presence of gas precursors allowing their dissociation. Even though at the beginning of the development of this technique the growth rate was low (< 0.3 Å/s) [20], they demonstrated the growth around 200°C of 500 nm thick layers at a rate of 2 Å/s. With a gas mixture composed of SiH4, H2, SiH2Cl2 and B2H6 they achieved doping concentration up to 10 20 cm -3 . However to enhance the dissociation of SiH4, the addition of a small amount of mercury vapor is required. Other publications report photo-CVD epitaxial growth without mercury sensitivation but to our knowledge it requires a growth temperature above 600°C [21], [22].

RF-PECVD for LTE

In 1987 Nagamine et al. [20] demonstrated for the first time LTE using conventional radio frequency-PECVD (RF-PECVD) reactors, using a power supply with a frequency of 13.56 MHz which is the standard in the industry. By using a <100> oriented boron-doped silicon substrate heated at 250°C they achieved the growth of a 120 nm thick epitaxial layer from a gas mixture of SiH4, SiH2F2 and H2.

They were working at pressure of 1 and 3 Torr and achieved growth rates around 0.7 Å/s and 1.2 Å/s respectively. The low temperature of the process made possible a very abrupt transition between the highly boron doped substrate and the epi-layers. SIMS (secondary ion mass spectrometry) measurement showed that at the epi-substrate interface a variation of boron is only visible along 15 nm. It either means that the diffusion occurs on these 15 nm or that the SIMS resolution is within this range, not clear explanation was provided. One year later, Uematsu et al. [23] extended the use of RF-PECVD to phosphorus doped (n + ) epitaxial growth. Besides, they used more standard SiH4/H2/PH3 gas mixtures for their epitaxial growth, instead of full or partial fluorinated gas chemistries, and reached a minimum resistivity of 4.10 -4 Ω.cm, corresponding to a doping concentration of 2.10 20 cm -3 , with a mobility of 10 cm 2 /V.s. The pressure used was 0.6 Torr and the power density 0.25 W/cm 2 which is relatively high and close to what used in this PhD work. However the deposition rate was lower than 0.4 Å/s and they limited the epitaxial layers thickness to 200 nm. In the same period, in the US, similar studies were led at Xerox [24]. They used pure SiH4/H2 gas mixtures and showed that fully crystalline growth could occur at temperature below 300°C, also in a conventional PECVD reactor and achieved up to 1 µm thick epitaxial layers. They suggested that instead of a slow deposition rate, etching promoted by H radicals was the main requirement for crystalline growth. They also showed that the defect density was clearly dependent on the temperature and that epitaxial films free of H platelets (accumulation of hydrogen in the {111} planes) were obtained only for films with growth temperature above 350°C [25]. In addition, they showed, by substituting H2 by deuterium (D2) in the gas mixtures, that the origin of H platelets was due to the hydrogen incorporated via SiHx radicals rather than H2.

In the early 90's, IMEC started to study low temperature epitaxy. Baert et al. [26], obtained interesting results on the low temperature epitaxy by RF-PECVD in the 200-400°C range. They first reached phosphorus concentrations up to 10 21 cm -3 in epitaxial silicon [26], claiming a full activation of dopants leading to a mobility of 9 (+/-3) cm 2 /V.s. However no significant mobility improvement was observed when doping concentration was lowered to 6.10 19 cm -3 . They already claimed a deposition rate of 1.5 Å/s at a pressure of 3 Torr, i.e. similar at what we used in this PhD work. One year later [27], they succeeded a selective epitaxy by the use of a mixture of SiH4 and SiF4, the SiH4 flow rate controlling the deposition rate and the SiF4 one controlling the process selectivity. Thus on a patterned dielectric layer deposited on a c-Si substrate, they can selectively grow epitaxial silicon on open areas (crystalline) while on the dielectric (amorphous) material no deposition occurs, not even amorphous. They assumed the selectivity of the process was possible due to the etching by fluorinated species of the less stable amorphous phase (which is deposited on the oxide, an amorphous material) than the epitaxial silicon on the crystalline area (open areas). To achieve this, they had to work at low pressure (50 mTorr, i.e. 2 orders of magnitude lower than what we worked with) and the deposition rate is only 0.6 Å/s.

Later, LTE by PECVD has been extended to boron doped layers on Si(100) and investigated on Si(111) with SiH4/H2/B2H6 gas mixtures. Schwarzopf et al. [28] demonstrated excellent quality borondoped epi-layers grown at 400°C on Si(100) but with a low deposition rate of 0.1 Å/s while the RF power density was high (0.31 W/cm 2 ). They also showed that fully crystalline growth on Si(111) was possible at this temperature but with a high level of defects, a disorder level of 1 was deducted from Rutherford backscattering spectrometry (RBS). The feasibility of epitaxy on Si(111) was attributed to the boron doping since intrinsic growth does not work in the same conditions. They also demonstrated a strong correlation between disorder level and H concentration. They assumed that defects acts as "sinks" for H, resulting in higher H concentrations in bad quality epi-layers.

While publications referring to LTE for microelectronics slowed down in the 2000's, it started to gain interest for solar cells since then. Thus, in 2002 Pla et al. [29] demonstrated a 13.1% efficient solar cell using VHF-PECVD for the formation of p + emitter and intermediate intrinsic epi-layer around 200°C. While the JSC was 4 mA/cm 2 higher than the reference (standard (i) a-Si:H and (p + ) µc-Si:H)) the VOC was 80 mV lower. It is worth noticing that they directly deposited indium-tin-oxide (ITO) at the top of the p + epi-layer. Therefore we can expect better results by using a proper passivation layer. Then Farrokh-Baroughi and Sivoththaman [30] used PECVD with SiH4/H2/PH3 gas mixtures at 250°C for the formation of (n + ) emitter in a c-Si solar cell without using TCO but a SiNx anti-reflective coating and reached an efficiency exceeding 10% with a VOC near 600 mV. Later, with the same chemistry, above 13.5% efficient solar cells with a simple ITO / (n + ) c-Si / (p) c-Si / rear contact structure was achieved with growth at both room temperature and 200°C [31]. They reached VOC above 600 mV in both cases with a carrier concentration of 3.10 18 cm -3 and an emitter thickness of 160 nm. Interestingly, although cross-sectional TEM images and diffraction patterns of the bulk region of epitaxial layers show a high density of twins and stacking faults at 200°C and a low doping efficiency of 4%, they achieved relatively high performances for cells with low temperature epitaxial emitters. Surprisingly, for their conditions, by lowering the process temperature to room temperature, twins and stacking faults disappeared. It should be mentioned though that the area of the cell was not exceeding 4x4 mm 2 . If all these solar cells have been done on flat <100> oriented silicon (Si(100)) solar cell, it has been shown that efficiency of 13.8% can be achieved with a 50 nm (n + ) quasi epi-emitter grown on a textured p-type wafer [32], meaning on <111> oriented surfaces. The emitter was grown at 300°C by SiH4/H2/PH3 chemistry and incorporated in a simple architecture: Al (front grid) / SiNx:H / 50 nm (n + ) Quasi-epitaxial Si / textured p-type Cz / Al (back contact). However, the layer looks highly defective in TEM images and due to epitaxy breakdown into an amorphous phase, the architecture is more similar to a heterojunction cell with 5 to 10 nm of (defective) epitaxy.

The use of epitaxial layers as intermediate layer between bulk and amorphous layer in silicon heterojunction (SHJ) solar cells has also been investigated. In 2002, Pla et al. firstly showed that a 12.8% efficient solar cell could be achieved by introducing an intrinsic epi-layer between the wafer and the (p + ) a-Si:H layer. More recently, Hekmatshoar et al. [33] investigated the benefits from introducing doped epitaxial layers in SHJ solar cells. They showed that by growing a 5 nm thin phosphorus doped epitaxial layer between the wafer and the (n + ) doped amorphous silicon layer ((n + ) a-Si:H), it results in a rise of open circuit voltage (VOC) from 620 mV to 650 mV, reaching an efficiency of 21.4%. The improvement of electrical properties is attributed to an enhanced field effect and an increased incorporation of hydrogen at the interface with the wafer. The optimum thickness of 5 nm is considered as a trade-off between advantages mentioned above, which tends to adopt a thick epi-layer, and the limitations due to Auger recombination, which favors the use of a thin epi-layer. The hole lifetime in this n + epitaxial layer with a majority carrier concentration ND=5.10 19 cm -3 has been assessed to be around 100 ps, corresponding to a hole diffusion length of 200 nm, therefore only three times shorter than for n + c-Si with the same doping level [34]. The difference is explained by the higher defect density in the low temperature grown epitaxial layers. By moving to n-type wafers, the optimum thickness moves to 7.5 nm but the efficiency is maintained at 21.4% [35]. More recently, Carrere et al. [36] studied via numerical simulations the effect of the addition of a thin and highly doped (p + ) or (n + ) c-Si layer at the (i) a-Si:H/substrate interface on the performances of HIT TM solar cells. While the (n + ) c-Si layer does not show significant enhancement on the cell efficiency, the (p + ) c-Si layer could improve it by almost 1% absolute (simulated). This is attributed to a better field effect passivation [36] and a reduction of contact resistance [37] resulting in a higher VOC and FF. The improvement of performances on manufactured solar cells via this approach has been confirmed [37] but the process flow relies on high temperature processes (950°C) for the activation of the boron implanted by plasma immersion. This can lead to a decrease of the bulk lifetime due to the damage of the substrate because of the high thermal budget [38].

The first work on LTE at LPICM resulted from observations of the interface between c-Si bulk and a-Si:H layer for the formation of heterojunction solar cells [39], [40]. In some conditions, instead of a perfectly abrupt junction, a local epitaxial growth can occur along a few nm at this interface leading to a significant drop of VOC. Other research groups [41], [42] also mentioned this negative effect of local epitaxial growth during the deposition of the passivation layer and try to find solutions to avoid this phenomenon. The LPICM has developed a strong expertise in the optimization of this interface and has brought new elements of understanding allowing to either obtain abrupt interface (without epitaxy) or, at the complete opposite, to grow several microns of epitaxial silicon.

Subsequently, a lot of research has been led to perform silicon epitaxy on various substrates such as Si, Ge and GaAs [43]- [45] paving the way to the manufacturing of multi-junction solar cells. So far, low temperature silicon epitaxy was mainly used at LPICM for manufacturing crystalline silicon absorbers. This application requires several µm thick epitaxial films to favor light absorption. It has been demonstrated that solar cells with good electrical properties could be obtained with several microns thick absorbers grown by RF-PECVD at 200°C [46]. In particular Cariou et al. widely studied and optimized silicon epitaxy by PECVD using SiH4/H2 chemistry. They achieved a 8.5% efficient solar cell using ~5 µm thick epitaxial layers as absorber, thus showing the good quality of the material [46] and a 7.3% efficient solar cell with a reported (lift-off) epi-Si bulk on glass [6]. The minority carrier lifetime reached in these layers is not easy to evaluate, it has been assessed by time resolved microwave conductivity (TRMC) that the bulk lifetime was around 10 µs. Recent results obtained by Kelvin probe force microscopy on the cross section of an epitaxial silicon solar cell under modulated frequency electrical bias have provided similar results [47]. While microwave detected photoconductance decay technique (µ-PCD) showed this lifetime to be in the range of 50-150 µs [43]. The use of LTE with SiH4/H2 gas mixtures has been extended to the formation of doped layers in c-Si solar cells. Thus Labrune et al. reported on a 14.2% efficient solar cell with a p-type low temperature emitter using a SiH4/H2/B2H6 gas mixture [48], incorporated in homo-heterojunction solar cell: a front contact (Ag) / ITO/ (p + ) epi-Si / (n) c-Si/(i) pm-Si:H / (n) a-Si:H / ITO / rear contact (Al).

In parallel, several studies on microcrystalline silicon (μc-Si:H) at LPICM have revealed the strong potential of the SiF4/H2/Ar chemistry. A higher crystallinity and lower defect density have been obtained by using silicon tetrafluoride (SiF4) precursors instead of silane [49], [50]. Dornstetter demonstrated a record VOC of 553 mV in a µc-Si:H solar cell [51]. Besides, SiF4 chemistry allows to reduce the amount of oxygen incorporated into the layers [52], which should enhance the quality of epitaxy. Moreno et al. [53] have already demonstrated the strong potential of SiF4 for epitaxial growth by RF-PECVD, in particular due to the very smooth interface which is possible to achieve. Dornstetter et al. [50], [54], [55] also provided a better understanding on the plasma reactions showing the influence of the H2 depletion on the amorphous to microcrystalline transition with this chemistry [56]. This PhD work addresses the use of SiF4 instead of SiH4 to investigate the potential for low temperature epitaxial emitter based on the better understanding of gas-phase reactions in SiF4/H2/Ar plasmas.

Experimental setup

This chapter is devoted to the definition of the conditions required to perform intrinsic epitaxy. Firstly, it allows to define a process window which makes a process transfer and scale-up much easier. Secondly, to separate the effect of gas dopant on the epitaxial growth, required to manufacture doped epi-layers, it is first necessary to understand the conditions of epitaxy breakdown for intrinsic material. This part brings insights on the understanding on low temperature epitaxy and epitaxy breakdown, putting apart the influence of dopant gas on the crystalline growth, which will be studied in Chapter 4.

Basics of PECVD

In this section we detail the principle of a capacitively coupled PECVD reactor, which is the most common PECVD reactor found in the industry. As previously said, the use of plasma allows to dissociate gases which are stable at the PECVD working temperature.

The gas dissociation, due to the collision of electrons with gas molecules, induces the formation of reactive species which will contribute to the deposition. For that, gases are injected in a chamber and the pressure is regulated to be typically in the range 20 mTorr to a few Torr. In this chamber two parallel electrodes face each other and are separated by a few centimeters (typically from 10 mm to 50 mm). A sinusoidal radio-frequency (RF) voltage, with a frequency of 13.56 MHz is applied to one electrode (RF electrode) while the other (where the substrate is lying) is grounded. The 13.56 MHz frequency (and its harmonics) is a worldwide standard frequency established by the International Telecommunications Union in 1947, chosen to avoid disruption with radio communications. The RF excitation induces the ionization of gas between the two electrodes where the glow discharge occurs.

The plasma ignition is induced by the electrical excitation applied to the RF electrode. Given that electrons are much lighter than ions, the electron flux is larger than that of ions. The electron and ion fluxes, Γe and Γi respectively, are given by:

Γ e = 𝑛 0 4 √ 8𝑘𝑇 𝑒 𝜋𝑚 𝑒
and

Γ i = 𝑛 0 4 √ 8𝑘𝑇 𝑖 𝜋𝑚 𝑖
where n0=ni=ne, k is the Boltzmann constant, Te and Ti the electron and ion temperature, me and mi electron and ion mass.

As an example, the ratio of mass between ions and electrons (mi/me) in a hydrogen plasma is 1836. This induces that at the ignition of the plasma, electrons are lost to the walls which hence induces a potential drop. To have a stable discharge, the condition Γe=Γi needs to be satisfied. As a result, a positive charge space region between the plasma and the walls is created, called the sheath, in such a way that the electrons are confined in the plasma and the ions are accelerated towards the surfaces. This allows to equalize the electron and ions fluxes (Γe= Γi) on a RF cycle.

At the frequency of RF discharges (13.56 MHz), the electrons are much more mobile than ions. The plasma pulsation ωp, which corresponds to the maximum pulsation to which a species respond to the plasma, is defined by:

𝜔 𝑝 = √ 𝑛 0 𝑒 2 𝑚𝜀 0
where n0 is the density of the species (electron or ion), m its mass, e the charge of an electron, and ε0 the vacuum permittivity.

In most of cases, the plasma pulsation of ions is lower than the RF pulsation while it is higher for electrons. As a consequence, electrons instantaneously follow the RF oscillations while ions only respond to the average RF electric field.

It means that for the (positive) first half period of the RF cycle a lot of electrons are attracted to the RF electrode while only a few of ions are attracted to the RF electrodes during the (negative) second half period due to their lower mobility. This situation would lead to the plasma stop because there would be no longer equilibrium between electron and ion density in the plasma, its neutrality would not be respected. Thus a self-bias voltage (VDC) is developed on the RF electrode to "rectify" the RF voltage with a DC voltage for which ions can respond, to satisfy the condition <Γe>t=<Γi>t on a full RF cycle (at every moment Γe (t) and Γi (t) are different but their integral over a RF period are equal). As shown in Fig. 2.1-a), the VDC allows to compensate the lower mobility of ions by the longer time during which they are attracted to the RF electrode, while the electron flux towards the RF electrode occurs for a short time, when the potential barrier between the RF electrode and the plasma is low.

The formation of this self-bias voltage is possible due to the presence of a blocking capacitor between the RF electrode and the generator. Different architectures of reactors are shown in Fig. 2.1-b), leading to the formation (or not) of negative or positive self-bias. To roughly assess the values of this self-bias, the reactor can be simplified by an equivalent system as shown in Fig. 2.2. The relation between the potential at the RF electrode (VE) and the plasma potential (Vpl) can be described by a voltage divider given that the sheath can be considered as a capacitance. Hence the relation between VRF and VE depends on the area of the capacitance and therefore on the area of the RF and grounded electrodes.

Thus in asymmetric reactors a strong difference between the Vpl and the VRF is observed, controlled by the difference of VDC. This also means that in symmetric reactors the amplitude of the Vpl is much higher than in asymmetric ones, which means that symmetric reactors are more likely to generate high energy ions impinging on the substrate (placed on the grounded electrode); this is a critical feature for the material properties of our films. It should be noted that even if RF and grounded electrodes have the same area, the walls of the reactor are also grounded, so even in symmetric reactors a DC self-bias voltage can be observed. Finally, it is worth noticing that in typical capacitive discharges the fractional ionization is about 10 -6 -10 -4 , meaning that most of gas is not ionized but only dissociated.

PECVD reactors

During this PhD, we worked on two different reactors: "Philix" and "Cluster". Pictures of Philix are shown in Fig. 2.3. This is a research reactor with a 4-inch substrate holder diameter which operates from room temperature up to 300°C for the substrate holder (grounded electrode) and from room temperature to 200°C for the RF electrode. The pressure can be varied from 40 mTorr to 10 Torr. The surface of the RF electrode is 75 cm 2 and its power supply can deliver up to 100 W (pRF,max=1.33 W/cm 2 ) at a frequency of 13.56 MHz (RF). A plasma box (Fig. 2.3-c)) is fixed to the reactor in order to contain the plasma and to avoid it to spread all over the chamber. Two holes have been drilled in the plasma box for the incident and the reflected light beam of ellipsometry and another one for the optical emission spectroscopy (OES) measurement. It is important to mention that in that case, the reactor is asymmetric, the grounded area is larger than the RF electrode, due to the presence of the plasma box. Thus, for Philix a significant DC self-bias voltage is expected. Philix has been used to define the process conditions for intrinsic epitaxy, subsequently transferred to the Cluster in which doped epitaxial layers were developed.

The Cluster (Fig. 2.4) is a semi-industrial tool connecting 6 PECVD chambers, one sputtering chamber with 3 targets (Ag, ITO, Al,…), one characterization chamber under vacuum, one load-lock and one internal transfer zone (ITZ) to transfer substrates from one chamber to another for depositing different materials without breaking the vacuum. It is worth noticing that in this case, samples are loaded in the PECVD chamber via a load-lock, contrary to Philix, reducing contamination and also increasing the reactor throughput. The process chamber operates from room temperature to 300°C for the substrate holder and from room temperature to 200°C for the RF electrode. The pressure can be varied from tens of mTorr to 10 Torr. The base vacuum before process is below 3.10 -6 Torr. Contrary to Philix, there is no plasma box in the PECVD reactor and the chamber is symmetric, so no self-bias voltage should be expected as shown in Fig. 2.1. This has an impact on the transfer from one reactor to the other and in particular for the maximum power suitable for epitaxy. Given that surface of walls is not negligible with respect to that of electrodes a self-bias is nevertheless observed but is much lower (basically one order of magnitude lower) than in Philix.

2.2.2.1.

In situ characterization In addition to RF voltage (VRF) and self-bias voltage (VDC) measurements, in situ characterization tools are used to monitor the evolution over time of both plasma and material properties. The standard diagnosis tools used in plasma physics (Langmuir probe,…) are tricky to use in case of PECVD due to the deposition on the probe, thus affecting the quality of the measurement. This reduces the possible choice of characterization tools. We detail below the characterization techniques usually employed on the PECVD reactor.

Optical emission spectroscopy (OES) is a non-intrusive tool for the diagnosis of reactive plasma providing information about chemical species in the plasma. It measures the emission intensity which originates from electronically excited states of the species in the plasma. Given that the proportion of electronically excited species depends on the electron energy distribution function (EEDF), the intensity of emission is a function of both the density of the chemical species in the plasma and the EEDF [57]. This is a significant issue to study the influence of one parameter on the density of species since this parameter can change the density of plasma species and the EEDF as well. To tackle this, in most of experiments involving OES, the emission intensity of the species is compared to that of a noble gas, slightly added to the gas mixture and used as a reference. In most of cases it is argon (Ar).

In our case Ar is the diluting gas so a variation of one parameter is hardly detectable on the Ar + signal. The equipment we used is a Maya2000 Pro spectrometer from Ocean Optics.

In addition to OES for the plasma characterization, a residual gas analyzer (RGA) has been connected to the reactor. It is used to detect the gas species at the outlet of the PECVD reactor. While driving quantitative conclusions from OES are not straightforward due to the interdependence of the parameters, this tool based on differentially-pumped mass spectrometry allows to easily estimate the species which are consumed (H2, SiF4,…) and formed (HF, SiFx,…) in the reactive plasma. The principle is to compare the partial pressure of the gas species before and after plasma ignition. This approach considers the plasma as a "black box" and does not study in detail all the species (stable and unstable) present in the plasma but provides appropriate information on the plasma behavior for a process development and transfer. The RGA used is a Microvision 2 from MKS and is connected downstream the chamber, in the pumping gas line before the process pump (See Fig. 2.7). During this PhD it was mostly used to measure the H2 depletion resulting from the reactions in the plasma, which has been correlated to material properties.

Spectroscopic ellipsometry

Spectroscopic ellipsometry (SE) is a very convenient tool for the optimization of process conditions for epitaxy. It allows a fast characterization of dielectric properties of the materials by comparing them to reference materials (c-Si, µc-Si:H, a-Si:H,…) or mathematical models (Tauc-Lorentz, Cauchy,…). It is based on the change of light polarization induced by the beam reflection on the sample. By comparing the spectra of the imaginary part of the pseudo-dielectric function εi from the grown materials to reference materials we can determine the thickness, the roughness and approximate the structural composition of the sample by using the Bruggeman effective medium approximation (BEMA). The spectra for c-Si, large and small grain poly-Si and a-Si [58] are shown in Fig. 2.5-a).

It can be seen that the presence of grain boundaries in the film affects the absorption and so the pseudo-dielectric function, especially the height of the peaks at 3. This model allows to take into account the potential interface between the epitaxial film and the substrate by representing it by a porous layer composed of a 50%/50% mix of c-Si and void. The 50%/50% mix is arbitrarily fixed, only the thickness of this interface layer is calculated in the model to avoid fitting on too many parameters. The deposited layer is modeled by a mix of c-Si, large grain poly-Si and a-Si. Practically, the amorphous fraction (Fa) often is equal to 0 and only the crystalline (Fc) and polycrystalline fractions (Fp) are needed to fit with the experimental data. The presence of an interface can negatively affect the structural and electrical properties of the epitaxial film but it also allows to easily measure the thickness of the film and hence to deduce its deposition rate. In case of SiF4/H2/Ar, the interface is often undetectable by ellipsometry and the only solution is to use transmission electron microscopy (TEM). However, by purposely contaminating the surface of the c-Si on which the epitaxy takes place, for example thanks to a H2 plasma or by exposing it to the air for a long time after hydrofluoric acid (HF) dip and prior to epitaxy, a deteriorated surface can be achieved and oscillations at low energy (0.7 -2.5 eV) can be observed allowing to determine the thickness using the optical model and SE measurements.

The pseudo-dielectric function is affected by the crystallinity of the material but is also very sensitive to the roughness. As an example, the effect of roughness on a perfect c-Si substrate is shown in Fig. 2.6. This graph shows that by introducing a roughness of only 1 nm, εi(4.2eV) drops from 46 to 39 and down to 14 for a 10 nm roughness. However the first singularity at 3.4 eV is less affected by the roughness, and the latter needs to be above 2 nm to observe a significant difference in εi. These differences and the strong effect of roughness on εi(4.2eV) are related to the energy dependence of the absorption coefficient (α) and therefore to the penetration depth: (1/α│Si (3.4eV) = 10 nm and 1/α│Si (4.2eV) = 5 nm).

Besides, ellipsometry can also be used in situ. This allows to monitor the evolution of the material optical properties during a process. Depending on the technology, the monitoring can be done at one single wavelength (ellipsometer with gratings) or for the full spectrum (CCD sensor). The first technology is used on Philix, an Uvisel 1 from Horiba Jobin Yvon is set up on the reactor, this ellipsometer can only measure one wavelength at the same time. Most of the time, the energy of the light beam is chosen to be 4.2 eV, due to the high sensitivity of εi to surface properties at this energy. This allows to assess in real time the crystalline quality/roughness of the growing material. It will be shown in Chapter 3 that the temperature also has an effect on εi and in particular for both silicon singularities. A M-2000 Woollam ellipsometer is used on the Cluster. This ellipsometer uses a CCD camera to acquire the signal, thus the full spectrum (0.75-6.45 eV) can be obtained as a function of time. A summarizing schematic of the PECVD reactor with its associated in situ characterization tools is shown in Fig. 2.7.

Ex situ characterization techniques

In addition to in situ monitoring of the evolution of epi-layers optical properties, ellipsometry is also used ex situ to measure the imaginary part of the pseudo-dielectric function after deposition, at ambient air and room temperature. Other characterization techniques used ex situ are detailed below.

Raman spectroscopy

Raman spectroscopy allows to detect vibrational modes in materials by using a laser light interacting with molecules. From these interactions, Rayleigh scattering (same energy as excitation), Stokes Raman scattering (lower energy than excitation) and anti-Stokes Raman scattering (higher energy than excitation) can be observed. In our case, only Stokes Raman scattering will be considered from which we can extract the properties of a sample by deconvoluting the Raman signal by the transverse optical (TO) modes of a-Si:H at 480 cm -1 [59], [60] and c-Si at 520 cm ) and Si-H2 (2100 cm -1 ) groups for a Si layer after epitaxy breakdown.

X-ray diffraction

Transmission electron microscopy has been used to give insight on the quality of the interface between the epi-layer and the c-Si substrate, the type of defects, and the presence of H platelets at a local level.

To extract macroscopic structural information from samples, X-ray diffraction (XRD) has been performed. This technique is based on elastic scattering of X-rays by atoms electrons [63]. In a crystal, these atoms constitute a regular array of scatterers which induce a regular array of spherical waves. Some constructive interference arises from the crystal which depends on the X-ray wavelength and the incident angle in accordance to the Bragg's law. The principle of Bragg's law is shown in Fig. 2.9.

In our case the incident X-rays wavelength is the CuKα1 (λ = 1.54056 Å), θ is the incident angle (known) and d the interatomic distance, which can vary depending on the material. In the case of low temperature silicon epitaxy, the gas mixtures and the process conditions used can lead to differences in the lattice parameters. In case of low-temperature epitaxy from SiH4/H2 gas mixtures for example, the as-grown lattice parameter of the epi-films is larger than that of the substrate. Thus, we will compare the results obtained from SiF4/H2/Ar to those obtained from SiH4/H2 as regards with the lattice parameter of epitaxial layers. To provide a good understanding of the experiments performed with the Bruker D8 diffractometer we used, basics of high resolution XRD (HR-XRD) are briefly detailed below.

Three types of scan will be detailed in this chapter, the ω/2θ scan, the ω scan (sometimes called "rocking curve" but depending on the authors the "rocking curve" can also refer to the ω/2θ scan) and the reciprocal space mapping (RSM) which consists of a series of ω/2θ scans for different relative ω at the start. Thus, two angles are used in these scans: ω and θ. As shown in Fig. 2.10, the first one corresponds to the angle between the surface of the sample and the incident X-ray beam and the second one corresponds to the half of the angle between the incident X-ray beam and the detector direction. For the ω/2θ scan, ω = θ but not for the ω scan.

As shown in Fig. 2.11, the objective of the ω/2θ scan is to evaluate the difference of lattice parameter of the epitaxial layer with respect to that of the substrate. The ω scan assesses the mosaicity, i.e. the existence of tilted monocrystalline domains of the grown material and can be used to determine the dislocation density. For a better representation of the scans, their definition in the reciprocal space, i.e. the Fourier transform of the Bravais lattice, is required. The wave vectors (k0 and kg), the angles (ω and 2θ) and the crystallographic planes in the reciprocal space, represented as points, are shown in Fig. 2.12. The orientations which can diffract depend on the X-ray wavelength. The large half-circle with a radius of 2π/λ in Fig. 2.12 defines the orientation which can be observed with CuKα1 (λ = 1.54056 Å). By varying ω and θ, if the angle K=kg-k0 corresponds to the vector ghkl, which reaches the orientation point (hkl), the diffraction of the (hkl) planes occurs. The (004) planes are the only parallel planes to (001) which induce a reflection with constructive interferences and detectable with the CuKα1. This is due to the structure factor of silicon which has systematic extinctions for (hkl) planes if h, k and l are from different parities. ω/2θ scans and ω scans differentiate themselves through the angles swept by K around the investigated point ((hkl) plane) of the reciprocal space. Fig. 2.13 shows the principle of the ω/2θ scan on (hkl) planes for which Ki is parallel to ghkl ∀ i which means that ωi =θi ∀ i. This scan allows to measure the difference of lattice parameter between the substrate and the epitaxial layers. If the lattice parameter of the epitaxial layer is larger than that of the substrate its diffraction peak appears at smaller angles, as expected from Bragg's law.

The quality of the epitaxial layer is assessed by comparing the FWHM of the diffraction peak with respect to the substrate one. In case of perfect monocrystals, if the lattice parameter of the epi-layer is the same as the substrate, then the two diffraction peaks overlap and the FWHM is defined by the instrumental broadening.

The principle of the ω scan is given in Fig. 2.14. In that case ωi is varied but 2θ is fixed in that way that it respects Bragg's law. As shown in Fig. 2.11, films can be composed of different crystalline domains with the same crystallographic orientation but tilted between each other, which is called mosaicity. Consequently, the diffraction happens for different ω angles (while 2θ is fixed to correspond to the angle for the investigated crystallographic orientation) and induces a broadening of the diffraction peak.

The results of XRD on LTE layers are rather scarce. We detail in Fig. 2.15 the state of the art of LTE layers characterized by XRD. ). In the case of low RF power (310 mW/cm 2 ) they achieve epi-layers with excellent structural properties. Indeed the peak of the layer and that of the substrate partially overlap, meaning that the lattice parameter of the epi-layer is very close to that of the substrate. The layer peak is only shifted by 0.05° with respect to that of the substrate. It also means that the in plane compressive strain is low in that case. To our knowledge this is the best result for an epitaxial layer in terms of structural properties reported in the literature. However when the power is increased the FWHM of the diffraction peak strongly broadens, meaning that a variation of lattice parameter is observed along the layer due to the presence of defects. Moreover the diffraction peak of the layer is shifted to low angles and no longer overlaps with that of the substrate, meaning that in average the lattice parameter of the epi-layer is significantly larger than that of the substrate. They assume the difference of structural properties between low and high power to be associated to the different growth rate. In case of low power, the growth rate is only 0.1 Å/s while it is 0.25 and 0.22 for high power. However, we do not think that a too high growth rate is the actual cause of these differences since we reached growth rates of 3 Å/s for epi-layers with similar properties as those obtained in their low power case condition.

As a comparison for our work, Fig. 2.15-b) shows the results for the layers grown at LPICM with SiH4/H2 gas mixtures at 200°C. The growth rate for the Sample A (in red) is 3 Å/s while it is 8 Å/s for the Sample B (in blue) which is grown at higher power. The respective power densities these layers have been grown at are 90 mW/cm 2 and 240 mW/cm 2 . The properties of the Sample B are similar to what is obtained by Schwarzkopf et al. in case of high power. In case of Sample A, we can see that the diffraction peak of the layer is shifted by around 0.15° towards low angle but is sharp. This means that the lattice parameter is significantly higher (Δa≈3.10 -3 Å, [43]) but it is homogeneous along the layer.

The scan of Sample A can be used as a reference for our epitaxial layer given that it has been measured on the same equipment with the same configuration as our epitaxial layers.

When the lattice parameter of the epitaxial layer is different from that of the substrate, the epitaxial layer can be strained, relaxed or a combination of both. The RSM allows to identify in which situation the system is. The Fig. confirms that the lattice parameter of the layer in the direction of growth is different from that of the substrate: Δ𝑎 ┴ ≈3.10 -3 Å, [43]. Note that our calculations provide a Δ𝑎 ┴ ≈3.10 -2 Å instead. The (224) RSM, by comparing Qx positions of the substrate and epi-layers diffraction peak, allows to affirm that the layer is strained. Indeed, with a ΔQx (224) = 4.10 -5 Å, the case is similar to the red case in Fig. 2.16. Thus, they found a low relaxation parameter, defined as R= (a||,epias)/(a0,epi-as), of 5.5%, where a||,epi is the in-plane lattice parameter, as the substrate lattice parameter and a0,epi the lattice parameter for the fully relaxed epi-layer with a cubic unit cell.

Definition of process conditions for intrinsic epitaxy

Hydrogen influence on material and plasma properties

In this part we study the influence of the hydrogen (H2) flow rate on the material properties. We will see that the H2 depletion is a more suitable parameter to describe the behavior of the process conditions, given that to some extent it allows to take into account the variation of the RF power.

The temperature of the substrate is fixed at 200°C and that of the RF electrode at 100°C. The pressure is fixed at 3 Torr and the inter-electrode distance is 2 cm. Thus the product p×d (pressure multiplied by the inter-electrode distance) is 6 Torr.cm which is the optimum for the deposition rate as observed by Djeridane [49], and more recently Dornstetter [51]. They have shown that for pressures varied between 1.7 Torr and 3.8 Torr, the optimum inter-electrode distance needs to be fixed in such a way that p×d=6 Torr.cm. This also represents the condition for which the H2 depletion as a function of p×d reaches a plateau, meaning that this is the optimum to reduce the silicon precursors waste. The SiF4 and Ar flow rates are respectively fixed at 3.6 and 88 sccm. Such a high flow rate of Ar is necessary to ensure a good dissociation of SiF4 [51]. The evolution of the imaginary part of the pseudo-dielectric function as a function of H2 flow rate (𝑓 𝐻 2 ) for a RF power of 10 W (pRF=130 mW/cm 2 ) is shown in Fig. 2.18.

It can be seen that for low H2 flow rate the epitaxy is excellent (in black), both peaks at 3.4 and 4.2 eV are similar to those of a c-Si wafer and a crystalline fraction (Fc) around 100% is found. When the H2 flow rate is increased to 1.5 sccm, a transition occurs: epitaxy and amorphous silicon appear on the same substrate (in blue) with the same process conditions leading to highly inhomogeneous films. These conditions are highly unstable for epitaxy, either it leads to epitaxy or a-Si:H from the initial stages of deposition or after some deposition time. Finally when the flow rate is increased up to 2 sccm the material becomes microcrystalline.

As shown in Fig. 2.19, when the RF power is increased to 15 W (pRF=200 mW/cm 2 ) it can be seen that the optimal H2 flow rate also increases, moving from 1 sccm to 2 sccm. For H2 = 1 sccm, both εi(3.4eV) and εi(4.2eV) values decrease with respect to those obtained at pRF=130 mW/cm 2 , meaning the sample becomes rougher. In case of H2 = 2 sccm, εi(3.4eV) is above 36 but εi(4.2eV) is lower than 40, which could mean that the roughness is also increased; as a matter of fact the measurement has been done two months after the deposition due to technical problems, so a native oxide grew thus affecting εi(4.2eV). After modelling the native oxide with a 2 nm thin layer composed of SiO2 and voids at the top of the stack, we found a crystalline fraction between 95 and 100%, varying with the proportion of each material. The complementary part is only a polycrystalline fraction (no amorphous phase). We know from in situ measurements that the spectrum of the layer is similar to that of pRF=130 mW/cm 2 and H2=1 sccm.

Finally, when the H2 flow rate reaches 3 sccm, the material is similar at what is obtained with 2 sccm at pRF=130 mW/cm 2 . Thus the process conditions for epitaxy do not only depend on the H2/SiF4 ratio given that the optimum changes when the RF power is changed. Indeed, we observe that the H2 transition from epitaxy to a-Si:H/µc-Si:H shifts when the power is increased. Therefore, another parameter to define the material transition is required. We will see that the H2 depletion is a much more relevant parameter.

In order to assess the chemical properties of the plasma and the influence of process parameters on the plasma species, OES has been performed. The idea is to find a difference in the spectral signature of the plasma species and to correlate them to the differences observed in the material properties. The power is fixed at 10 W (130 mW/cm 2 ) and the H2 flow rate is varied from 1 sccm to 2 sccm, the corresponding material properties are shown in Fig. 2.18. The two spectra shown in Fig. 2.20-a) do not present significant differences and from Fig. 2.20-b), the Hα emission peak at 656 nm [64] is not detectable in our measurement conditions. Ar peaks are slightly higher in the case of H2=2 sccm and this is consistent with the work of Dornstetter [51] but these differences have not been considered to be significant enough to correlate them with material properties. Thus we can see that no significant difference is observable between both spectra while, as seen in Fig. 2.18, material properties are strongly different. OES, at least in the specific conditions we used, is not suitable for the characterization of SiF4/H2/Ar plasmas to correlate them to structural properties of epi-layers and another approach has to found. Note that a more detailed characterization of SiF4/H2/Ar plasmas by OES can be found in [51].

The residual gas analyzer (RGA) is a powerful and very convenient tool for the reactive plasmas characterization. By comparing the partial pressure of molecular hydrogen (H2) before and after ignition of the plasma, as shown in Fig. 2.21, we can deduce the H2 depletion involved in the gasphase reaction and calculate the total consumption of H2 for each process conditions. Namely, a full (100%) depletion of H2 means that the totality of the hydrogen injected has been consumed in the plasma. Conversely, 0% of depletion (same H2 partial pressure before and after ignition) means that no H2 molecule has been consumed in the plasma.

The collision of SiF4 molecules and electrons lead to the formation of SiFx radicals (x ≤ 3). The deposition of silicon thin films (a-Si:H/µc-Si:H) is ensured by the removal of monoatomic fluorine produced in the decomposition of SiF4 in the plasma (by-products of SiFx radicals). Dornstetter et al. have shown in [56] that the deposition of silicon thin films (a-Si:H/µc-Si:H) could be approximated by a phenomenological model which consists of three kinetic equations:

SiF4 ↔ SiF3 + F, (1) 
H2 ↔ 2H,

H + F ↔ HF (2) 
They demonstrated that the amorphous deposition regime occurs when monoatomic fluorine is in excess (full depletion of H2) while the microcrystalline regime is obtained when the molecular hydrogen is in excess. The measurement of H2 depletion is therefore a good indication to know the regime the plasma is in. This is calculated from the partial pressures measured by the RGA before and after plasma ignition: Interestingly, when the H2 depletion is maximum, i.e on a plateau, which occurs for the low H2 flow rates, the crystalline fraction is maximum as well (>80%). After the H2 depletion transition the crystalline fraction rapidly drops meaning that the deposited layers are no longer epitaxial. Thus instead of considering the H2/SiF4 ratio, the H2 depletion is a more relevant parameter because, to some extent, it allows to take into account the variation of the RF power.

In the same way as a full depletion is required to deposit a-Si:H from SiF4/H2/Ar chemistry on glass, it is thus observed that the full depletion of H2 is a necessary (but not sufficient, as shown later) condition to perform epitaxy. Based on these observations we can measure the depletion for every (PRF ; 𝑓 𝐻 2 ) couple and draw a mapping of H2 depletion to identify a process window in which we can expect epitaxy. The mapping is shown in Fig. 2.23.

The Fig. 2.24 gives an illustrative summary concerning the material properties as a function of the H2 flow rate. For pure SiF4/Ar plasmas, no deposition is observable and the plasma is in the etching regime. When H2 is added to the gas mixture the plasma is in the epitaxy regime, the quality improves with H2 flow rate until the conditions approach the H2 depletion transition. At the transition the films consist of inhomogeneous epitaxial and amorphous area. Note that a full H2 depletion is a necessary but not sufficient condition. By further increasing the H2 flow rate, the films become poly-crystalline and then µc-Si. In this regime the results obtained from ellipsometry measurements between deposition on c-Si substrate and glass are similar. The films may be crystalline (not amorphous) but are not epitaxial given that the orientation of the films is no longer determined by the orientation of the substrate. This regime has not been widely studied given that µc-Si:H is already well detailed in the literature. Nevertheless a XRD θ/2θ scan would be interesting to carry out for samples on glass and c-Si to compare the preferential orientations in the films.

Effect of RF power

In order to study the effect of the RF power on the optical properties of the layers the power has been varied during deposition and the imaginary part of the pseudo-dielectric function at 4.2 eV has been monitored by in situ ellipsometry. This allows to determine a RF power critical limit for these conditions of SiF4 flow rate and pressure, namely 3.6 sccm and 3 Torr respectively, as shown in Fig. 2.25. The plasma potential can be evaluated measuring the RF potential and the self-bias voltage, and calculated by:

𝑉 𝑝𝑙 = 𝑉 𝑅𝐹 + 𝑉 𝐷𝐶 2
Note that under our collisional sheath conditions this corresponds to the maximum ion energy.

The plasma is purposely ignited in process conditions leading to epitaxy, namely here a RF power of 15 W for a H2 flow rate of 1.5 sccm. In these conditions the growth rate is 1.6 Å/s. The RF power is increased and kept constant until the stabilization of εi(4.2eV) is achieved, the result is given in Fig.

2.25.

As it can be seen, from 15 W to 17 W the evolution is negligible but when PRF is increased to 19 W, εi(4.2eV) slowly decreases (which is due to the roughening of the surface) and a period of almost 20 min, corresponding to more than 200 nm, is necessary to reach the stabilization. Finally, when the power is increased to 21 W, corresponding to a plasma potential of 61 V, εi(4.2eV) rapidly decreases indicating an epitaxy breakdown. The drop and the increase of εi(4.2eV) at the plasma ignition and stop respectively along with the oscillations observable at 19 W and 21 W will be discussed in Chapter 3. Thus, a RF power around 20 W, corresponding to a plasma potential threshold of 60 V, is identified to be responsible for epitaxy breakdown.

The effect of the RF power on the material properties at H2=1 sccm has also been investigated by ellipsometry but for 6 different samples, results are shown in Fig. 2.26.

Firstly, this decline of the quality by an increase of the RF power confirms the observations based on in situ ellipsometry for H2=1.5 sccm. Secondly, it shows that this second type of transition, promoted by the increase of RF power, is interestingly similar to that observed with the variation of H2 flow rate.

When the RF power is too low the film is amorphous, because the process conditions are close to the transition of H2 depletion. But an increase of the RF power leads to an increase of the H2 depletion and allows to reach the stable full depletion regime (See Fig. 2.23). Thus at 10 W the film is epitaxial with a smooth surface given that εi(4.2eV) is above 40 in that case, corresponding to a roughness of a few Å. At 15 W the film is still monocrystalline but εi(4.2eV) begins to drop indicating an increase of the roughness, until the threshold of 20 W where it becomes fully microcrystalline.

Thus we observe the same trends on the material properties between the H2 transition and the PRF transition, if the H2 is too high or if the PRF is too high the films become poly/microcrystalline. The mechanisms induced in this epitaxy breakdown will be discussed in detail in the next section based on TEM and XRD observations. The evolutions of the crystalline fraction and polycrystalline fraction are summarized in Fig. 2.26-b). The transition occurs for a RF power between 15 W to 20 W corresponding to plasma potentials of 54 V and 58 V respectively. Note that except for the film at PRF=5 W which is fully amorphous, all the depositions are crystalline (Fc+Fp≈100%).

Besides, a further increase of H2 flow rate to 2 sccm (See Fig. 2.27) does not have the beneficial effect previously observed. It means that it is not possible to indefinitely increase the H2 flow rate if PRF is also increased. So the H2 depletion is a necessary condition but not sufficient. This is a significant issue to improve the deposition rate, since to do so H2 flow rate needs to be increased and the PRF as well to stay in full H2 depletion regime. This shows the importance to limit the RF power below 20 W (270 mW/cm 2 ) in these conditions of pressure and SiF4 flow rate.

Based on this observation, the mapping of H2 depletion can be updated and the plasma potential threshold can be added to define the process conditions for epitaxy for the fixed conditions of pressure and SiF4 flow rate (Fig. 2.28).

Interestingly, similar results have been obtained by Bruneau et al. [65] for epitaxy using SiH4/H2 gas mixtures. They showed that in similar conditions of pressure epitaxial films deposited with a plasma potential above 60 V leads to a significant decrease of εi(4.2eV). They assumed that above this threshold, the ion bombardment energy is too high and energetic ions damage the upper layers of the films impeding the good arrangement of atoms. Above all, this threshold is much higher than what was observed so far, Rosenblad et al. [17] highlighted a maximum ion energy of 15 eV for epitaxial films grown by DC biased PECVD. Above this threshold, staking faults start to appear. This significant difference between Rosenblad and Bruneau studies is attributed to the different pressure A lot of causes can explain this behavior but the most likely are: i) an increase of pressure induces an increase of the probability of collisions between energetic ions and other species in the collisional sheaths meaning that the ion energy distribution function is shifted towards low values. ii) an increase of pressure promotes the formation of high order silicon precursors (SixHy, with x > 1) and/or nanoparticles which reduces the energy per atom of the impinging species which limit the damage in the Si bulk. Brice et al. [START_REF] Brice | Partitioning of ion-induced surface and bulk displacements[END_REF] showed that the critical energy of ions to induce damages in the Si bulk reaches a minimum for masses between 10 and 20 atomic mass units (amu) and then increases when mass increases, meaning that heavier species are less likely to damage the Si bulk at constant energy values.

The fact that the ion bombardment energy threshold is pressure dependent means that an optimum RF power is valid for a given pressure. We also studied the effect of pressure on the pseudo-dielectric function of our epi-layers. The evolution of εi(4.2eV) for different values of pressure varied from 3 to 1 Torr is shown in Fig. 2.29. It shows that even at low pressure (1 Torr) the epitaxy is stable in these conditions of RF power. That means that at 3 Torr, a RF power of 20 W, and therefore a Vpl of 60 V, should not be the cause of epitaxy breakdown. Thus, the evolution as a function of pressure of optical This result should be taken with caution since no additional characterization has been performed on these layers grown at low pressure. In Chapter 4 additional results about the influence of the pressure dependency on the plasma potential critical limit will be provided thanks to XRD characterization.

Thus, the SiF4 flow rate has been increased to 10 sccm to see if the dilution ratio [H2]/[SiF4] ratio needs to satisfy some conditions. The idea is to find other necessary conditions in addition to the full H2 depletion to define the process window. Hence, the H2 flow rate is fixed at 2 sccm and the RF power increased at 35 W (pRF=470 mW/cm 2 ), leading to a plasma potential above 60 V, so normally out of the conditions which lead to epitaxy. The result is given in Fig. 2.30.

The sample is highly inhomogeneous with most of amorphous area but epitaxial growth has been obtained for a power density above 470 mW/cm 2 , which leads to a plasma potential of 80 V, i.e. above the limits reported so far to grow epi-layers without defects induced by highly energetic ions. It means that with SiF4/H2/Ar chemistry and in some specific process conditions, it is possible to exceed the ion bombardment energy threshold determined before in the literature. Moreover by increasing the H2 flow rate to 3 sccm the layers are still monocrystalline (not shown here). This is an important result with respect to our objective of reaching deposition rates up to 1 nm/s.

The additional influence of pressure and SiF4 flow rate on epitaxy clearly shows that the process conditions are a several dimensions space. The evolution of epitaxy as a function of H2 and PRF only showed a 2D representation of the process conditions (Fig. 2.28). If the H2 flow rate is increased the PRF also needs to be increased and inversely, if the PRF is increased the H2 flow rate also needs to be increased. This condition is effective for a certain gas ratio, thus the process window is also dependent from the SiF4 flow rate. From our experiments we showed that for a stable epitaxy following the [100] direction on a <100> oriented substrate and according to ellipsometry the [H2]/[SiF4] gas ratio needs to be lower than 2/3 for every case. In addition, the increase of PRF if the SiF4 flow rate is too low leads to an epitaxy breakdown. This phenomenon is not understood yet. Thus for a technology transfer it is recommended to choose a high SiF4 flow rate to avoid being limited by this condition and to satisfy a [H2]/[SiF4] gas ratio below 2/3. Once this condition is met, it is required to take into account the pressure dependency to adapt the PRF from the pressure. The increase of pressure allows the acceptance of an increase of the PRF on the material properties by keeping a high crystalline fraction above the ion bombardment energy threshold. Nevertheless, we will see that this negatively affects the homogeneity of the epitaxial layers, thus we will also see in Chapter 4 that optimizing the gas injection pattern is mandatory to achieve homogenous layers at these high pressures.

Note that while the structural properties will be confirmed by transmission electron microscopy (TEM) and XRD for the conditions represented by the points named A, B, C and D in Fig. 2.28, we are not able to conclude about the structural properties of the epi-layers grown at 1 Torr and for those at 35 W. The properties of these films need to be confirmed by XRD. Indeed we will see in the next part that a high crystalline fraction (Fc+Fp=100%) extracted from ellipsometry is a necessary condition to perform epitaxy with high structural properties but is not sufficient. The structural properties need to be assessed by the values of full width at half maximum (FWHM) extracted from XRD scans.

Advanced materials characterization

In this part we focus on the structural properties of the layers deduced from transmission electron microscopy, X-ray diffraction and Raman spectroscopy for a few process conditions, inside and Fig. 2.30 -Ellipsometry spectra for PRF=35 W (pRF=470 mW/cm 2 ) and SiF4/H2/Ar=10/2/88 sccm. The film is inhomogeneous and leads to amorphous layers at the edge and epitaxial layers at the center of the quarter of a 4" wafer. The growth rate is 2.7 Å/s for the epi-layer.

outside the process window. Ellipsometry allows to provide information on the optical properties of the layers and the results of crystalline fraction are extracted from a model. Thus, this section also aims to verify the quality of the layers inside the process window using complementary characterization techniques. Besides, as seen previously, the two different causes observed for epitaxy breakdown (H2 depletion too low or PRF too high) lead to the same result by ellipsometry, namely a deposition of µc-Si:H. In this part we study more in detail these conditions in order to provide insights on a possible signature of the different cause of the epitaxy breakdown on the material properties. Finally, the use of TEM to identify the cause of epitaxy breakdown during a technology transfer is efficient but long and demanding, thus the objective of this part is also to provide guidelines to make a technology transfer easier using simpler and nondestructive characterization techniques such as XRD and Raman spectroscopy.

Roughness measurement

Prior to study structural properties of the epi-layers, it is interesting to look at the smoothness of the layer to confirm results from ellipsometry. The roughness of the epitaxial layers has been investigated by atomic force microscopy (AFM) and compared to that of a FZ wafer.

The results of AFM scans for 2x2, 5x5 and 10x10 µm 2 area are shown in Fig. 2.31. The root mean square (RMS) value of the wafer roughness is 0.2 nm and is only 0.4 nm for a 200 nm thick epitaxial layer grown with the following conditions: pRF=130 mW/cm 2 and H2=1 sccm, thus confirming the smoothness of the epitaxial film. This value of 0.4 nm is consistent with what has been deduced from ellipsometry modelling for which a roughness of 0.5 nm was determined. As a comparison, 250 nm thick epitaxial layers grown with SiH4/H2 gas mixtures have a RMS around 0.5 nm [43].

TEM analysis

The characterization by TEM of selected samples has been done in collaboration with F. Haddad.

Further details on TEM characterization can be found in her thesis [START_REF] Haddad | Transmission electron microscopy study of low-temperature silicon epitaxy by plasma enhanced chemical vapor deposition[END_REF].

Fig. 2.32-a) shows TEM images of a 750 nm thick epitaxial film for process conditions A, namely a full depletion and a low power. It shows an almost free of defects film and suggests that dislocations, if they exist, are in a very low concentration. In addition, we did not observe hydrogen platelets in this film, which can sometimes be observed in low temperature epitaxial silicon due to an excessive hydrogen content. This is a significant difference of the SiF4/H2/Ar with respect to SiH4/H2 chemistry, for which H platelets are systematically observed for process temperatures below 350°C [25]. Fig. 2.32-b) presents a zoom of the surface region and confirms the observations from ellipsometry and AFM about the smoothness of the surface of the epitaxial films, where we can see that the roughness is comparable to that of a mechanically polished wafer, i.e. atomically smooth.

Fig. 2.33-a) shows a 2.5 µm thick epitaxial layer obtained when the H2 flow rate is increased to 2 sccm and the power to 15 W (condition C), for which a Fc of 95% was deduced from ellipsometry measurements (Fig. 2.22). Various types of defects appear in that case but the film is still monocrystalline as shown in Fig. 2.34 where the diffraction pattern of the epitaxial film is identical to that of the wafer. We can also see in Fig. 2.34 that at high magnification the interface seems smooth. However at lower magnification the interface is visible as shown in Fig. 2.35-a), most likely due to contamination of the surface before the substrate loading in the reactor, and to a higher concentration of hydrogen at the interface, consistent with the increase of the H2 flow rate to 2 sccm. In the bulk of the epi-layer, different types of defects are observable. First, dislocations originating from the interface are visible (Fig. 2.33-a) and Fig. 2.35-a)) and spreading up to the surface of the epitaxial film through {110} planes. These dislocations may result from the impurities at the surface of the wafer when loaded into the reactor. They are not visible in the other analyzed samples and may be cleaning process dependent. A high crystalline fraction extracted from ellipsometry is therefore a necessary but not sufficient condition to reach high structural quality. The increase of defects is nevertheless consistent with the fact that the conditions are close to the H2 depletion transition and that material properties approach polycrystalline deposition, which has been observed in ellipsometry measurements. If the threading dislocations in the {110} planes come from the H platelets, two causes may be identified: either the hydrogen impurities impede to reproduce the silicon lattice or the stress induced by the H platelets makes the film relaxing on top of the H platelets.

Extended defects along {111} planes are also identified, they may originate from segregation of hydrogen and accumulation of H platelets in the {111} planes. Similar planar defects have been observed in hydrogenated silicon obtained by the exposure of a c-Si wafer to a hydrogen plasma [START_REF] Ghica | Characterization of {111} planar defects induced in silicon by hydrogen plasma treatments[END_REF].

Most of the time they originate from (110) threading dislocations and/or stop in (110) dislocations.

The influence of all these extended defects on electrical properties is difficult to assess, their role is out of scope of this thesis and the investigation of electrical properties will be focused on structural defectfree epitaxial layers. However the effect of the incorporation of hydrogen in the epi-layers on the electrical properties needs to be discussed. On the one hand the incorporation of hydrogen in the layer could have a beneficial effect on its electrical properties by passivating the local defects such as vacancies. It can also act as a hydrogen reservoir for the passivation layer, like highly hydrogenated silicon nitride deposited on top of AlOx. On the other hand, hydrogen induces some stress in the layers which can lead to a progressive relaxation and dislocation formation. It can also diffuse to the surface or the interface in case of thermal annealing for the passivation or metallization for example, inducing the blistering of passivation layers. In any way, the effect of hydrogen incorporation at this point needs to be taken into account for the integration of this layer in the final solar cell. Finally, marks parallel to the substrate in the {001} planes, observed in Fig. 2.33 at about 500 nm, 2 µm and 2.5 µm may come from variations of H2 flow rate during the deposition. HR-TEM image of the zoom in the interface. In the case of the interface looks smooth at high resolution It is worth noticing that concerning these conditions TEM images reveal a lot of defects while ellipsometry gives a crystalline fraction (Fc) of 100% (Fig. 2.22), thus a spectrum similar to a wafer and to the epi-layers in conditions A for which TEM images showed defect-free layers. Thus two same crystalline fraction could lead to completely different observations in TEM. Ellipsometry is therefore a very convenient, easy-and quick-to-use tool for the coarse development of epitaxy but is not sufficient because not sensitive to H platelets, {111} planar defects and {001} dislocations.

When the H2 flow rate is further increased, to 3 sccm ([H2]/[SiF4]=80%), a new regime of growth is observable and the epitaxial growth is no longer stable. This is consistent with the fact that the process conditions go out from the full depletion region. In these conditions the H2 depletion is around 70%. The film reveals a three phases growth with at first a defect-free epitaxial growth. After 50 nm, twins appear and a monocrystalline phase with a high density of twins occurs over a thickness of around 200 nm. Finally a transition towards a mix of a-Si:H and µc-Si appears. This case is really interesting in the way that no dislocation is visible contrary to the case at the H2 depletion transition where the epitaxy is stable but with a larger lattice parameter due to hydrogen which leads to the formation of dislocations. In that case the energy should be released in the stacking faults and twins. Note that in that case the growth rate is up to 4.4 Å/s. Even though, the film is not monocrystalline, it demonstrates the interest of the increase of the H2 flow rate to improve the growth rate. This is consistent with the observations from Dornstetter [51]. The case of full depletion and high power (H2=1 sccm, PRF=20 W) is investigated in Fig. 2.37. The power is set at 20 W and the H2 flow rate is kept low at 1 sccm. Interestingly, this case looks like the previous case of low depletion regime despite the conditions being completely different, confirming the observation obtained by ellipsometry concerning the similar trends with H2 and PRF increases. A three phase growth scenario is also observed in this case with a first phase of defect-free epitaxial growth over a thickness of around 150 nm, followed by the appearance of twins after. After a certain thickness of growth, the twins formation leads to µc-Si:H deposition. This result is very interesting in the way that these conditions lead to amorphous deposition on glass, and even after epitaxy breakdown the layer is microcrystalline. This also confirms the ellipsometry spectra obtained at high power for which a µc-Si:H signal was observed. Keeping the same RF power but increasing the H2 flow rate is not efficient to recover the material properties as shown in Fig. 2.38. This also confirms the observations obtained by ellipsometry for these conditions. Interestingly, the material is highly defective but still monocrystalline up to a critical thickness of approximatively 1 µm. Above this thickness limit, either grain boundaries appear, meaning that the film becomes polycrystalline (Fig. 2.38-a), or amorphous cones appear (Fig. 2.38-b) depending on the analyzed region. A zoom of the materials in the first phase (defective epitaxial growth) is shown in Fig. 2.39-a) in which a high density of twins can be seen. The diffraction pattern in Fig. 2.39-b) extracted from the first phase of growth shows a monocrystalline phase with extra spots confirming the presence of twins in the films. An interesting feature is that an increase of the RF power alone does not allow to increase the deposition rate, the combination of an increase of the RF power and the H2 flow rate is required (keeping a full H2 depletion, i.e. in a H2-limited regime).

The diffraction pattern (not shown here) of the cone in Fig. 2.38-b) displays a large diffuse spot, characteristic of an amorphous phase. The epitaxy breakdown in case of high PRF therefore seems to be a multi-phase phenomenon in which a first phase of epitaxy is maintained despite the high density of twins and subsequently, after a critical thickness, some grain boundaries appear. The appearance of amorphous cones happens in a similar way. Note that the formation of amorphous cones has also been reported for SiH4/H2 epitaxy [START_REF] Chen | Influence of deposition rate on the structural properties of plasma-enhanced CVD epitaxial silicon[END_REF]. They assumed the epitaxy breakdown into amorphous cones was due to the accumulation of strain induced by the coalescence of excess hydrogen and in particular H platelets. The same explanation is not viable in our case where the segregation of hydrogen has not been observed. The amorphous cone broadens along the deposition and the height of the amorphous cone is larger than the height of the epitaxial layers in its vicinity. The higher growth rate of amorphous phase with respect to that of epitaxial phase makes that amorphous cones overcome the epitaxial layers. These phenomena of broadening and random formation suggest that for sufficiently long deposition time, the full film should be amorphous at the top. This case confirms the necessity to to respect a certain gas ratio (< 1/3) to perform epitaxy on <100> oriented substrates despite a full depletion of H2. TEM provides a lot of information but only for small area, XRD is a complementary technique because it allows to measure structural properties on larger area, typically a few cm 2 against µm 2 for TEM. Moreover the dopant impurities necessarily have an effect on the lattice parameter and likely on the mosaicity, thus it is mandatory to assess macroscopic structural properties of intrinsic epitaxial layers before introducing an additional potential source of defects.

XRD analysis

Epitaxial thin films have been characterized by X-ray diffraction (XRD) using a Bruker D8 diffractometer. Omega/2theta measurements and rocking curves have been performed to respectively evaluate strain/relaxation and mosaicity of the layers. The analyzed crystallographic planes are (004) and ( 224), therefore planes parallel and inclined to the surface respectively. The setup is composed of a Cu tube for X-ray generation, a Goebel mirror, a 1 mm large divergence slit, a double reflection Ge(220) monochromator for the primary beam optics (emission side) and a linear detector of 14 mm with a 1 mm large analysis slit for the secondary beam optics (detection side). Measurements are performed using the Kα1 radiation of Cu and at 2 steps per second with a step of 0.0001°.

The ω/2θ scan and the rocking curve (RC) on (004) measured on a wafer and epitaxial layers almost free of defects (cond. A) are given in Fig. 2.40. The results have been normalized and centered on theoretical values of diffraction peak for (004) planes in a <100> oriented silicon substrate, namely ω=34.56°.

In both cases the diffraction peak of the epi-layers and that of the substrate overlap, leading to very close FWHM values. Indeed a difference of less than 3.10 -3 ° in the FWHM is observable for the ω/2θ scan which means that the lattice parameter of epi-layers is very close of that of the substrate, and we are now limited by the resolution of the equipment which, according to our calculations, corresponds to a difference of lattice parameter of 1.10 -3 Å. The use of a monochromator with a better resolution around ω=34.5° (Ge(004) 2 or 4 reflections) is therefore more suitable for this type of epitaxial layers.

This small difference of lattice parameter limits the potential problem of relaxation in the epi-layers.

The slight shoulder at 34.60° on the right of the diffraction peaks is a measurement artefact. This can be avoided by reducing the slit size or the detector size but this detrimentally affects the flux. To our knowledge such close structural properties confirmed by similar diffraction scans between epi-layers and wafer have never been reported so far. The RC gives also very close values for the FWHM of the wafer and the epi-layers with a difference of 2.10 -3 °, which means that the epitaxy presents a very low mosaicity. This is an important result for epitaxial emitters because in that case the lateral current in the emitter to reach metallic contacts will not be affected by the grain boundaries or dislocations.

XRD measurements have also been performed on layers grown in conditions B and C. Results are given in Fig. 2.41. Interestingly, whereas electron diffraction pattern shows a perfectly monocrystalline phase for conditions C (in green), XRD shows that the film presents a variation of the lattice parameter along the thickness, related to the large broadening of the diffraction peak at lower angle. It also means that the lattice parameter is larger (in average) than that of the substrate. These results are consistent with the process conditions used for this sample, for which the hydrogen flow rate has been increased. Indeed an increase of the hydrogen incorporated in the layer is expected and is characterized, not exclusively, by the presence of hydrogen platelets in the layers. We will see later that the increase of hydrogen incorporation is confirmed by Raman spectroscopy. The most likely explanation is that the incorporation of hydrogen (especially by the presence of H platelets) distorts the crystal lattice. This case is similar to what is observed with SiH4/H2 chemistry where systematic compressive strain is observed in as grown epitaxial layers [START_REF] Shahrjerdi | Low-Temperature Epitaxy of Compressively Strained Silicon Directly on Silicon Substrates[END_REF] due to a larger lattice parameter. After annealing above 300°C the strain decreases and the diffraction peak of the epi-layer is shifted towards that of the substrate. This effect is attributed to the desorption of hydrogen which allows the lattice parameter to become closer to that of the substrate. Although ellipsometry gives similar results between conditions A and C, XRD shows that significant differences appear between these conditions due to the distortion of the film. XRD is therefore an excellent tool to differentiate epitaxy with good structural properties (conditions A) and at the H2 depletion transition.

In the case of process conditions B, i.e. full depletion and high RF power (20 W), a broadening at lower angle is also observed. It also means that in these conditions the lattice parameter is larger than that of the substrate but its dispersion is reduced, compared to the case of conditions C, due to its smaller FWHM. Given that this diffraction peak of the layer is relatively narrow and similar to what obtain in best case of epitaxy with SiH4/H2, we think it only results from the contribution of the first phase of epitaxial growth and not of the µc-Si:H deposition after epitaxy breakdown. In order to further analyse the structural properties of these layers, reciprocal space mappings have been performed, this should allow to determine if the layers are strained or relaxed in conditions B and C due to the larger lattice parameter we observed.

Reciprocal space mapping (RSM) on (004) planes

Fig. 2.42 features the RSM on (004) planes for a FZ n-type (1-5 Ω.cm) wafer. The lengthening of the diffraction peak is due to the lack of crystal analyzer (monochromator on the detection side). By reducing the slit size, these artefacts can be reduced but it induces a dramatic loss of intensity. The resolution is correct enough to clearly distinguish the layer from the substrate in case of epitaxy from SiH4/H2 gas mixture, so it has been considered that in this configuration the system would have a sufficient resolution to discriminate conditions by their XRD scans and in particular RSM. The light stain at the top left of the diffraction peak is a measurement artefact, it corresponds to the same artefact at 34.6° previously observed in the scans. This can also be avoided by reducing the slit size or the detector size but, in the same way that for the lengthening of the diffraction peak, this lowers the intensity. The RSM of good quality epitaxial layers grown in conditions A, in Fig. 2.43, shows that no significant differences are observable with respect to that of a bare FZ Si wafer. Diffraction peaks of the epitaxial layer and that of the substrate overlap, indicating that no significant difference of lattice parameter is observable, thus confirms the excellent structural properties of the epitaxial layers. Thus no strain but especially no relaxation is expected for these conditions. The relaxation of the epi-layers would induce the presence of dislocations which would affect the performance of the device. From these measurements no dislocation at the interface or in the bulk due to an accumulation of stress in the layer should be expected.

When the power is increased, to reach conditions B, the RSM displays a shouldering at low Qz, as shown in Fig. 2.44. This indicates a slight dispersion of the lattice parameter in the direction of growth. The increase of hydrogen flow rate at low power in order to approach the transition has a more pronounced effect on the XRD measurement (Fig. 2.45). The large broadening at low Qz indicates a strong dispersion of lattice parameter in the epitaxial film, consistent with the process conditions. The increase of H2 flow rate should induce a rise of hydrogen concentration in the layer and thus contributes to the increase of the lattice parameter in the epitaxial layers.

These results, not surprisingly, confirm the conclusions deduced from the ω/2θ scans. To know if as grown layers in the case of conditions B and C are strained or relaxed, RSM on asymmetric planes have been performed. Given that no significant lattice parameter difference has been observed for conditions A, the RSM on (224) has not been performed for this sample.

RSM on (224) planes

In Fig. 2.47 the RSM on (224) is detailed. It is difficult to conclude on the strain/relaxation since the broadening in this RSM is similar to that of the reference. However the broadening in the direction normal to the vector g224 is characteristic of a mosaicity following these planes.

Similar observations can be done with the RSM on (224) planes for epitaxy in conditions C, where the effect is even more pronounced. Again, it is difficult to get quantitative information from these results. Therefore, HR-XRD gives additional information on the epitaxial layer and allows to discriminate high quality epitaxy and epitaxy at the H2 transition where ellipsometry is unable to differentiate these cases. Nevertheless this type of scan is not reliable to compare results between conditions B and C.

Pole figures

In order to focus on the difference between conditions B (high power) and D (high H2 flow rate), for which ellipsometry spectra gave the same results (µc-Si:H), another approach has been investigated. , first order twinnings (in blue) and second order twinnings (in grey) [START_REF] Silva | Maitrise dela croissance et de la texture de films de diamant polycristallins, réalisés par dépôt chimique en phase vapeur assisté par plasma micro-onde[END_REF]. For a perfect monocrystal, only (111) planes at ψ=54.7° (primary orientation) must be observed.

Knowing that the type of defects for both cases are different and as a consequence, electron diffraction patterns are different, pole figures have been performed to try identifying a different signature in order to avoid using a time consuming and destructive characterization technique like TEM.

The principle of a pole figure is given in Fig. 2 Therefore this result is identical to that observed at high PRF and low H2 flow rate (condition B). However, in contrast with condition B, a diffraction occurs around ψ=0° indicating that some grains are <111> oriented in the direction of growth. Thus, the poly/microcrystalline material obtained from conditions B or and D can be differentiated by their texturation, i.e. the orientation of the grains. It should be noted that these observations do not exclude other orientations in these films, such as <110> or <311> grains. θ/2θ scans (commonly used in powder diffraction) are required to determine every orientation in the textured films.

As a conclusion, these results are consistent with TEM observations and give an interesting approach for a fast characterization of samples in order to identify the source of epitaxy breakdown and to optimize epi-layers. Ellipsometry, HRXRD and pole figure are complementary characterization technique which allow to differentiate the growth under conditions A, B, C and D. The existence of twins is caused by either a too high RF power or a too low depletion. Nevertheless, these cases can be differentiated by the H2 depletion, using a RGA, or by the presence of <111> oriented grains in the case of low depletion (cond. D). Besides, conditions A and C can be differentiated by HR-XRD comparing their of ω/2θ scan. Thus ellipsometry, XRD (HR-XRD and/or pole figure) and RGA are complementary techniques for the full development of process conditions in order to determine the optimum conditions for structural defect-free epi-layers and thus succeeding in a technology transfer.

Raman spectroscopy

Raman spectroscopy is an easy way to obtain complementary information on the structural properties of the epitaxial layers. In this part, each spectrum has been obtained for a laser excitation wavelength of 473 nm. The penetration depth in c-Si at this wavelength is less than 600 nm and all the studied films are thicker than that, meaning that the signal is mostly coming from the grown film rather than from the substrate. Moreover the penetration depth in µc-Si:H and a-Si:H is lower than in c-Si, as a result 600 nm is the upper limit of penetration depth for every layer we have studied. Therefore in case of epitaxy breakdown, the contribution from the substrate is even more negligible. Nevertheless it is worth noticing that the contribution of the epi-layers before epitaxy breakdown is also affected. A comparison between Raman spectra of epi-layers, obtained under good conditions (A) and for a wafer is given in Fig. 2.53. Both Raman spectra have been fitted with a Lorentz function and FWHM values of 3.1 cm -1 and 3.3 cm -1 have been respectively extracted for a wafer and the epi-layer grown under conditions A. The very close value of FWHM obtained from fit with Lorentz function confirms, once more, the quality achievable by LTE with SiF4/H2/Ar chemistry. To our knowledge, so close values of FWHM between epi-layers and a FZ wafer have never been reached for epitaxy at 200°C. When the RF power is increased, the Raman peaks broaden and shift towards low Raman shift values which is characteristic of µc-Si:H material.

Influence of RF power

Up to 15 W, the Raman spectra are similar to these of a perfect silicon monocrystal. This confirms the ellipsometry results in Fig. 2.26, for PRF=15 W, and shows that the drop of εi(4.2eV) is due to the roughening of the surface. From 18 W, and when the RF power is further increased to 20 W and 25 W, a broadening of the Raman peak of c-Si around 520 cm -1 appears, associated to a shift towards low Raman shifts values.

The theoretical value for c-Si Raman TO peak is 520 cm -1 while in our case the Raman peak for a silicon wafer is at 521.5 cm -1 , this is attributed to the lack of control of the temperature in the measurement environment. This shift towards low wavenumbers could be attributed to a tensile strain. However, this result is not consistent with the conclusions extracted from XRD measurement where an in-plane compressive stress was observed.

However TEM analysis revealed the presence of µc-Si:H at the top of the layer and the formation of grain boundaries is known to affect the position of the Raman peak, in particular it also shifts towards low values, so the most likely explanation of this shift towards low wavenumbers is the presence of grains boundaries in the µc-Si:H layer. The band at 497 cm -1 has been reported to be attributed to faults or dislocation on the nanometer scale in polycrystalline silicon films [START_REF] Tallant | Characterization of Polysilicon Films by Raman Spectroscopy and Transmission Electron Microscopy: a Comparative Study[END_REF] or to the presence of nanocrystals [START_REF] Hessel | Raman Spectroscopy of Oxide-Embedded and Ligand-Stabilized Silicon Nanocrystals[END_REF], [START_REF] Ghosh | Origin of the Photoluminescence Quantum Yields Enhanced by Alkane-Termination of Freestanding Silicon Nanocrystals: Temperature-Dependence of Optical Properties[END_REF].

The evolution of the FWHM as a function of PRF is shown in Fig. 2.55. The trend in this figure shows that a RF power threshold (here 15 W) for these conditions of [H2]/[SiF4] ratio is in accordance with the trend observed by ellipsometry (Fig. 2.26).

Influence of H2

Raman spectra for different H2 flow rates are shown in Fig. 2.56. As it can be seen, even at H2=2 sccm, Raman spectra gives low FWHM values, very close to FWHM values of Si wafer, while XRD and TEM shows that defects were present in the layer. Thus looking at the FWHM of the silicon peak at 520 cm -1 is not the best figure of merit to assess structural properties of epitaxial layers. When the H2 flow rate is increased to 3 sccm at the same RF power (15 W), the process conditions go out from the full H2 depletion region and an epitaxy breakdown occurs through the formation of twins. Subsequently the deposited material becomes a mix of a-Si:H and µc-Si:H as deduced from ellipsometry, XRD and TEM. This result is also observed in the Raman spectrum around TO mode of c-Si at 520 cm -1 . A peak at 519 cm -1 characteristic of µc-Si:H and another around 480 cm -1 characteristic of a-Si:H are observed. We purposely fitted the signal by not more than two functions. The best fit is obtained by summing Lorentz and Gaussian functions for the µc-Si:H and a-Si:H contribution, respectively. FWHM values of 10.5 cm -1 for the Lorentz function and 73.8 cm -1 for the Gaussian function have been found. Interestingly, in these conditions an amorphous phase is observed contrary to the condition B, also leading to µc-Si:H deposition after epitaxy breakdown.

Study of the incorporation of hydrogen by Raman spectroscopy

As we can see Raman spectroscopy of c-Si and a-Si TO modes allows to confirm previous observations but does not provide significant additional information. Another approach is to look at the presence of Si-H, Si-H2 and other Si-Hn bonds in the layers. It has been reported in literature that defective layers act as "sinks" for hydrogen [28]. No way of causality has been proved so far but the more defective the layers, the more hydrogen is incorporated. Moreover we saw that most of our defects in TEM images are also associated to hydrogen. Thus by studying the incorporation of hydrogen in the layers we can have a better idea of the introduction of defects. The Fig. 2.58 shows the results of Raman spectroscopy for Raman shifts between 1500 and 2600 cm -1 to assess the presence of Si-Hn bonds through their vibrational modes. Stretching modes of Si-H, Si-H2 and Si-H3 have respective frequencies of 2000, 2100 and 2150 cm -1 [START_REF] Lucovsky | Structural interpretation of the vibrational spectra of a-Si:H alloys[END_REF]. The laser wavelength is 473 nm and the acquisition time is 30 s. For every spectrum, the baseline has been extracted. We can see that the spectra of a FZ wafer (in black) and that of epitaxy grown under conditions A (in red), namely 10 W and H2=1 sccm, are similar. This demonstrates that a small amount of hydrogen is incorporated in the layers for which properties extracted from XRD, TEM, Raman TO modes of c-Si and ellipsometry are close to these of the wafer.

Nevertheless, it can be seen that at 2124 cm -1 a sharp peak appears and when the RF power is increased to 15 W the amplitude of this peak increases meaning a rise of higher order Si-Hn bonds in the layers. This peak is not widely reported in the literature but would correspond to the stretching mode of (SiH2)6 [START_REF] Cardona | Vibrational Spectra of Hydrogen in Silicon and Germanium[END_REF]. Moreover Li and Wang [START_REF] Li | Effects of the surface oxide layer on platelet growth in H2+implanted Si[END_REF] reported a Raman signal at 2125 cm -1 that they observed in H-implanted Cz silicon wafers annealed at 500 and 700°C and in bare Cz silicon wafers annealed at 700°C. However the correspondence to a specific bond is unclear. This may be associated to segregation of hydrogen in the films and in particular H platelets and would be consistent with our observations. But given that the intensity of the peak is very low for the epi-layers, the density of this type of bonding, and a fortiori hydrogen, should be very low as well. This is an important result to finely optimize the quality of epitaxial layers since FWHM values of c-Si TO modes of epi-layers with different defects density are the same as that of the wafer. Interestingly, no peak at 2000 and 2100 cm -1 are visible, meaning an absence of Si-H and Si-H2 bonds in epi-layers. After epitaxy breakdown, at 20 The result of fitting with Gaussians is given in Fig. 2.59 and the corresponding areas for different process conditions are summarized in Table 2.

Interestingly, for the evolution of Si-Hn bonds with the increase of H2 flow rate (at fixed RF power of 15 W), similar results are obtained, as shown in Fig. 2.60. When the H2 flow rate is increased to 2 sccm the peak at 2124 cm -1 increases. This is consistent with TEM images given that a lot of H platelets were observed in that case. Again, no Si-H and Si-H2 bonds are observable at H2=2 sccm which still corresponds to epitaxy conditions and confirm this remarkable results that hydrogen incorporation in SiF4/H2/Ar epitaxy does not rely on Si-H or Si-H2 bonds.

When the H2 flow rate is increased to 3 sccm, the deposition is a mix of a-Si:H/µc-Si:H and much more hydrogen is incorporated in the film as shown in Fig. 2.61.

Interestingly, in contrast with µc-Si:H at high PRF, the area of the mode at 2000 cm -1 is lower than that at 2100 cm -1 . It would mean that, in that case, hydrogen incorporation relies more on Si-H2 bonds rather than Si-H. However, the contribution at 1954 cm -1 has not been successfully determined and corresponding vibrational modes in Raman database do not fit with consistent molecules. Interestingly in Fig. 2.61-b), we can see that for these conditions the sharp peak at 2433 cm -1 is present. Once again, we are not able to assign this peak to the vibrational mode of a precise molecule in our layers. Even though we are not able to identify all the Raman peaks, the use of Raman spectroscopy allows to differentiate all the process conditions we investigated.

Conclusion

First of all, this chapter provides information about the material properties we are able to achieve with LTE at 200°C from SiF4/H2/Ar chemistry. For optimized layers, low strain epi-layers with a difference of lattice parameter lower than 1.10 -3 Å with respect to that of the Si wafer have been obtained. A 100% crystalline fraction extracted from ellipsometry measurement and the same Raman FWHM (3.1 cm -1 ) in Raman spectroscopy of the TO mode of c-Si are possible to achieve with these layers. Finally, Raman spectroscopy of Si-Hn stretching modes shows that few Si-Hn bonding are present in the layer, indicating that little hydrogen is incorporated in this case of fully optimized layers. This chapter also allowed to define the process conditions for epitaxy considering RF power and H2 flow rate through the H2 depletion parameter. It has been shown that a full H2 depletion is a necessary condition but not sufficient for epitaxy. A [H2]/[SiF4] ratio below 2/3 is also required, under full depletion condition, to avoid the formation of twins. However, a [H2]/[SiF4] ratio below 1/3 is required to avoid the formation of H platelets in the layer and to obtain a difference of lattice parameter with respect to that of Si wafer smaller than 1.10 -3 Å, as shown by HR-XRD. Thus, once proper conditions for epitaxy are found, i.e. H platelets-free, the increase of the growth rate requires an increase of the H2 flow rate, which requires an increase of the PRF, to stay in the full H2 depletion regime (or H2limited regime), which in turn requires an increase of the SiF4 flow rate to keep the [H2]/[SiF4] gas ratio below 1/3.

Besides, we have shown that for epitaxy breakdown induced by a too high PRF or a too low H2 depletion, a twinning-induced mechanism is involved in both cases. After epitaxy breakdown, the pursuit of the process leads to the deposition of a mix of a-Si:H and µc-Si:H. Nevertheless, the two cases can be differentiated by the grains orientation. In the case of too low depletion, contrary to the high PRF case, <111> oriented grains have been detected by pole figures. In addition, these two cases can be differentiated by the Si-Hn bondings in the layers after epitaxy breakdown using Raman spectroscopy. The ratio of the contribution of Si-H2 and Si-H bondings: Si-H2/Si-H, is one order of magnitude higher in the case of an epitaxy breakdown induced by a too low depletion than that measured in the case of an epitaxy breakdown induced by a too high RF power.

This chapter can be considered as a reference for the technology transfer, development and scale up regarding the influence of each parameter on the material properties assessed by ellipsometry, TEM, XRD and Raman spectroscopy. A good correlation between all these characterization methods has been observed. Finally, this shows that only one or two of these characterizations are required for the full development of the process conditions in terms of structural properties. The electrical properties and the pressure dependency of the process window will be addressed in Chapter 4.

Growth mechanism in low-temperature epitaxy by PECVD from SiF 4 /H 2 /Ar gas mixtures

Growth modes in epitaxy and standard techniques of surface analysis

This chapter deals with the growth mechanisms involved in low temperature epitaxy (LTE) by PECVD. The possibility to grow monocrystalline silicon layers at temperatures below 300°C is not fully understood yet. In this chapter we will provide insights on the mechanisms by combining ellipsometry and TEM analyses at early stages of growth. This study has been led in collaboration with F. Haddad; additional information on the growth mechanisms can be found in her thesis [1].

Three primary growth modes have been identified so far to explain the different mechanisms involved in the deposition of thin films. The schematics in Fig. 1 present the primary modes encountered in epitaxial growth, which refers to most of processes used in thin film deposition techniques, and were first classified by Bauer [2] in 1958.

The Volmer-Weber or island growth mode, represented in Fig. 3.1-a), relies on nucleation of islands composed of several atoms at the surface of the substrate. These nuclei grow and coalesce with each other to form a full continuous layer. In that case the interaction is stronger between the adatoms than between the adatom and the substrate surface. This 3D growth mode is common in low-temperature processes due to the low surface diffusion of adatoms. This mode is reported as providing reduced electric properties of films due to the possible presence of grain boundaries formed at the interface between islands and to an increase of the roughness. This growth mode is for example found in the homoepitaxial growth of iron by MBE at low temperature [3], as shown in Fig. 3.2.

The Frank-van der Merwe or layer-by-layer growth mode, represented in Fig. 3.1-b), as its name suggests, is based on the growth of films monoatomic layer by monoatomic layer. In that case the adatoms preferentially interact with the surface than between each other. This growth mode is possible if adatoms have enough energy to diffuse at the surface of the sample to reach preferential sites of adsorption. This 2D growth mode usually occurs for high temperature epitaxy. Due to the high mobility of adatoms provided by the high temperature of the substrate, they can diffuse at the surface towards the closest terrace and form thin films with an atomically smooth surface.

The Stranski-Krastanov or layer-plus-island growth mode, represented in Fig. 3.1-c), is a combination of these two growth modes. The first layers of the film are grown through a layer-by-layer growth mode. Afterwards, from a critical layer thickness, the growth is ensured by an island growth mode and follows its mechanism (nucleation and coalescence). The critical thickness depends, not exclusively, on the surface energy and the difference of lattice parameter between that of the substrate and that of the film. This growth mode appears when the interface energy increases as the layer thickness increases [4], for example through an accumulation of stress.

To identify which growth mode a specific thin film deposition process is associated with, different surface analyses techniques are used. Most developed and reported techniques are low-energy electron diffraction (LEED), reflection high-energy electron diffraction (RHEED) and Auger electron spectroscopy (AES). However these techniques require high or even ultra-high vacuum (<10 -9 mbar) conditions, for LEED especially. Thus, these techniques can be suitable for in situ analysis in the case of MBE, for which the working pressure is in the same range of pressure as that required for the analysis. As an example, a correlation between scanning tunneling microscopy (STM) images and RHEED beam intensity measurements for Fe layers deposited on Fe(001) by MBE [3], [5] is shown in Fig. 3.2. The STM images indicate that when the sample temperature is increased the density of islands decreases while their size increases until forming terraces at 250°C. The latter case is therefore approaching the layer-by-layer growth mode. This behavior can be observed during the process with the RHEED intensity which in the case of a deposition at 250°C shows well defined oscillations corresponding to the variation of electron scattering induced by the periodicity of the morphological changes from rough (low intensity) to smooth (high intensity) surfaces. This indicates that the layer grows in a layer-by-layer growth mode; one oscillation corresponds to the filling of one single monoatomic layer. In the case of the island growth, at 20°C, the RHEED beam intensity progressively decreases with low amplitude oscillations, typical of an island growth mode. Thus in situ techniques such as RHEED can differentiate the growth mode during the process. However these techniques are much more difficult to implement for PECVD, due to the high working pressure, especially in our case around 3 Torr.

The PECVD reactors in which low-temperature epitaxy (LTE) has been processed are equipped with in situ ellipsometers (See schematic in Fig. 2.7). This allows to monitor the evolution of growth of the layers in real time and to verify if the growth is stable or if an epitaxy breakdown happens. Optical characterization techniques are less invasive than electron spectroscopy techniques since in the latter case the source and detector are placed inside the reactor, inducing possible contaminations. Moreover due to the "high" energy of incident electrons used in electron spectroscopy techniques, from tens of eV for LEED up to a few tens of keV for RHEED, the measurement can affect the growth. Besides, to answer to an increased demand of in situ monitoring for industrial applications, i.e. different from MBE, the development of optical diagnostics (Raman spectroscopy, laser light scattering, photoreflectance,…) suitable for high pressure processes, such as CVD, earned a significant interest.

Initial stages of growth in low-temperature epitaxy

In situ ellipsometry analysis

In this chapter, the ellipsometric analysis is focused on the early stages of growth. Even if a complementary study involving electron spectroscopy techniques is required, we can already provide insights on the growth mechanisms of LTE.

By purposely selecting the appropriate wavelength of the ellipsometry signal, the optical response is either more bulk-or surface-sensitive. Obviously, this study aims to use wavelengths more sensitive to the surface (short wavelength) rather than the bulk (long wavelength), knowing that the range of the ellipsometer used in this section goes from 1.5 to 4.5 eV for Philix and 0.7 to 6.4 eV for Cluster. For that, monitoring the imaginary part of the pseudo-dielectric function at 4.2 eV (εi(4.2eV)) is suitable for the study of the surface properties. At 4.2 eV, which corresponds to the energy of the second Van Hove singularity of c-Si, the absorption coefficient is close to the maximum (α|Si(4.2eV)=1.94×10 6 cm -1 ) which leads to a penetration depth of 5 nm. The "typical" evolution over time of the imaginary part of the pseudo-dielectric function at 3, 3.4 and 4.2 eV in the initial stages of growth is shown in Fig. 3.3. The process conditions for this experiment are a RF power of 40 W (180 mW/cm 2 ), an inter-electrode distance of 20 mm and a pressure of 2.5 Torr. The SiF4, H2 and Ar flow rates are respectively fixed at 20, 3 and 300 sccm.

Prior to the ignition of the plasma, εi(4.2eV) is (unsurprisingly) stable around 43. When the plasma is ignited a strong decrease of εi(4.2eV) is observed and it drops to 38.3 after 90 s of process reaching its minimum. From then on, εi(4.2eV) slowly increases for about 400 s before stabilization. If no epitaxy breakdown happens afterwards, then, εi(4.2eV) stays stable. It is worth noticing that for every epitaxial growth performed in our process conditions, taking into account the environment, the cleaning and the plasma parameters, the evolution of εi(4.2eV) is associated to this shape. Nevertheless, amplitude variations and stabilization time may change.

Interestingly, the evolution of εi(3.4eV) has the same shape but drops by 3.2 points and reaches its minimum after 240 s of growth. Thus, the evolution of εi(3.4eV) is delayed with respect to that of εi(4.2eV) by around 120 s. This might be attributed to the different penetration depth of light at 3.4 and 4.2 eV: 1/α|Si(3.4eV)=11 nm and 1/α|Si(4.2eV)=5 nm. As a result, εi(3.4eV) is less sensitive to the first stages of growth. However, it may not be the only reason as detailed below.

These drops of εi(3.4eV) and εi(4.2eV) can be attributed to different causes. The most likely explanations are:

-An increase of roughness in the early stages of growth. The roughness strongly affects εi(4.2eV) from a few Å while it affects εi(3.2eV) from a few nm. This roughness can either be induced by a deposition or an etching process.

-An increase of the temperature of the surface of the sample induced by the plasma.

-A variation of the crystallinity in the early stages of growth.

In Fig. The idea is to verify if roughening alone can be responsible for the trend observed for εi at different wavelengths. Initial values of roughness are considered with respect to in situ initial values of εi at 200°C prior to epitaxy. The drop at 4.2 eV would lead to a roughening between 5 and 7 Å and coincides with the roughening corresponding to the drop at 3 eV. Therefore, the stage A would be in a phase corresponding to a slight roughening of the surface. This is also consistent with the small increase of εi(3.4eV) in this phase observed in Fig. 3.3. Indeed, up to a roughness of 10 Å, simulations show that εi(3.4eV) increases up to roughly 0.5 points.

However the drop at 3.4 eV observed in stage C would indicate a surface roughening of 30 Å. These values of roughness would strongly affect the signal at 4.2 eV. In that case εi(4.2eV) would drop by up to 18 points while in the experimental data, when εi(3.4eV) reaches its minimum, εi(4.2eV) only loses 3 points with respect to its initial value at 43. Similarly, a roughening of 30 Å would involve an increase of εi(3eV) up to 12 while its value in stage C is only 5.8. The drop of εi(3.4eV) thus cannot be explained by an increase of the roughness.

As shown in Fig. 3.5-a), and as reported in [6], the increase of the temperature also induces important variations of εi. In addition, the increase of temperature causes a shift of the Van Hove singularities towards low energy, which further affects the height of εi(4.2eV) [6]. The evolution of simulated εi(4.2eV), εi(3.4eV) and εi(3eV) as a function of substrate temperature is shown in Fig. 3.5-a). For these simulations, the roughness of the sample is fixed at 5 Å. A drop of εi(3.4eV) of 3.2 points would imply at least an increase of the temperature to 500°C, if we assume a measurement error of 0.3. Thus, the drop of εi(3.4eV) cannot be associated to a unique increase of temperature since corresponding values of εi(4.2eV) and εi(3eV) at 500°C do not match experimental data. If we consider a higher roughness, the increase of temperature exacerbates this behavior, i.e. the increase in absolute value of the slope of εi at 3 and 4.2 eV as a function of the temperature is significantly higher than that at 3.4 eV. Note that the linear behavior of εi(4.2eV) up to 550°C (a=2.5×10 -2 K -1 ) and εi(3eV) up to minimum 700°C (a=2.2×10 -2 K -1 ) allows to measure the temperature of a sample in situ. Besides, this is not limited to crystalline silicon, the temperature of amorphous silicon-based materials can also be determined in situ [7].

Finally, the dependence of εi on the crystallinity of the grown layer is shown in Fig. 3.5-b). To consider the growth of a defective layer in the early stages of growth, the first grown atomic layers have been modeled by a poly-Si layer. If we consider a defective material in the first stages of growth, the values measured in situ at a growth time of 240 s reasonably coincide with those modeled with a dense poly-Si layer. The drops of εi at 4.2, 3.4 and 3 eV reported would correspond to a poly-Si layer with a thickness of 12, 17 and 20 Å respectively, i.e. to values in the same order of magnitude and quite close. The cause of the growth of a defective layer between stage A and C is therefore more consistent than a further increase of roughness or an increase of temperature. Note that no direct fitting provides relevant results, due to the complexity of the case and likely to a combination of the three phenomena detailed above. However, we can identify some trends: εi(4.2eV) and εi(3eV) are more sensitive to the roughness while εi(3.4eV) is more sensitive to the crystalline quality.

The explanation of the drop of εi(3.4eV) at 240 s by the formation of a defective layer is also supported by observations made in the case of epi-layers grown by PECVD from SiH4/H2. A similar evolution of εi(4.2eV) and εi(3.4eV) over time has been observed by Cariou [8] for LTE using SiH4/H2 gas mixtures. As a result, an analogy between both chemistries is relevant, even though larger drops are measured in the case of SiH4/H2 gas mixtures, with εi(4.2eV) decreasing by up to 8 points in the initial stages of growth. In addition, Cariou investigated the evolution of the Raman signal on a 4 µm epitaxial layer in cross section [8]. The average scan line for the FWHM and the Raman shift position of the TO mode of c-Si over the epi-layer and the substrate are shown in Fig. 3.6-a) and -b).

The FWHM measured in the substrate region far from the interface (by at least 2 µm) is 4 cm -1 . At the interface the FWHM strongly increases to 7.5 cm -1 for spot 1 and to 7 cm -1 for spot 2 indicating that the interface is defective. In the bulk of the epi-layer the FWHM slowly decreases to reach FWHM values of 6.5 cm -1 for spot 1 and 6.3 cm -1 for spot 2. Thus, the author suggests that the quality of the epi-layers increase with the epi-layer thickness. This conclusion is also supported by the evolution of the Raman shift position over the sample. As shown in Fig. 3.6-b), the Raman shift position at the interface drops by 1.2 points with respect to that of the substrate. This peak shift is either attributed to a tensile strain in the layer or to the formation of grains. Given that XRD measurements indicate a compressive strain for these layers [8], the second explanation is more likely even though HR-TEM images do not show grain boundaries at the interface of these layers but only dislocations. These observations are consistent with our ellipsometry curves and their comparison to results of simulations. At some stage, a defective layer is formed followed by a recovery of the structural properties. Similarly to the evolution of the FWHM along the epi-layer, the Raman peak position shifts towards higher values indicating the recovery of the structural properties. The author suggests that these evolutions of FWHM and Raman peak position, indicating the recovery of structural properties along the layer, is the result of defects healing induced by hydrogen [9].

Even though the scales related in these experiments are micrometric and in our case nanometric, it appears that the interface is a critical issue affecting the structural properties of the whole epi-layer. Indeed, in addition to featuring a FWHM at the interface almost twice that of the substrate, it influences the growth at least over 2.5 µm. Thus focusing on the early stages of growth does not only provide insights to understand the growth mechanisms but also to improve the structural properties in the bulk of the epi-layer.

Besides, Narchi et al. [10] investigated minority carriers lifetime in LTE layers at the nanoscale by correlating SIMS measurement (Fig. 3.6-c)) with Kelvin probe force microscopy (KPFM) under frequency modulated voltage bias measurement (Fig. 3.6-d). They showed that the epi/wafer interface in a solar cell with a 4 µm epitaxial layer grown on a p ++ wafer by PECVD from SiH4/H2 gas mixture has a lifetime shorter than in the bulk of the epi-layer. The objective of this technique detailed in [10], is to determine a difference of surface potential between various regions of the sample via their different response to a frequency modulated electrical bias. This allows to assess the minority carriers lifetime in the layer and to compare it with that of the substrate. The principle is to apply an AC voltage to the cell to switch from forward bias, for which there is an excess of minority carriers at the junction, to reverse bias, for which there is a lack of minority carriers at the junction. The time to go from forward to reverse bias is longer than the time to go from reverse to forward bias due to the fact that the injection of minority carriers is faster than the recombination of the excess minority carriers.

Based on this, the reverse and forward recovery times depend on the minority carriers lifetime. For the mapping showed in (Fig. 3.6-d), the surface potential of the p ++ wafer is not affected by the bias because it is grounded. For frequencies of 5 and 50 MHz, the frequency is too high to observe a distinction in lifetime between the different regions of the sample because one full period is shorter than the lifetime in every region of the epi-layer. At 1 MHz and 500 kHz, the epi/wafer interface is the only region of the sample where the surface potential changes, indicating that the lifetime in this region is shorter than in the rest of the epi-layer, which is likely due to a higher defect density. When the frequency is further decreased to 100 kHz, the frequency is sufficiently low to observe change in the epi-layer. In light of this, a lifetime around 1 µs and 10 µs can be deduced in the near interface region and the bulk of the epi-layer respectively.

From these measurements we can conclude that an electrically active defective layer is observed at the epi/wafer interface. To explain its origin and to provide a clear explanation of the involved mechanisms, the interpretation of the evolution of εi over time in the early stages is not sufficient. Additional characterizations at the nanoscale are required.

Analysis of early stages of growth by HR-TEM

In order to gain further insight on the growth mechanisms, a complementary study by HR-TEM has been led. To correlate with ellipsometry measurements, three samples after the specific growth times represented in Fig. The HR-TEM images indicate that the stage A, which corresponds to the period for which εi(4.2eV) rapidly decreases and εi(3eV) rapidly increases, features a roughening of the layer in the form of a few nm high islands. A significant result is that these islands are crystalline and no defects are visible at this stage. This increase of roughness of a fully monocrystalline layer during the phase in which the stage A is contained correlates with the deduction made by the interpretation of the ellipsometry curves concerning the roughening. But a roughness of 4 nm is much too high compared to the 6 Å deduced from ellipsometry simulations (where we assumed a void fraction Fv=50%), such a difference could be explained by the restrictive condition on the roughness represented by a c-Si/void mix of 50%/50%. When the growth time is increased up to stage B, the layer becomes smoother which does not correlate with the evolution of εi(4.2eV). Logically, the stage B (minimum of εi(4.2eV)) should show the largest roughness, instead of stage A. This may be attributed to the fact that at the moment the plasma was stopped, εi(4.2eV) may have already reached its minimum. Indeed the time after which εi(4.2eV) reaches values below 39 is very short (16 s), so very close from the targeted time of 12 s, knowing that the acquisition time of the in situ ellipsometer is 5 s.

The epi-layer in stage B is smoother than in stage A which corresponds to the phase of coalescence of the islands. Regarding the HR-TEM images, the slow decrease of εi(3.4eV) between stages A and C can be attributed to the increase of the thickness of this defective layer associated to a progressive relaxation. This would be consistent with the cross section Raman measurement performed by Cariou and cross-sectional KPFM measurement by Narchi. Moreover the thicker the layer the more sensitive to its properties is εi(3.4eV) due to its penetration depth of 11 nm. In stage B the layer thickness varies from 4 to 6 nm. Therefore it is difficult to decorrelate the decrease of the structural properties from the increase of the thickness of a layer already defective. In the meantime, between stages B and C the HR-TEM images show that the layer smoothens, which correlates with the increase of εi(4.2eV) in the same phase. Afterwards, in stage C the layer looks more defective which could be the result of a relaxation, which induced the formation of defects. This would match with the drop of εi(3.4eV) at this stage which indicates the formation of a poly-Si layer. After stage C, the structural properties of the upper layers improve as observed with the increase of εi(3.4eV). This recovery of structural properties can be explained by the healing of defects (those defects being induced by the relaxation). The phase after stage C is also associated to a smoothening of the surface as observed by the increase of εi(4.2eV) up to 500 s to finally reach an atomically smooth surface as seen in HR-TEM images in Chapter 2. εi(3.4eV) reaches its maximum after 700 s and finally stabilizes after 1200 s, these differences with respect to εi(4.2eV) can be associated in that case to their different penetration depth. All the steps in the early stages are not fully understood yet. Nevertheless we can affirm from HR-TEM images associated to ellipsometry that LTE by PECVD relies on a Volmer-Weber growth mode.

To sum up the stages of growth, a model can be suggested as follows:

i) Roughening of the surface through strained monocrystalline islands corresponding to the nucleation (Phase up to stage A).

ii) Coalescence of islands and relaxation leading to a defective layer (Phase from stage A to C).

iii) Smoothing and recovery of structural properties due to defects healing (Phase after stage C up to stabilization of εi(4.2eV) εi(3.4eV)). This phase can be divided in two periods as observed in Fig. 3.9 and in [8]:

1. Fast increase of εi(4.2eV) and εi(3.4eV) corresponding to a fast recovery of structural properties.

2. Slow increase of εi(4.2eV) and εi(3.4eV) corresponding to a slow recovery of structural properties. iv) Smooth and stable epitaxy.

However the roughening and the formation of islands in initial stages of growth must be related to the process itself but also to the surface state prior to epitaxy. Pickering showed in [11] that the surface state and especially the carbon contamination of the wafer substrate prior to the epitaxy was extremely critical on the Δ angle measured by ellipsometry. The evolution of laser light scattering (LLS) and ellipsometry (Δ) signals for the homoepitaxy of silicon by UHV-VPE at 850°C using SiH4/H2 gas mixtures at a working pressure between 0.1 and 1 Torr is shown in Fig. 3.8. Note that Ψ and Δ are used in these graphs, to compare with our data εi follows the same trend as Δ.

As shown in the case of RCA cleaning in Fig. 3.8-a), a decrease of Δ is observed in the initial stages of growth indicating an increase of the roughness. Conversely, in the case of UV ozone cleaning (Fig. 3.8-b)), which efficiently removes carbon contaminations contrary to their RCA cleaning as shown in the SIMS profiles in Fig. 3.8-c), the Δ signal is constant indicating that the growth does not feature an increase of roughness at the beginning.

The epitaxy by CVD at 850°C relies on Frank-van der Merwe growth mode. When the surface of the substrate has been submitted to a proper cleaning, unsurprisingly, no variation of both LLS and ellipsometry signals is observed meaning no increase of the roughness during the initial stages of growth, at least not observable by ellipsometry and LLS. However when the surface is contaminated with carbon, it shows a roughening of the sample surface. Consequently, in the RCA cleaning case, the growth does not rely on a Frank-van der Merwe mode in the early stages of growth. Note that the recovery of a stable signal is faster for ellipsometry than LLS, this is due to the fact that ellipsometry is more sensitive to nano/microscopic roughness than LLS and inversely [12]. It is worth noticing that the initial value of Δ prior the epitaxy is 149° for the sample after RCA cleaning and 147°, so the UV ozone cleaning may slightly roughen the substrate surface. But this roughening should not be significant enough to affect the growth mechanisms since ellipsometry simulations show that a loss of 2° for Δ corresponds to an increase of roughness of 5 Å (mix: 50% c-Si/50% void).

Therefore, this raises the issue of the dependence of the growth mechanisms on the surface state. To rigorously tackle this question, the same study with a proper cleaning prior to epitaxy should have been led but we have not been able to develop it during this PhD. To reduce surface contamination effects, a rerun of epitaxy after stabilization has been performed to get rid of the surface state (fluorinated surface due to HF dip, carbon and oxygen contaminations, …). This epitaxy has been carried out in Philix, contrary to the experiments detailed above. However the same shape of ellipsometry curves are observed in both reactors. The process conditions used for this experiment are: a RF power of 15 W (200 mW/cm 2 ), SiF4, H2 and Ar flow rates of 3.6, 1 and 88 sccm respectively. The inter-electrode distance is fixed at 2 cm and the pressure at 3 Torr. Substrate and RF electrode temperatures are set to 200 and 100°C respectively. The ellipsometer implemented on Philix, a Uvisel 1 from Horiba Jobin Yvon, allows to monitor εi at one single wavelength. The result of the evolution of εi(4.2eV) over time in these conditions is shown in Fig. 3.9. Between the first and the second epitaxy the gas has been pumped and the reactor has been put back under turbo pumping to reach a vacuum below 10 -6 Torr, with the sample remaining in the reactor.

For the first epitaxy, εi(4.2eV) drops by 4 points while it only drops by 2 points for the regrowth, indicating that the roughness in the initial stages of growth is smaller in the case of the second epitaxy.

A second observation is that the minimum of εi(4.2eV), i.e. the maximum of roughness, is reached after 35 s for the first epitaxy while it takes 125 s for the second one. These differences can be attributed to the difference of surface state and, in particular, contaminations at the surface. Despite these differences, the same behavior of εi(4.2eV) is observed on the regrowth, i.e on a clean and smooth surface (εi(4.2eV) is even higher after epitaxy than before), which bring us to the same conclusion about the causes of this drop of εi(4.2eV), namely a Volmer-Weber growth mode. This also shows that this drop is due to a variation of material properties rather than an effect of plasma itself (e.g. through optical emissions) on the ellipsometry measurement. Besides, even though we showed that the lattice mismatch was less than 1.10 -3 Å between the epi-layer grown in these conditions and a c-Si substrate, it is necessarily smaller for the regrowth than for the first growth. Thus, the difference between the in situ ellipsometry spectra of the first epitaxy and the second one can also likely be explained by their different lattice mismatch with their respective substrate.

Another interesting feature in this ellipsometry curve is the systematic increase of εi(4.2eV) when the plasma is stopped. In the case presented in Fig. 3.9-a), this increase is around 1 point but in some cases it can increase of a few points. This may be associated to an increase of the sample temperature when the process is ongoing and its cooling when the plasma is stopped.

It is worth noticing that a sharp increase is only observed when the plasma is stopped after a high (above 35) and stable signal of εi(4.2eV), i.e. when a layer with a high crystallinity is obtained. When epitaxy breakdown occurs, the increase of εi(4.2eV) is very slight indicating that this is not a single effect of the plasma but a material effect instead. This interestingly correlates with the study of Abolmasov et al. [13] about the effect of SiH4/H2 dusty plasmas on the temperature of the sample.

They measured thanks to a heat flux microsensor the energy flux on samples exposed to a plasma composed of either Ar, H2 or SiH4/H2 for different pressures and RF power. For Ar plasma no significant difference is observed when the RF power and pressure are respectively varied from 10 to 50 W and from 0.68 Torr to 3 Torr. In contrast, for SiH4/H2 plasma, under a pressure of 2 Torr the energy flux is 10 times higher at 50 W with respect to that at 10 W, while at 0.5 Torr the energy flux is only doubled. They suggest that in the case of a high pressure the ion sheath becomes thinner and as a result the ion bombardment is enhanced, which would explain a higher energy loads and as a consequence the increase of temperature. However, the increase of pressure also favors the formation of nanoparticles, and the reaction of these nanoparticles with the substrate could also heat the sample through chemical annealing. This hypothesis has been studied by Thi Le et al. [9], they showed by ab initio molecular dynamics simulations that under the effect of H-atom reactions, some amorphous and crystalline nanoparticles may reach temperatures above 1400 K, leading to a solid to liquid phase transition. Thus, this raises the question of the main precursors involved in the LTE process.

Identification of precursors in low-temperature epitaxy

Three main types of precursor can be identified to be involved in LTE by PECVD: radicals (SinHx, SinFmHx, …), ions, and nanoparticles. The question of the main type of precursor in LTE by PECVD remains unclear. The existence of nanoparticles in reactive plasma for the deposition of Si thin films is known since a long time but their effect on the actual deposition remains not fully understood [14]. To verify the hypothesis of a growth mainly ensured by nanoparticles we compared the pattern of the initial stages of growth obtained on c-Si substrates and on TEM copper grids with carbon membranes, for which the surface reactions should be completely different. For that, energy filtered transmission electron microscopy (EFTEM) is used, it allows to select specific energies of electrons and thus specific chemical species. By doing so, carbon and silicon maps can be obtained. EFTEM images of TEM grids for stage A are shown in Fig. 3.10, they are taken from F. Haddad's thesis. The TEM grid has been stuck to the wafer and placed close to the region analyzed by HR-TEM. Fig. 3.10 shows that silicon is preferentially deposited on the edge of the holes of the TEM grid and that only few traces of silicon are observed on the top of the TEM grid. This phenomenon is not understood yet. It may come from electrostatic interactions between silicon precursors and the carbon membrane. In the case of a growth mainly ensured by nanoparticles we should expect red spots, representing silicon nanoparticles, on a green continuum.

The existence of nanoparticles in the plasma is not questioned since some have also been observed on the TEM grids as shown in Fig. 3.11. All the nanoparticles observed are amorphous. This result is consistent with the fact that epitaxial conditions processed on glass lead to amorphous silicon deposition, and not microcrystalline. At stage A, nanoparticles with a diameter around 10 nm are observed, they have the particularity to stick to each other leading to the formation of clusters composed of tens of nanoparticles. Thus, the contribution of these nanoparticles to the deposition is difficult to assess since they do not respect the pattern described by the islands on the c-Si substrate observed in the HR-TEM images in stage A.

In stage B, the size of nanoparticles increases and reaches diameters superior to 50 nm for most of them. Finally at stage C, up to 200 nm large aggregates are observed. Therefore, the increase of the deposition time induces an increase of the size of nanoparticles observed on the TEM grids. It is unlikely that the particles observed in stage B and C are involved in the growth of epi-layer due to their large diameter. The contribution to the growth of smaller size nanoparticles, as those observed in stages A and potentially smaller nanoparticles that we do not observe, remains unclear. A better way to compare the pattern of the initial stages of growth to identify if nanoparticles are the main precursors would be to deposit on a carbon coated c-Si substrate and to compare HR-TEM images in cross section to those shown previously in Fig. 3.7. 

Conclusion

From the correlation of in situ ellipsometry measurement and HR-TEM images in the early stages of growth we have been able to demonstrate that low temperature epitaxy by SiF4/H2/Ar chemistry, and likely SiH4/H2 chemistry, relies on a Volmer-Weber growth mode. The evolution of growth over time can be suggested as the following:

i) Roughening of the surface through strained monocrystalline islands corresponding to the nucleation.

ii) Coalescence of islands and relaxation leading to a defective layer at the epi/wafer interface.

iii) Smoothing and recovery of structural properties due to defects healing. This phase can be divided in two periods: a fast (~ a few min) followed by a slow (~ tens of minutes to hours) recovery of structural properties.

iv)

Smooth and stable epitaxy.

We also demonstrated that the surface state has a strong influence on the initial stages of growth since a regrowth on an epi-layer shows lower values for the drop of εi(4.2eV), which can be attributed to a lower roughening. To further analyze the effect of the surface state on the growth mechanisms, epilayers grown on an interface with fewer contamination, thanks to a proper wafer cleaning prior to epitaxy, should be processed and analyzed by HR-TEM in order to verify the cause of the increase of roughness in the early stages of growth.

Finally, the study of the co-deposition on TEM copper grids with carbon membranes aimed to provide insight on the identification of the main precursors involved in LTE. The analysis of TEM grids led to the observation of amorphous nanoparticles whose diameter increases with the deposition time. The amorphous properties of the nanoparticles are consistent with the fact that, during an epitaxial growth (on c-Si), a co-deposition on glass leads to amorphous silicon layers. However the patterns described by the nanoparticles and the EFTEM images do not match with that described by the crystalline islands observed on the c-Si substrate in the early stages of growth. Additional investigations are required to identify the main precursors, the co-deposition on a carbon coated c-Si substrate is suggested.

Boron and phosphorus doped low-temperature epitaxy -From process transfer to lifetime test samples

In this chapter we detail the process conditions to produce boron and phosphorus-doped epitaxial layers at 200°C to 300°C. The first part deals with the transfer of the epitaxial process from Philix to Cluster, a pre-pilot line tool, and the characterization of the boron and phosphorus-doped epi-layers. In the second part we discuss the modifications of the shower head necessary to obtain uniform epilayers and to increase the deposition rate for the purpose of succeeding the scale-up to 4 and 6-inch wafers. Based on the fluidics simulation for the optimization of the shower head, the influence of several parameters (pressure, PRF,…) on the homogeneity of structural and electrical properties of the epi-layers will be investigated. Finally, the passivation of the epi-layers will be studied.

Process transfer

In this part we address the transfer of the process conditions optimized in Chapter 2 on a small scale (4 inches) laboratory research reactor (Philix) to a pre-pilot (6 inches) semi-industrial reactor (Cluster). It should be noted that the heating on the Cluster is performed by a non-contact method via a heater well. The monitored temperature is that of the heater well, the actual substrate holder temperature is deduced from an abacus provided by the manufacturer. The substrate holder temperature is roughly 100°C lower than that of the heater well.

The first experiments consist in defining the lower and upper limit for most process parameters, even if we know they are linked. The first parameter we will study is the electrode temperature. In Fig. 4.1a) the H2 depletion, and the consequent H2 consumption, as a function of the H2 flow rate are shown for two electrode temperatures. The substrate temperature is fixed at 200°C, like for the definition of the process window in Chapter 2, while the temperature of the RF electrode is varied from 100°C to 200°C (its maximum value). We keep the RF power density close to that leading to the best epitaxy in Philix (same properties between epi-layers and wafer by ellipsometry, XRD and Raman spectroscopy), namely between 130 mW/cm 2 and 200 mW/cm 2 . Given that the RF electrode area in Cluster is 225 cm 2 , i.e 3 times larger than that of Philix, the RF power will be fixed at 40 W, corresponding to a RF power density of 180 mW/cm 2 . For this experiment the pressure and the SiF4 flow rate have been fixed at 2.5 Torr and 20 sccm, respectively. The same trend obtained in Philix is observed. At low H2 flow rate the depletion is higher than 80% and follows a plateau. After a certain threshold (here around 5 sccm) the H2 depletion drops. As detailed in Chapter 2, the process conditions for epitaxy are necessarily in the plateau at low H2 flow rates. Even if there are no significant differences on H2 depletion for the low H2 flow rates between a RF electrode at 100°C and 200°C, the transition is smoother at 200°C compared to 100°C. At 6 sccm the H2 depletion at 200°C is around 15% higher than that at 100°C. Thus at 200°C the epi-Si/a-Si:H transition should be less abrupt limiting the risk of an epitaxy breakdown when the H2 flow rate is increased. In light of this, a RF electrode temperature of 200°C is preferable.

Given that the thickness of the layers deposited on a c-Si wafer is sometimes difficult to measure, depending on the chosen H2 flow rate as detailed previously, a first study on glass has been led to determine a coarse range of inter-electrode distances to investigate. The results of the average deposition rate calculated from 5 ellipsometry spectra measured at the center and the corner of 5x5 cm 2 samples are given in Fig. 4.1. While the deposition rate is rather constant between 15 mm and 25 mm, it drops by 30% at 10 mm and 35 mm. However, a short inter-electrode distance leads to highly inhomogeneous layers. In order to limit the effect of gas injection on the homogeneity but keeping a reasonable deposition rate, a good tradeoff is to study the properties of the materials for an interelectrode distance varied from 20 mm to 30 mm.

In the same way as what has been done in Chapter 2, a series of samples has been produced at various Interestingly, the same transition around 5 sccm is found in the H2 depletion (see Fig. 4.1-a) and the material component fractions. This is fully consistent with Chapter 2, validating the process transfer. Up to 3 sccm of H2, the regime is epitaxial while the material becomes polycrystalline at 5 sccm. When the H2 flow rate is further increased the regime is amorphous up to 12 sccm of H2 and becomes microcrystalline for flow rates above 12 sccm. This epi-Si:H/a-Si:H/µc-Si:H transition confirms the observations detailed in Chapter 2. It is worth noticing that in Cluster, the H2 depletion appears to be more difficult to achieve than in Philix. Even though the full H2 depletion condition on the epitaxial growth is also applicable in Cluster, the requirement on the gas ratio is strongly different: 0.33 for Philix against 0.06 for Cluster. This might be attributed to the presence of a plasma box in Philix ensuring a better dissociation of SiF4. As a result more fluorine would be formed which allows to inject higher H2 flow rates while remaining in the H2-limited regime.

As the substrate temperature range on the cluster is larger than on Philix, we could study the effect of the substrate temperature on the pseudo-dielectric function from 150°C to 300°C. As shown in Fig. 4.4, from 200°C to 300°C no significant difference is observable on the spectra, but at 150°C, a significant decrease on the amplitude of the Van Hove singularities is observed, decreasing by 2 points at 3.4 eV and by around 5 points at 4.2 eV, which reveals an increase of the sample roughness. This could be attributed to the fact that the mobility of adatoms at the surface is lower at this temperature and this threshold may be due to a critical reduction of surface diffusion at temperatures lower than 200°C.

A major difficulty of epitaxial films produced from SiF4/H2/Ar gas mixtures is to determine their growth rate. As seen in Chapter 2 and Fig. 4.3, the absence in most cases of interference fringes in the ellipsometry spectra at low energy makes the calculation of epi-layers thickness impossible. Nevertheless these interferences can be observed during deposition. As shown in Fig. 4.4 the monitoring of the pseudo-dielectric function at 3 eV (εi(3eV)) allows to assess the thickness of the film during deposition. We choose 3 eV because this photon energy is sufficiently low to allow observing the interferences fringes due to a penetration depth larger than the thickness targeted for our applications (≤ 500 nm) and sufficiently high to have the best resolution on the determination of the thickness given that it is necessarily linked to the used wavelength. Fig. 4.4-a) shows that in case of a mixed phase (crystalline/polycrystalline) growth, the period and the phase of the oscillations are identical, so that model can be used in this type of growth. However, in case of a mix of crystalline, polycrystalline and amorphous phases, although the period is the same, the oscillations are in opposition of phase with respect to crystalline and crystalline/polycrystalline deposition. As a result, a progressive epitaxy breakdown can induce a disappearance of these oscillations. This explains why in case of a progressive epitaxy breakdown no interferences are visible on the full spectrum. By comparing the model experimental data, in Fig. 4.4-a), to the experimental data, in Fig. 4.4b-), we are able to in situ determine the thickness of the layer knowing that one oscillation corresponds to a thickness of 40 nm. Thus we can see that 60 min of growth corresponds to two full periods of εi(3eV) indicating that the layer is 80 nm thick. This leads to a growth rate for intrinsic epi-layers of 0.2 Å/s, i.e. 4 times slower than for a-Si:H deposition on glass with the same process conditions (see Fig. b) also shows that in case of epitaxial growth by PECVD the behavior of εi(3eV) is different at the beginning of growth. Instead of decreasing, εi(3eV) quickly increases which might be interpreted as the deposition of amorphous silicon at the beginning of the growth, as observed in Fig. 4.4-a), but this explanation is unsatisfactory. Indeed, this abrupt change of εi(3eV) correlates with the drop of εi(4.2eV) previously explained in Chapter 3 and is therefore associated to an increase of the roughness in the early stages of epitaxial growth. In these conditions, the fitting of the ellipsometry spectrum at 200°C, shows an increase of the sample roughness up to 10 Å during the early stages of growth. Once the conditions for epitaxy have been transferred to the Cluster reactor the behavior of the doped epitaxy has been investigated. This part deals with the n-type doping of epi-layers by introducing phosphine (PH3) in the gas mixtures. From the conditions detailed above, namely a substrate temperature of 200°C and an electrode temperature of 200°C, the effect of the PH3 flow rate on the epitaxy has been investigated by ellipsometry. The results are shown in Fig. 4.5. All the phosphorus doped epi-layers detailed in this part are grown with an inter-electrode distance of 20 mm. The SiF4 and Ar flow rates are respectively fixed at 20 sccm and 300 sccm. It is worth noticing here that PH3 is highly diluted in H2 (0.1%) so that it is not possible to indefinitely increase the PH3 flow rate, else the condition of full H2 depletion would not be respected. As a consequence, process conditions would exit from the process window allowing epitaxy, and would lead to amorphous deposition and then microcrystalline deposition if the H2 flow rate is further increased as explained in Chapter 2. Thus the H2 flow rate is fixed in such a way that the addition of the H2 and PH3 flow rates is equal to 3 sccm (fH2+fPH3=3 sccm), given that phosphine is diluted at 0.1% in hydrogen.

Phosphorus doping

From Fig. 4.5, we can clearly see that the PH3 flow rate has a very strong effect on the crystalline quality of the layers even though they are less than 20 nm thick and the deposition time is 600s in the case of layers grown under a pressure of 2.5 Torr. For a PH3 flow rate as low as 0.5 sccm, corresponding to a [PH3]/[SiF4] ratio of 2.5×10 -5 , the imaginary part of the pseudo-dielectric function at 4.2 eV drops to 30 and further decreases for higher PH3 flow rates, leading to a very poor quality material, no longer crystalline (Fc and Fp decrease) and porous (Fvoid increases). When the deposition is continued after 600s, the material becomes fully amorphous. A way to improve the crystallinity is to increase both power and pressure as shown in Fig. 4.5 with the sample grown at 3 Torr and 60 W, however this results in inhomogeneity issues as shown in Fig. 4.6.

Fig. 4.6 shows the evolution of the crystalline (Fc), polycrystalline (Fp), amorphous (Fa) and void (Fvoid) fractions as functions of the PH3 flow rate. The H2 flow rate is adjusted in such a way that fH2+fPH3=3 sccm. Firstly, as expected, we can see that the higher the PH3 flow rate, the less crystalline is the material. However we can note that at 1 sccm of PH3, even if Fc is below 20%, Fp is around 70%, so Fc+Fp≈85% meaning that the material is highly crystalline. However at 3 sccm Fp is lower than 50% and Fc is equal to 0% whatever the position on the quarter of wafer and the void fraction approaches 20% meaning that the material is porous.

Secondly, the high standard deviation on the measurement carried out on the layers grown at 60 W and 3 Torr indicates that the layer is highly inhomogeneous. However the increase of pressure and RF power can be beneficial in some areas of the wafer. To explicit the strong differences of material properties, the ellipsometry spectra measured on different areas of this layer are shown in Fig. 4.7. For the area defined by the green triangle, purple square and orange diamond symbols, Fc+Fp is higher than 90%. This same part leads to sheet resistance values varying between 190 and 300 Ω for around 45 nm thick layers. It should be noted that these values must be considered with precaution given that the substrates used for this series are n-type (1-5 Ω.cm) FZ wafers, so the current lines can go through the wafer. But this does not alter the fact that these conditions of high pressure lead to efficient dopant activation. Note that all the Rsheet detailed in this chapter are measured on as-deposited layers, no annealing has been performed after the growth.

However, in the same quarter of wafer we can see that amorphous and amorphous/microcrystalline areas are also present (red star and blue triangle). In these regions, no sheet resistance is measurable. These poorly crystalline areas are visible to the naked eye and correspond to the regions in front of the injection nozzles of the shower head. The requirement of working at high pressure shows that a good control of gas flow in the PECVD chamber is mandatory if one expects to obtain homogenous doped epitaxial layers. The improvement of the gas injection will be detailed later.

To elucidate the reason for the epitaxy breakdown in the case of high PH3 flow rate, plasma profiling time of flight mass spectrometry (PP-TOFMS) has been carried out on the layer obtained with the highest PH3 flow rate, namely 3 sccm. In the same way as secondary ion mass spectrometry (SIMS), the PP-TOFMS measurement provides information on the incorporation of phosphorus atoms in the layer. The results are shown in Fig. 4.8. The PP-TOFMS output is the ion beam ratio (IBR), it corresponds to the ratio between the signal of a species corrected by its isotopic abundance and the sum of ion matrix signals corrected by their isotopic abundance. Thus for doped silicon layers the data is normalized by the silicon signal. Because in the case of phosphorus, the PP-TOFMS sensitivity is similar to that of silicon, we can just multiply the ion beam ratio (IBR) by the atomic density of silicon to know the concentration of P. As a result IBR(P)=5.10 -4 should correspond to a phosphorus concentration around 3.10 19 at/cm 3 . Thus the epitaxy breakdown does not come from a too high phosphorus concentration since concentrations of 10 20 at/cm 3 [1], [2] and even 10 21 at/cm 3 [3] in epitaxial layers grown at low temperature have already been reported in literature.

Nevertheless numerous issues associated to phosphorus doping using PH3 have been reported in the literature. In 1984, Meyerson and Lu [4], [5] discussed their difficulty in LPCVD technique (620°C) to transfer the deposition of intrinsic polycrystalline silicon layers to phosphorus doped ones. They showed that the addition of PH3 induces a reduction of the growth rate by a factor 20 with respect to undoped growth and causes serious homogeneity problems. To explain such a drop in growth rate, they suggest a preferential adsorption of phosphine at the growth surface, which limits silicon precursors decomposition by chemical surface reactions. Although LPCVD is performed at more than 600°C, they also showed that phosphine is easily adsorbed even at room temperature. They found that phosphine has a sticking coefficient at least 40 times higher than silane (SiH4). In our case, we do not use SiH4 but SiF4 and PECVD instead of LPCVD. However, reasonable analogies can be made. In our case of phosphorus-doped silicon films, the deposition rate does not seem to be significantly affected since a deposition rate of 0.5 Å/s is achieved i.e. in the same order of magnitude that the deposition rate of intrinsic epi-layers. Contrary to LPCVD which mostly relies on surface interactions, in PECVD the dissociation of gas molecules occurs in the gas phase which means that incident species have already reacted and can directly lead to deposition. Thus the most reasonable explanation in our case of phosphorus doped PECVD epitaxy is the occupation of adsorption sites by PH3 inhibiting silicon precursors to reproduce crystal lattice, which associated to the continuous flux of matter (ions, radicals, nanoparticles, …) makes the material poorly crystalline and finally amorphous.

Moreover, issues on P coverage of Si surface have also been reported latter. The formation of P-P dimers due to surface segregation has been highlighted as a reason for a reduction of the deposition rate in MBE [6] but can also be considered as a cause for epitaxy breakdown since they occupy adsorption sites for Si precursors in the same way that they passivate dangling bonds and impede epitaxy. Kipp et al. [7] have also shown that on Si(100) at 200°C P surface coverage of around 0.2 ML was reached (ML denotes monolayer, 1 ML corresponding to the maximum surface concentration that the adsorbed species can reach at the surface of a substrate) and that at even such low temperature, clusters formation of P-P dimers was observed.

More recently Cho et al. [8] confirmed by temperature programed desorption a P surface coverage of 0.25 ML in the same range of temperature (300°C) and also revealed phenomena of surface roughening due to P segregation. These issues of phosphorus surface coverage and segregation leading to surface roughening may also be the cause of the epitaxy breakdown we encounter, since even after only 20 nm of growth a roughness of a few nm is already observed on our layers.

It should be noted that similar observations have been made on Si(100) and Si(111) [9], a sticking coefficient for phosphine near 1 has been found in both cases. Therefore the development of n-type doped epi-layers requires some strict conditions whatever the surface state (mirror polished, SDR, textured surfaces,…). The incorporation of phosphorus in the layers grown from by PECVD from SiF4/H2/Ar seems to be very efficient since a [PH3]/[SiF4] ratio as low as 2.5x10 -5 leads to phosphorus concentration around above 10 19 cm -3 . Thus a higher dilution of PH3 in H2 to reduce even more the gas ratio is necessary to perform epitaxy with phosphine. Moreover the inhomogeneity observed at higher pressure requires a better management of gas injection, this is a crucial point since even in semiindustrial tools phosphine induces uniformity issues [4].

To tackle this issue three main studies have to be made. Firstly, complementary structural characterization (XRD, Raman, TEM,…) needs to be carried out on these layers for a better understanding of the effect of phosphorus on the crystal lattice. Secondly, once thick and homogenous layers will be obtained, electrical characterization to assess the active dopant concentration should be performed. Thirdly, a comprehensive study on the effect of phosphine on plasma and plasma-surface interactions needs to be carried out and by doing so explaining the reasons of this epitaxy breakdown. However this implies to use very sensitive characterization techniques such as low energy electron diffraction (LEED) and Auger electron spectroscopy (AES) which are difficult to implement in situ in the case of PECVD.

However from our point of view the development of n-type epitaxy is not as important as that of boron epitaxy due to the beneficial effect of phosphorus diffusion during standard process using POCl3 at high temperature. Indeed, even if a perfect phosphorus doped epitaxy was achieved, from a technological point of view it would be more appropriate to choose phosphorus diffusion to benefit from its gettering effect to reduce the impurity concentration in the wafer. Therefore, we have not extensively investigated phosphorus-doped epitaxy and preferred to focus on boron-doped epitaxy.

Boron doping 4.3.1. Optical and structural properties

The process parameters for boron-doped epitaxy are the same as those used for intrinsic and phosphorus-doped epitaxy, namely a pressure of 2.5 Torr, a PRF of 40 W (180 mW/cm 2 ), a substrate and RF electrode temperature of 200°C, and an inter-electrode distance of 20 mm. Diborane (B2H6) has been added to the gas mixture with flow rates in the range from 0.2 sccm to 3 sccm. Similarly to PH3, B2H6 is highly diluted in hydrogen, with a concentration of 0.9%. Thus, the total flow rate fH2+fB2H6 is maintained at 3 sccm for all the samples whose properties are shown in this part. The quality of the films deposited at various B2H6 flow rates has been assessed by ellipsometry as shown in Fig. 4.9. While PH3 strongly changes the material properties, Fig. 4.9 reveals that diborane has a moderate effect on the crystallinity of the layers given that the Van Hove singularities at 3.4 and 4.2 eV are well defined even for the film obtained with a high B2H6 flow rate (3 sccm). Nevertheless, the intensity of the peaks is slightly lower when the B2H6 flow rate is increased.

The evolution of the crystalline (Fc) and the polycrystalline (Fp) fraction deduced from the ellipsometry spectra is shown in Fig. 4.10. From 0 to 0.5 sccm of B2H6, Fc decreases until around 50% while Fp increases up to around 50%. It should be noted that the amorphous phase fitted for all spectra is 0%, therefore there is always Fc+Fp=100%. From 0.5 to 3 sccm Fc and Fp do not vary a lot, except for the sample at 2 sccm, but the standard deviation strongly increases. Thus, the increase of the B2H6 flow rate does not have a significant effect on the crystallinity of the layers but negatively affects their homogeneity. Given that the height of the second Van Hove singularity at 4.2 eV does not change a lot, the increase of the B2H6 flow rate in these conditions does not induce a dramatic increase of the roughness. The roughness values deduced from ellipsometry show a variation of roughness going from 7 to 12 Å without indicating a clear trend when the dopant gas flow rate is changed. It has been shown by Bardet et al. [10] that the grain size in polycrystalline films has an effect on the position of the Van Hove singularities. They showed that the difference of position of the Van Hove singularities ΔE=E2-E1, with E1 the first Van Hove singularity at 3.4 eV and E2 the second one at 4.2 eV, is reduced when the grains are getting smaller than 20 nm, with a decrease of ΔE of 0.3 eV when the grains size drops to 10 nm. We also observe a shift in E1 and E2 positions but their difference is roughly constant from 0 to 3 sccm of B2H6 as shown in Fig. 4.10-b). Therefore the shift of E1 and E2 is not attributed to the decrease of grain size below 20 nm.

Viña and Cardona studied the effect of high doping in silicon on ellipsometry spectra [11]. They observed for highly doped c-Si wafers with a boron concentration of 4.10 20 cm -3 , a red shift of 0.05 eV for both E1 and E2. For our layers, we observed a shift of Van Hove singularities of 0.04 eV for the epi-layers grown with the highest B2H6 flow rate (3 sccm) with respect to intrinsic epi-layers ones. This is consistent with our observations for which hole concentration above 10 20 cm -3 is deduced from sheet resistance measurements in the case of the epi-layers grown with the highest B2H6 flow rate. To investigate the incorporation of boron in the epi-layer, PP-TOFMS [12] measurements on boron-doped layers have been performed. The profile is shown in Fig. 4.12. Given that the equipment sensitivity for boron is different from that for silicon, we firstly used a highly boron-doped wafer with a boron concentration of 2.10 19 at/cm 3 as a reference to measure the IBR corresponding to a boron concentration of 2.10 19 at/cm 3 . The corresponding IBR for boron is 1.10 -5 and is represented in green in Fig. 4.12. Secondly, we measured the IBR of different elements for the doped epi-layers grown on an n-type FZ wafer. The 50 nm thick boron-doped epi-layer is etched during the first 20s, during which the boron IBR from the epi-layers (in orange) is above that of the reference wafer, indicating that the concentration of boron in the epi-layers is above 2.10 19 at/cm 3 in case of a diborane flow rate of 3 sccm. PP-TOFMS allows us to determine the concentration of boron atoms in the epi-layers. To evaluate the concentration of active dopants, Hall effect measurements have been performed. To do so, borondoped epi-layers have been grown on SOI (Silicon On Insulator) wafers with B2H6 flow rates of 0.5 sccm and 3 sccm. The upper silicon layer on the SOI substrates, on which epi-layers have been grown is 700 nm thick and has a resistivity of 50 Ω.cm. Therefore, the current going through the substrate is negligible. Silver paste has been used for metallic contacts and a 30 min long annealing at 200°C has been performed to improve the ohmic contact. For a flow rate of 0.5 sccm, the hole concentration and mobility μh are respectively 10 16 cm -3 and 280 cm 2 .V -1 .s -1 . This can be compared to the theoretical mobility calculated by Masetti et al. [13] which is 425 cm 2 .V -1 .s -1 for this doping level. Increasing the diborane flow rate to 3 sccm resulted in p = 2.10 19 cm -3 and μh = 40 cm 2 .V -1 .s -1 , while the theoretical mobility, calculated using the same model, is 73 cm 2 .V -1 .s -1 .

To cross check the results, these values have been compared to four-point probe measurements. For the epi-layers grown with 3 sccm of B2H6, a sheet resistance of 105 Ω has been measured. It is important to note that the doping concentration measured by Hall effect should be underestimated given that a sheet resistance of 105 Ω for a thickness of 50 nm (measured by TEM) leads to a doping concentration of 2.10 20 cm -3 for a uniform doping profile. Thus a diborane flow rate of 3 sccm leads to good electrical properties in addition to excellent structural properties as deduced from ellipsometry results. Nevertheless, additional characterization techniques need to be used to confirm these results.

To assess the crystalline quality of the boron-doped epi-layers HR-TEM has been carried out. A HR-TEM image of the epi-layer grown with the highest diborane flow rate (3 sccm), therefore for which one may expect the worst crystalline quality, and having a sheet resistance of 105 Ω is shown in Fig. 4.13.

The same observations as for the intrinsic layers in Chapter 2 can be made. No grain boundary is detectable and the boron-doped epi-layer presents a low density of dislocations in the area of interest, which is an excellent result for such low temperature growth of highly doped layers. No H platelets are visible neither. Nevertheless a difference with the intrinsic growth is that the surface is a few nanometers rough.

The fact that the interface is hardly detectable in the high resolution images, as it was the case for intrinsic epitaxy (see Chapter 2) is a sign of a good arrangement of atoms at the interface. The smoothness of the interface can be due to a competition between growth and etching during the process induced by fluorine since pure SiF4 plasma is also used to remove native silicon oxide from c-Si wafers showing excellent results [14]. However, a too long exposure to the SiF4 plasma leads to etching of the silicon. The electron diffraction pattern of the doped layer is shown by the inset in Fig. 4.13-b) and is identical to that of the c-Si substrate in Fig. 4.13-c), which further assesses the monocristallinity of the doped epi-layer.

The interface uniformity on the full wafer is difficult to assess by HR-TEM due to the small analyzed area. However a strong correlation between the smoothness of the interface and the oscillations in the low energy range (1.5 -3 eV) in ellipsometry spectra for low temperature silicon homoepitaxy has already been reported [14]. The results for epi-layers grown under these conditions, namely a RF power of 40 W, a pressure of 2.5 Torr and a gas mixture SiF4/H2/B2H6/Ar=20/0/3/300 sccm, do not show any oscillations over the 5 measurements points on a quarter of a 4" wafer meaning a high quality of this interface on the full quarter of wafer. In order to obtain macroscopic properties of the epi-layers, X-ray diffraction (XRD) measurements have been performed. In particular one may expect a potential stress in the epi-layer, as observed in the case of epi-layers produced from SiH4/H2 gas precursors. Moreover the incorporation of impurities in the crystal has an effect on its lattice parameter, XRD gives crucial information on these properties.

Results from XRD measurements in ω/2θ configuration and rocking curves for highly boron-doped layers are shown in Fig. 4.15. In that case their diffraction peaks do not completely overlap compared to that of intrinsic epi-layers. The diffraction peak from doped epi-layers is slightly shifted towards larger angles, which means that the lattice parameter of the epi-layers is smaller than that of the substrate in the growth direction. An approximation of the boron concentration using the Vegard's law is difficult in our case because it is not high enough, which causes the overlapping of epi-layers and wafer diffraction peaks.

To compare between high and low quality doped epi-layers, the scan for a layer of the same thickness obtained in a different area of the same sample but after epitaxy breakdown has been added, for which the FWHM is more than twice larger than that of good quality epi-layers and c-Si substrate. In addition, rocking curves reveal the same FWHM between the substrate and the layer grown on it, the proof of a very low mosaicity of the epi-layers.

Several publications address the determination of the boron concentration from XRD in Si single crystals [15]- [17] and epi-layers [18]- [21]. Kucytowski and Wokulska [17] succeeded to differentiate doped silicon with B concentration below 6.10 17 cm -3 , corresponding to a variation of a few 10 -6 Å. However, because of instrumental limits, in most cases reported in the literature, the difference of lattice parameter for B concentrations below 1.10 19 cm -3 is not significant enough to detect a variation. Hence, B concentrations above this value should be observable in most XRD systems featuring an adapted monochromator. From simulations correlated to our experimental results, we found that the detection limit for our XRD system in case of a 200 nm thick layer corresponds roughly to a variation of 1.10 -3 Å of the lattice parameter of the epi-layers with respect to that of the substrate. To estimate the limit of detection regarding B concentration, the evolutions of out-of-plane lattice parameter as a function of boron concentration determined by Horn [15] and Celotti [16] have been plotted in Fig. 4.16. These studies show different values of the lattice parameter of intrinsic or lowly doped silicon (a0,i (Celotti)=5.431 Å and a0,i (Horn)=5.4295 Å) but a similar evolution of the lattice parameter as a function of B concentration. A linear dependence of the lattice parameter as a function of B concentration is observed up to 2.25×10 20 cm -3 . The blue arrows represent the shift induced by the detection limit of our system, namely 1.10 -3 Å, and thus correspond to the difference of lattice parameter between that of the substrate and that of the epi-layers measurable by the system. The corresponding detectable B concentration we expect is shown by the green arrows with respect to both data series. It shows that a (fully activated) B concentration above 3.10 19 cm -3 should be detected by our system.

Thus, the fact that the 50 nm thick layer is observable by XRD suggests that most likely the B concentration is closer to the values deduced from 4-point probe measurements (2.10 20 cm -3 ) than to these deduced from Hall effect (2.10 19 cm -3 ). A difficult point to discuss is the different influence of substitutional and interstitial boron on the lattice parameter. In the literature, high temperature epitaxy is used, meaning that the boron is fully activated except for doping concentrations above 10 21 cm -3 . In our case a detailed study should be carried out to distinguish both cases considering boron incorporation. In addition, the incorporation of hydrogen increases the lattice parameter while the incorporation of boron decreases it, which can favor the formation of defects and therefore the incorporation of hydrogen. Thus two opposite phenomena are competing which makes the analysis even more difficult.

This uncertainty on boron concentration in the epi-layers is also due to serious problems of homogeneity we constantly encountered. As an example, Fig. 4.17 shows the variation of carrier concentration measured by Hall effect on a quarter of a 4" wafer. On the same quarter of wafer the hole concentration varies by two orders of magnitude, from 1.5×10 17 cm -3 to 2.10 19 cm -3 . [15] and Celotti, 1974 [16]. A linear behavior is observed up to a B concentration of 2.25×10 20 cm -3 [16]. The blue arrows represent the instrumental limit of the diffractometer used for our experiments, it correspond to a shift of 1.10 -3 Å with respect to the lattice parameter measured in lowly doped Si wafers for both references. The green arrows show the corresponding B concentration measurable with our diffractometer, namely above 3.10 19 cm -3 .

Fig. 4.18 represents the PECVD chamber in which depositions are performed. As we can see from the velocity streamlines, the velocity of gas is higher (in red) at the level of the gas injection nozzles, while it quickly slows down once in the chamber, the pumping port is easily recognizable on the right of the picture where all the gas streamlines are directed, towards the exhaust.

No chemistry has been used in these simulations, the idea is to provide a coarse optimization of the shower head. Given that argon (Ar) is the diluting gas, it seemed to be the most consistent choice to use it for simulations. The pressure and inter-electrode distance have been fixed to the corresponding best conditions so far, namely 2.5 Torr and 2 cm respectively, and for which structural properties of boron-doped epi-layers have been previously detailed. The dimensions of the shower head are 15x15cm 2 , it features 24 nozzles with a diameter of 0.8 mm. The design of the nozzles has not been changed, only the nozzles density and the total Ar flow rate have been varied. The number of holes simulated is 24, 48 and 143 for 350 and 700 sccm of Ar. For a better understanding a 2D view in cross section of the reactor is shown in Fig. 4.19. are around 3 cm large in diameter. From these simulations, the spots visible by the naked eye on phosphorus doped epi-layers and the inhomogeneity in sheet resistance for boron-doped layers are easily understandable. Thus the initial gas injection (Fig. 4.20-a)) is not optimized for the process conditions we use, this is mainly due to the relatively high pressure and the gas species we use for epitaxy. The density of Ar being strongly different from that of H2, the usual diluting gas used in this reactor, this influences the injection and so the growth homogeneity. Indeed, the density of Ar is 1.78 g.L -1 while it is only 0.0899 g.L -1 for H2, at standard temperature and pressure (0°C, 101.3 kPa). Therefore, Ar is 20 times heavier than H2. While this design of shower head is acceptable for amorphous silicon deposition (low pressure) and SiH4/H2 chemistry (epitaxy from SiH4/H2 chemistry at around 2 Torr is homogenous), this is not the case for SiF4/H2/Ar chemistry at high pressure and for high flow rates.

By increasing the number of nozzles, the spots visible in gas velocity isovalues start to partially vanish (Fig. 4.20-b): 48 nozzles) and then to completely disappear (Fig. 4.20-c): 143 nozzles). In the latter case it is worth noticing that the injection follows a global pattern, contrary to the other case where a pattern is repeated locally in front of every hole. Therefore, this global behavior is more suitable to obtain uniform films. In addition, a simple requirement for shower head design is to have a nozzle spacing smaller than the inter-electrode distance. In case of the 143 nozzles design this spacing is around 5 mm, i.e. 4 times smaller than the inter electrode distance, thus this design satisfies this condition.

Besides, it is worth noticing that when the flow rate is increased the spots reappear, as shown in Fig. 4. 20-d) where the number of nozzles is kept at 48 but the flow rate is doubled to 700 sccm. Thus a particular care is required on the total flow rate for the improvement of the film uniformity, although knowing that this is necessary to increase the deposition rate. We will see later that the global pattern obtained in simulations can also be observed in the material properties for some process conditions.

The profile of the gas velocity vectors in cross section of the shower head (Fig. 4.21) gives a crucial information about the behavior of gas flow pattern leading to these homogeneity issues. Convectionlike cells appear to be responsible for these spots. At 24 nozzles (Fig. 4.21-a)), the gas from the injection does not mix before reaching the substrate, instead it collides with the substrate and then goes down. At 48 nozzles (Fig. 4.21-b)), the gas starts to mix once it reaches the surface of the substrate, this represents the limit between the two modes of gas injection. When there are 143 holes (Fig. 4.21-c)), the gas from each nozzle mixes with the gas coming from adjacent nozzles, which is a mandatory requirement to obtain a uniform film deposition. This occurs at around 5 mm above the exit of the nozzle which corresponds to one quarter of the inter-electrode distance and to the same distance as the inter-nozzle spacing.

When the flow rate is increased (Fig. 4.21-d)), the problem is similar to that of a low flow rate with a lower nozzle density, such as (Fig. 4.21-a)). The homogeneity of the film deposition therefore depends on the inter-electrode distance, the nozzle spacing and the gas flow rate, which strongly influences the gas velocity at the outlet of the nozzle. Finally, to affirm that the design of a gas injection can be considered as a shower head, the radial velocity must follow a linear evolution as a function of the distance from the center of the shower head [22], in such a way that:

vr(r)=(vin /2Hc). r
where vin is the constant entrance velocity, Hc the height of the chamber and r the distance from the center of the shower head. The radial velocity as a function of the distance from the center of the shower head for a design with 143 nozzles has been plotted in Fig. 4.22, it shows that the condition of linearity is satisfied.

As a conclusion, the design with 143 nozzles is satisfactory regarding its behavior in simulation, even though these simulations are not sufficient for the full optimization of the design of the shower head to meet industrial requirements. Other parameters have to be taken into account to obtain uniform films such as: the design of the nozzle itself [23], [24] the variation of pressure along the reactor [25], the reaction kinetics and the enhanced depletion in the direction of the gas flow, the electronegativity of the plasma which favors electron attachment [26]. Nevertheless, it allows to reach satisfactory conditions for the study at the present research stage of development.

Scale-up

Intrinsic epi-layers

The objective of this part is to analyze trends for providing the best conditions to reach an optimum doping concentration on the largest area. For that, the former shower head with 24 nozzles has been changed to a shower head with 143 nozzles to improve the gas injection homogeneity as detailed previously in the simulation results.

The substrates are 4-inch wafers and except if specified otherwise, the wafers are n-type FZ. The deposition rate will also be evaluated in order to improve it and reach deposition rates higher than 0.07 Å/s for boron-doped layers.

Given that the fluidics simulations have been performed for a pressure of 2.5 Torr and an interelectrode distance of 20 mm, the studied conditions will be varied in a range around these values, namely from 2 Torr to 3 Torr. Even after optimization of the shower head, reaching process conditions with satisfactory properties in terms of crystallinity, homogeneity, smoothness, coherency of the lattice parameter along the direction of growth of epi-layers, is not an easy task and the process window remains tight. Nevertheless, the development of intrinsic epi-layers, which will be used as a basis for the development of boron-doped layers, allowed to achieve homogeneous layers on a full 4" wafer with high crystalline fraction and a satisfactory deposition rate. The necessary conditions are detailed below.

As shown in simulations results, the increase of gas flow rates keeping a good uniformity of the gas flow is possible when the nozzle density is increased. Thus the gas flow rates have been increased to 50 sccm of SiF4, 4 sccm of H2 and 500 sccm of Ar (SiF4/H2/Ar=50/4/500), compared to 20/3/300 with the former design. The former shower head design allowed growth rate of 0.2 Å/s with a substrate temperature of 200°C. As shown in Fig. 4.23, for a same temperature of 200°C, the new shower head design and the increase of the gas flow rates allows to obtain an average deposition rate three times higher (0.6 Å/s) than with the previous configuration.

Besides the substrate temperature has a strong influence on both the structural properties and the deposition rate. When the substrate temperature is increased to 300°C the deposition rate is 50% higher than that at 200°C. Moreover, the average crystalline fraction and the homogeneity are strongly enhanced when the substrate temperature is increased to 300°C.

Thus, in the following the substrate and RF electrode temperature will be respectively fixed at 300°C and 200°C. Note that the samples detailed until the end of this chapter do not present any amorphous phase: Fc+Fp=100%. To further improve the homogeneity, the pressure has been reduced to 2 Torr and the inter-electrode distance has been increased to 30 mm. The gas mixture is composed of SiF4/H2/Ar=50/4/500 sccm. The RF power is 70 W, i.e. a power density of 311 mW/cm 2 , which leads to a Vpl of 56 V. Thus, the plasma potential is purposely kept below 60 V, the critical limit observed in epitaxy using SiH4/H2 chemistry at 2.2 Torr [27]. The crystalline fraction mapping and roughness mapping are shown in Fig. 4.24. From Fig. 4.24-a), one can see that in these conditions of growth the epi-layer has an excellent crystalline fraction and is highly homogenous with an average crystalline fraction up to 99.8% and a standard deviation σFc of 0.14% (absolute).

To further assess the crystalline quality of the epi-layer grown under these conditions, a ω/2θ scan has been performed on this sample to study the lattice parameter in the direction of growth [001], written as 𝑎 ┴,𝑒𝑝𝑖 or cepi. The experimental data and the result of simulation obtained using the software LEPTOS from Bruker is shown in Fig. 4.25. The presence of interference fringes on the right and the left of the substrate peak is worth noticing. They are Pendellösung fringes and indicate the coherency of the diffracted beam and therefore the spatial coherency of the epi-layer. This is a proof of the monocrystallinity of the layers. This also allows to determine the thickness of the film. However the significant shift towards low angles of the position of the epi-layer diffraction peak indicates that this layer has an important difference of its lattice parameter with respect to that of the substrate, i.e. bulk silicon.

The lattice parameter 𝑎 ┴,𝑒𝑝𝑖 obtained from simulation is equal to 5.4336 Å. The variation of this lattice parameter with respect to that of the substrate is expressed below:

𝑑𝑐 𝑐 = 𝑐 𝑒𝑝𝑖 -𝑐 𝑠 𝑐 𝑠 = 𝑐 𝑒𝑝𝑖 -𝑎 𝑠 𝑎 𝑠 (1) 
where as is the substrate lattice parameter: as = 5.431020 Å and given that its lattice is cubic: as=cs.

Here, this leads to a variation dc/c of 0.048%. The values of 𝑎 ┴,𝑒𝑝𝑖 (the lattice parameter in the direction of growth [001]) obtained by the results of simulation using LEPTOS are compared to the results obtained from the equation detailed below [28]:

𝑐 𝑒𝑝𝑖 = 𝑎 ┴,𝑒𝑝𝑖 = 𝑎 𝑠 . (1 + ∆𝑞 𝑧 (004) 4 𝑎 𝑠 + ∆𝑞 𝑧 (004) ) (2) 
where ∆𝑞 𝑧 (004) = 𝑞 𝑧,𝑠 (004) -𝑞 𝑧,𝑒𝑝𝑖 (004) , i.e. the difference of position of the epi-layer diffraction peaks with respect to that of the substrate in the reciprocal space along [001] direction. The expressions for the calculation of 𝑞 𝑧 and 𝑞 𝑥 from ∆ω are detailed in [28]. In the case of the layer for which the ω/2θ scan is shown in Fig. 4.25, ∆𝑞 𝑧 (004) =3.5×10 -3 nm -1 . The resulting 𝑎 ┴,𝑒𝑝𝑖 obtained from each technique have a difference of only 1.10 -4 Å indicating the viability of this model for our samples. In these process conditions, even if diffraction peaks do not perfectly overlap, the difference of lattice parameter is only about 2.10 -3 Å. It is worth noticing that this is the upper limit of the lattice parameter calculated from XRD experiments on the samples obtained with our process conditions.

However, as shown in Fig. 4.26, the variation of the thickness over the full area of the wafer is not as homogeneous as Fc and R. The thickness of the epi-layer varies from 2090 Å to 3150 Å, for an average thickness of 2610 Å with a standard deviation of 330 Å. This leads to an average growth rate around 1.5 Å/s. Note that it is 7 times higher than the growth rate obtained with the initial shower head. The pattern described by the mapping shows a correlation between the area with the lower thickness (on the right) and the position of the main entry gas as detailed in Fig. 4.19. This pattern is often observed on the samples, either in terms of Fc, R or thickness. Interestingly this reminds the pattern represented by the isovalues of velocity obtained in the results of fluidics simulations, shown in Fig. 4.20-c. Compared to the former shower head the behavior of the gas injection is therefore global instead of local. Even if these results of homogeneity are not fully satisfactory it represents a good base for the study of doped layers on 4" wafers.

Effect of B2H6 flow rate

The effect of diborane flow rate on the epi-layers structural properties has been investigated in these conditions of low pressure (2 Torr), the process conditions are given in Table 3. Note that the B2H6 and H2 flow rate, respectively 𝑓 𝐵 2 𝐻 6 and 𝑓 𝐻 2 , are varied in such a way that 𝑓 𝐵 2 𝐻 6 + 𝑓 𝐻 2 = 4 sccm. The results of ellipsometry mapping allowing to determine the crystalline fraction (Fc) and the roughness (R) for different B2H6 flow rates are shown in Fig. 4.27 and Fig. 4.28. In case of low pressure (2 Torr), the average crystalline fraction is higher than 94% up to 1 sccm of diborane and the layers are still uniform with a standard deviation σFc of 2.8% absolute. The layer remains smooth with an average roughness of 11 Å with a standard deviation σR of 0.5 Å. At 2 sccm, Fc decreases to 57% and the layers are reasonably uniform with σFc=7.9%. The roughness remains low as well with an average value of 14 Å and σR=1.4 Å. However from 3 sccm, the crystalline fraction strongly decreases and only reaches 8% and the layer becomes strongly inhomogeneous with σFc=14.6%. Besides, the layer becomes rough, the average roughness reaches 29 Å and σR also increases to 5 Å. Finally at 4 sccm the same features are observed, the average Fc keeps decreasing and drops to 0%, the crystallinity is that time homogenously low with σFc=0.48%. The roughness stays around 30 Å but its homogeneity slightly decreases with a σR of almost 8 Å. The evolutions of Fc and R as a function of the B2H6 flow rate are shown in Fig. 4.29.

In Fig. 4.29-b) is shown the evolution of the deposition rate as a function of B2H6 flow rate. One can see that, in addition to an increase of the roughness and a decrease of the crystalline fraction, the B2H6 flow rate has a strong effect on the deposition rate. It is almost divided by 2 when only 1 sccm is added to the gas mixture, going from 1.5 Å/s to 0.8 Å/s, and reaches a plateau around 0.2 Å/s from 3 sccm. Note that in this case, the assessment of the growth rate is possible due to the presence of interference fringes, this is in particular due to the "low" pressure (2 Torr) used in these process conditions.

It is important to note that from 1 sccm to 4 sccm, no Rsheet lower than 400 Ω have been measured. In principle, the increase of the diborane flow rate should significantly lower the values of Rsheet but this trend is not observed at 2 Torr -70 W due to a strong deterioration of the structural properties of the epi-layers from 3 sccm. It seems that at 2 Torr -70 W the addition of a high B2H6 flow rate is not desirable. A B2H6 flow rate of 2 sccm seems to be the best trade-off between homogeneity, Fc, deposition rate and B2H6 flow rate added to the gas mixture.

Effect of RF power at 2 Torr

From these conditions (70W, 2 Torr, 2 sccm of B2H6), the power has been varied and the evolution of the structural properties has been assessed by ellipsometry and XRD. The electrical properties have been studied by sheet resistance mappings. The details of the process conditions are shown in Table 4.

Note that the hydrogen flow rate is changed, it has been purposely increased with the RF power in such a way that the conditions of H2 depletion are equivalent, namely just before the transition towards a-Si:H.

The results of sheet resistance (Rsheet), crystalline fraction (Fc) and roughness (R) mappings for a RF power of 50 W and 60 W are shown in Fig. 4.30. Fc and R are deduced from ellipsometry measurements performed at 48 different points on the samples (4" wafers). Rsheet mappings are formed from 81 measurement points.

At 50 W and 60 W the Rsheet mappings are similar, a large region on the left of the wafer representing about two thirds of the full area shows a high Rsheet from, roughly, 300 to 700 Ω. While another part, on the right and close to the main gas entry, shows values between 73 and 147 Ω at 50 W, and between 99 Ω and 136 Ω at 60W. Average Rsheet is 295 Ω at 50 W and 248 Ω at 60 W with a standard deviation of 76% and 72%, respectively. Surprisingly for a RF power of 50 W, Fc is higher in the high Rsheet regions (from 90% to 100%) than in the low Rsheet region (from 50% to 70%). All the more so as shown in Fig. 4.26 the epi-layer is thinner in the right region therefore one should expect a higher Rsheet. At 60 W the homogeneity of Fc is improved and mainly varies from 60 to 80%, this could be attributed to a better dissociation of gas at 60 W with respect to 50 W.

Concerning the roughness of the layers, one can see that at 50 W the high Rsheet region is slightly rougher than the low Rsheet one. Surprisingly, the opposite observation is made on the layer grown at 60 W where the high Rsheet region shows a roughness between 8 and 12 Å while it increases up to 28 Å on the low doped region. We are not able to explain such a difference with respect of such a slight increase of the RF power.

Sample

When the RF power is increased to 70 W and 90 W (Fig. 4.31), keeping the same conditions of H2 depletion, hence an increase of the H2 flow rate, the average Rsheet tends to increase. Given that the layers are necessarily thicker, the Rsheet should actually decrease. However the trend is reversed and the average Rsheet at 70 W and 90 W are 431 Ω with a standard deviation of 70% and 620 Ω with a standard deviation of 77%, respectively. Even if Fc stays in the same range than those measured at 50 ω/2θ scans we can see that for RF powers of 50 W and 60 W, the lattice parameter of the epi-layers is similar to that of the substrate or at least the difference with respect to that of the substrate is less than 1.10 -3 Å, the detection limit of our diffractometer. However at 70 W a shoulder starts to appear on the left of the diffraction peak of the substrate. Thus, the difference of lattice parameter of the epi-layers with that of the substrate is significant enough to be detected by the diffractometer. Moreover, in these conditions, Pendellösung fringes are observed indicating the spatial coherency of the epi-layer. Interestingly, no interference fringes are observed by ellipsometry on this sample. Thus in some specific cases, XRD can be complementary to ellipsometry to determine the thickness of epi-layers.

The analysis of the ω/2θ scan obtained on epi-layers grown at 70 W shows a layer thickness of 145 nm and a variation of the lattice parameter in the direction of growth [001] (dc/c) of 0.037% with respect to that of the substrate. Finally when the RF power is increased to 90 W, the FWHM of the ω/2θ scan of epi-layers significantly broadens and the fringes vanish. That indicates a dispersion of the lattice parameter along the epi-layers in the direction of growth, which points out a likely high defect density.

The FWHM and dc/c as a function of the RF power is plotted in Fig. 4.34. For layers grown at 50 W and 60 W, the FWHM and dc/c are identical to that of the substrate indicating that the variation of the lattice parameter in the epi-layers is lower than the detection limit of the diffractometer. When the RF power is increased to 70 W, the FWHM is twice larger than that of layers grown at 50 W and 60 W and as shown previously dc/c= 0.037%. Finally, at 90 W the FWHM is one order of magnitude higher than that of epi-layers grown at lower RF power. The average dc/c is 0.16%, therefore, also one order of magnitude higher than that of epi-layers grown at lower RF power. It should be noted that for the case at 90W the value of dc/c is an average and is calculated from the center of the Gaussian used to fit the scan. The large FWHM indicates an important variation of the lattice parameter along the growth direction which should be associated to a high defect density.

The same trend is observed with the rocking curve. At 50 W and 60 W the FWHM are the same as that of the substrate indicating a very low mosaicity around the [010] direction. At 70 W, in addition to a 4.

different lattice parameter with respect to that of the substrate, a broadening at low angles is observed meaning that a mosaicity begins to appear. Finally the conditions at 90 W lead to an important mosaicity as deduced from the large FWHM of scan performed on the layer. While ellipsometry indicates similar crystalline fraction between the layers grown with different RF power, XRD shows that the higher the RF power, the less monocrystalline is the epitaxial layer. This would explain the increase of the sheet resistance when the RF power is increased. The first observation one can make on the SIMS profile is the evolution of the concentration of impurities along the layer. In the bulk of the layer the concentrations are rather constant except for hydrogen. However there is a strong contamination at the interface between the epi-layers and the wafer characterized by the peak of oxygen, carbon, fluorine and hydrogen. The increase of oxygen and carbon at the interface, reaching respectively 7.10 19 cm -3 and 3.10 19 cm -3 , must be due to the lack of proper cleaning prior to epitaxy. Indeed only HF dips were performed on these layers, meaning that the silicon oxide is surely removed (without it no epitaxy could occur) but organic and metallic impurities are not removed. Piranha etching, HF/HNO3 or UV/O3 etching are a strong requirement to the development of epi-layers in order to expect performant devices. The increase of hydrogen is probably due to the increase of defects at the interface which favors the formation of sites for hydrogen or a segregation of hydrogen, the hydrogen contained in the bulk of the epi-layer may diffuse during the process and accumulate at the defective interface. The latter would explain the decrease of hydrogen towards the surface. Another explanation is that hydrogen is linked to the defect density. The decrease of hydrogen concentration towards the surface can be associated to a decrease of defect density along the layer. Another notable feature is the high concentration of fluorine in the bulk of the layer above 6.10 19 cm -3 , this high concentration should come from the process itself due to the use of SiF4 in the gas mixture.

Two reasons can explain the increase of fluorine at the interface (3.10 20 cm -3 ). The first one is linked to the HF dip done prior to epitaxy. In epi-layers grown using SiH4/H2 chemistry after a HF dip, a peak of fluorine is also measured at the epi/wafer interface indicating that even in fluorine-free plasma processes, fluorine is present at the interface. However, the concentration of fluorine measured at the interface of our layers is higher than that of measured in epi-layers grown using SiH4/H2 (6.10 19 cm -3 ).

In addition, the fluorine concentration follows that of hydrogen. In a similar way that defects act as sinks for hydrogen, it has been reported that in fluorine-implanted silicon, fluorine can passivate the defects [29]. Thus, the increase of defects at the epi/wafer interface may also increase the fluorine concentration. The effect of fluorine on minority carriers lifetime remains unclear and its interaction with silicon can be, depending on cases, beneficial or detrimental. In boron-implanted silicon the fluorine co-implantation allows to terminate some of the defects created by the implantation and to inactivate them [29]. It is also reported that fluorine co-implantation improves the boron activation of boron-implanted silicon layers [30].

Nevertheless, in our case the increase of fluorine does not increase the boron activation. The SIMS profiles shows that the boron concentration is constant along the layer reaching 7.10 19 cm -3 . An interesting feature is the difference between the shape in boron and hole concentration profile. While it is constant for boron, the hole concentration decreases when approaching the epi-wafer interface. The ECV profile shows a hole concentration varying from 2.10 19 cm -3 at the epi-wafer interface to 5.10 19 cm -3 at the surface. This leads to a doping efficiency of 30% at the interface and 70% at the surface. This difference is likely due to the increase of defects at the interface or the compensation by oxygen (donor dopant) and hydrogen known to affect the doping efficiency of boron as well [31]. Nevertheless, it is worth noticing that the SIMS profile indicates a drop of the oxygen concentration between 150 and 190 nm which should induce an increase of the hole concentration in this region, which is not observed. Thus, the compensation by hydrogen is the most likely explanation of the increase of doping efficiency with the thickness.

The Rsheet calculated from the doping concentration and emitter thickness deduced from ECV profile, respectively 3.5×10 19 cm -3 and 200 nm for a mobility corresponding to the maximum theoretical value at this range of hole concentration (56 cm 2 .V -1 .s -1 ), leads to a value of 160 Ω, i.e almost twice lower than the Rsheet measured by the 4-point probe technique in the same area (≈320 Ω). This indicates that the mobility should be twice lower than the maximum theoretical value, i.e. between 25 and 30 cm 2 .V - 1 .s -1 .

Finally, from these measurements we can deduce a growth rate of 1.1 Å/s. This is 15 times higher than the deposition rate obtained with the former shower head.

Effect of RF power at 3 Torr

In the following, we detail the electrical and structural properties of epi-layers grown under a pressure of 3 Torr, for which the RF power has been varied. The detail of the studied conditions is shown in Table 5.

As one can see in Fig. 4.37 the Rsheet is much more homogenous at 3 Torr than 2 Torr. Moreover Rsheet values are significantly reduced and approach targeted values, namely an average Rsheet between 100 and 200 Ω. At 50 W, the average Rsheet is 226 Ω with a standard deviation of 70%. In spite of a high standard deviation on the full sample the Rsheet only varies from 98 to 158 Ω on the two thirds of the wafer (blue part on the left). In addition, the Fc mapping shows high values for this same region with Fc varying from 90% to 100%. Finally an obvious similarity between the low Rsheet, high Fc and high roughness regions is observed in this sample, compared to previous results. It is worth noticing that no interference fringes are observed for these process conditions, which makes the thickness measurement difficult.

When the RF power is increased to 90 W, the Rsheet mapping results are close to meet the objective with an average Rsheet of 125 Ω and a standard deviation of 7%. The result of Fc mapping shows a strong inhomogeneity with Fc varying from 0% to 70%, however we doubt about the reliability of the fit given that the roughness measured on this sample is very important and the fitted values of the bulk layer may corresponds in reality to the roughness. To better understand the effect of RF power and the difference of structural properties between low and high Rsheet regions, ω/2θ scans and rocking curves have been performed.

The results are shown in Fig. 4.38. Interestingly the ω/2θ scans of the low and high Rsheet regions obtained on the same sample at 50 W are significantly different. In the high Rsheet region, a shoulder on the right of the substrate diffraction peak is observed. This represents the diffraction peak of the layer in this region. A shift towards large angles indicates a decrease of the lattice parameter in the direction of growth [001]. This is not surprising given that the boron-doped silicon has a lattice parameter smaller than that of the lowly phosphorus-doped substrate. Table 5 -Process conditions for RF power series at 3 Torr. The inter-electrode distance is 3 cm.

Sample

However in the low Rsheet region, where one should expect higher doped layers, and therefore layers with a smaller lattice parameter which in turn should induce a shift of the diffraction peak towards even larger angles, surprisingly the diffraction peak of the layer completely overlaps with that of the substrate, indicating that the difference of lattice parameter is below 1.10 -3 Å. At 90 W the ω/2θ scan is similar to that of the substrate indicating that at 3 Torr, the increase of the RF power up to 90 W keeping the same structural properties as those below is possible. It would indicate that a high pressure favors the acceptance of high RF power on the quality of the epitaxy, as deduced from the structural properties. For the rocking curves, shown in Fig. 4.39, no significant differences are observed between the different analyzed samples indicating the low mosaicity of the epi-layers grown at 3 Torr from 50 W to 90 W.

This raises the question concerning the effective growth of epi-layers in the low Rsheet region at 50 W and 90 W, actually we may face an epitaxial growth in front of the main gas entry and an etching far from this area. Especially because by increasing the pressure, at a fixed inter-electrode distance that one cannot reduce because of dramatic homogeneity effect, the product p×d is 9 Torr.cm. Therefore the plasma regime approaches the powder formation and drastically decreases the deposition rate. Above all, it has been observed that when the surface of the wafer is deteriorated and that the process at 3 Torr and 50 W is performed, a 200 nm thick epi-layer is measured by ellipsometry. The deterioration of the surface thus allows to create a defective interface which is detectable by ellipsometry. However in these conditions, the roughness of the layer is only a few Å compared to the tens of Å for a "clean" interface, indicating that the layer did not grow the same way.

To clarify this question of actual epitaxial growth and to provide additional information about the structural properties and in particular out-of-plane properties of the layers in case of low power and to also discriminate the cases between high and low Rsheet regions, grazing incidence XRD (GI-XRD) has been performed. This experiment has been carried out with the help of F. Maroun from PMC, Ecole polytechnique. The variation of phi, which is the azimuth angle, around the position corresponding to the Bragg condition for a given interplanar spacing, i.e. here for (hkl)=(111) and (-220), corresponds to a rocking curve for these planes. The scans shown in Fig. 4.40 and Fig. 4.41 thus allow to determine the mosaicity around these planes. 5 .

While the determination of the layer crystallinity is limited by the instrumental function for the high Rsheet area of the sample, a significant broadening of the FWHM is observed for the low Rsheet area. It indicates, that contrary to the low mosaicity obtained on the (004) diffraction, an important mosaicity is observed around the (111) diffraction in GI-XRD for the low Rsheet region doped layers. Even if this result is not fully satisfactory for the performances of a solar cell, because it indicates the existence of separated domains between which one may expect recombination, it shows that a layer is effectively grown in this region. The same observations can be deduced from the phi scan for the (-220) diffraction indicating a mosaicity around (-220) planes for the highly doped part while the mosaicity in the lowly doped part is limited by the instrumental broadening.

In addition, cross section Kelvin probe force microscopy (KPFM) measurements under frequency modulated electrical bias have been performed over the epi-layer and a few microns in the wafer. Note that scanning electron microscopy has been performed on the same epi-layer, but no contrast between the epi-layer and the wafer has been observed. The principle of the measurement has already been detailed in Chapter 3 and can be found in [32]. Because cross section KPFM requires layers with thicknesses above 300 nm for a proper characterization, the deposition time has been increased to one hour to be sure to observe the layer. From ellipsometry measurement with degraded interface, as a result the layer should be about 400 nm thick. The KPFM result is shown in Fig. 4.42.

As one can see, a layer is easily identifiable on the right side where a clear contrast of surface potential with the left part, corresponding to the wafer region, is observed. This allows to determine a thickness around 400 nm for the layer, which is consistent with the estimations. The frequencies have been varied, from the top to the bottom, from 10 to 9, 8, 5, 1 and 10 MHz again (the maximum of the generator). Whatever the frequency, there is a systematic difference between the surface potential of the wafer and that of the epi-layer indicating that the period for the maximum frequency T= 1 10 𝑀𝐻𝑧 =100 ns is higher than the effective lifetime in the epi-layer. According to PV Lighthouse, at an injection level Δn=1.10 15 cm -3 , the theoretical lifetime of "perfect" boron-doped silicon with an acceptor concentration NA=1.10 19 cm -3 is 150 ns and for NA=5.10 19 cm -3 it goes down to 5 ns. Thus, the used frequencies are not suitable for the doped epi-layers since the maximum frequency corresponds to the upper limit of the lifetime expected for layers with such doping level. It would be more appropriate to either use a very high frequency generator or to use this technique for intrinsic layer in the first place, to separate the problem of lifetime (as one will see after) in the bulk of the epilayers and at the interface. From the SIMS results obtained on the layer grown at 2 Torr and as shown in [32] one may expect strong differences between these two regions. But this technique requires strong differences of doping between the substrate and the layer. Thus, layers grown on n ++ or p ++ wafers would be more appropriate.

To assess the boron and carriers concentration in the epi-layer, SIMS and ECV technique have been performed. The deposition time is 1800 s, the same as the layer characterized by ellipsometry, XRD, GI-XRD. Results are shown in Fig. 4.43. The SIMS profile shows a surface peak extending over less than 100 nm. The boron concentration at the surface is only 4.10 18 cm -3 and further decreases with the depth. It means that the Rsheet value (120 Ω) in the low Rsheet region is that of the substrate and not that of the layer. Moreover the ECV profiles show that, for the as deposited layer, no carrier concentration is measured until 300 nm, indicating that the carrier concentration is fewer than 5.10 14 cm -3 . After 300 nm, the measured carrier concentration is that of the wafer. After an annealing at 310°C during 10 min the ECV profile indicates that the sample features a 150 nm thick n-type layer with a carrier concentration of 1.10 15 cm -3 . Note that this value should be overestimated given that the measured electron concentration in the wafer is around 4.10 16 cm -3 while the wafer resistivity is 1-5 Ω.cm, which normally leads to an electron concentration between 9.10 14 cm -3 and 5.10 15 cm -3 . This shows that instead of growing a p-type boron-doped epi-layer, a doping compensation might be observed in the first hundreds of nanometers. The deposition time is 3600 s, thus the layer should be around 400 nm thick. However Fig. 4.44 shows that no interface is visible over a thickness of 500 nm. The black spot corresponds to the damaged area induced by the energetic electron used for the HR-TEM in this region of the sample. From the Fig. 4.45 one can see that the surface is rough, which is consistent with the ellipsometry spectra obtained in this region (See Fig. 4.37). A slight contrast can be observed between the first 20 nm and the region below. This could be attributed to a 20 nm thick epi-layer with a perfect interface however no other characterization showed this eventuality.

Finally, Fig. 4.46 indicates that the roughness at the top of the sample is induced by the presence of perfectly monocrystalline islands. The height of these islands varies from 5 to 10 nm. This is below what we measured with ellipsometry, which indicates a roughness between 11 nm and 13 nm. Besides, the region below the islands is also perfectly monocrystalline, defect-free on the full analyzed area and no interface is visible. The most likely explanation is that these islands correspond to the nuclei observed in the early stages of growth (see Chapter 3). However in this case, islands are twice higher than those observed in the early stages of growth. Thus the roughness induced in the early stages of growth by these specific process conditions and in particular a p×d of 9 Torr.cm can impede the growth of the layer after its incubation phase.

Conclusions deduced from each characterization performed on the sample with conditions CR60803B detailed above are gathered in Table 6. However, in spite of these results, no clear conclusion on the effective epitaxial growth can be drawn. The most likely explanation is a plasma-induced doping compensation. 5). The black spot corresponds to the damaged area induced by the energetic electrons used for the HR-TEM in this region of the sample. 5). A few nm high islands are observed everywhere on the surface of the analyzed sample. 

Growth on Si(111) substrates

From a technological point of view, achieving doped epitaxial growth on Si(111) substrates would pave the way to manufacturing epitaxial emitter on textured wafers. This would allow both manufacturing epitaxial emitters on the front side of a solar cell or on the rear side of a bifacial solar cell. However, the growth of epi-layers on Si(111) substrates by PECVD below 300°C has not been reported yet and the process leads to the deposition of amorphous silicon [33]. However the growth from SiF4/H2/Ar chemistry shows interesting results. Note that all the samples studied in this part have been processed in the Cluster with the former shower head (nozzle density=0.1 cm -2 ). Ellipsometry spectra of layers grown with SiF4/H2/Ar chemistry for a substrate temperature varying from 200°C to 300°C are shown in Fig. 4.47. The growth time is constant and fixed at 1800 s. At 200°C the layer is fully amorphous. However from 250°C, the layer becomes crystalline with an important roughness. Modelling of the spectroscopic ellipsometry indicates a roughness of 12 nm. When the substrate temperature is further increased to 300°C, the layer is still crystalline and smoothens. Thus, the increase of temperature has a beneficial effect on the crystallinity of the layer grown on Si(111) substrates. From these ellipsometry results we can expect achieving epitaxial growth below 300°C. However no interferences are observed, so, as detailed previously for the doped layers processed at 3 Torr and an inter-electrode distance of 30 mm, the question arises to know if an actual epitaxial growth occurs or if it is just a roughening of the surface. Fig. 4.48 shows ellipsometry spectra for several conditions of pressure, RF power, H2 flow rate and growth time. At 2.5 Torr, when the H2 flow

Characterization technique Result

4-point probe

No Rsheet measured before growth. After growth Rsheet of 120 Ω.

Ellipsometry with damaged interface

Epi-layer with a growth rate of 1 Å/s and high Rsheet. Roughness of a few Å.

Ellipsometry with clean interface Impossible to measure a thickness. Roughness up to 12 nm.

SEM

No layer is observed.

XRD

No layer measured or difference of lattice parameter with respect to the substrate lower than 1.10 -3 Å.

GI-XRD

Layer with an important mosaicity.

KPFM 400 nm thick layer with a different surface potential than that of the substrate (would correspond to a growth rate of 1.1 Å/s).

SIMS

Tail of fluorine, boron and hydrogen at the surface.

ECV Compensated doping over a 300 nm thick layer without annealing, and over 150 nm after annealing.

TEM

No epi-wafer interface. 5 to 10 nm high islands.

Table 6 -Summary of results obtained from different characterization techniques performed on samples grown with the conditions CR60803B (See Table 5).

rate is increased to 4 sccm the layers becomes amorphous. Interestingly the same behavior is observed on Si(100) substrates when the H2 flow rate is increased. However by both increasing the RF power and the pressure to 60 W and 3 Torr respectively (in blue), it is possible to obtain a crystalline layer and even to improve the structural properties. These three samples have been processed with a growth time of 1800 s. An interesting result is that when the growth time is further increased to 7200 s, for process conditions at 60 W and 3 Torr, the structural properties improve. Thus, this is very likely that an epitaxial growth occurs, else in case of etching a longer growth time should lead to an increase of the roughness.

However, these ellipsometry spectra do not feature interferences neither, and a clear conclusion about the epitaxial growth is not possible. To tackle this issue, B2H6 has been added to the gas mixture. If a doped epitaxial growth occurs we should measure a sheet resistance. The spectrum of the layer after a growth time of 14400s (4 hours) is shown in Fig. 4.49. As one can see, the layer is still crystalline and the optical modelling indicates a roughness of 5 nm. For this layer a sheet resistance of 200 Ω has been measured while no Rsheet was measured on the intrinsic layers. Even though at the beginning we thought that a doped epi-layer was grown on the Si(111) substrate, we may face to the same specific case showed previously on Si(100) substrates in similar conditions (3 sccm of B2H6, p=3 Torr and d=30 mm). The Rsheet measured could be that of the wafer. Therefore, unfortunately, even though this is very likely that epitaxial growth occurs on Si(111) substrates, it is difficult to conclude with certainty.

Passivation

This part is dedicated to the analysis of the lifetime measurement for samples grown on Si(100) c-Si substrates and passivated with aluminum oxide (AlOx). Preliminary investigations of epi-layers passivated by a-Si:H showing very poor results with lifetimes lower than 10 µs, afterwards the study was turned towards passivation by AlOx using atomic layer deposition (ALD). The samples were analyzed by quasi steady state photoconductance (QSS-PC) and by photoconductance calibrated photoluminescence (PC-calibrated PL) using a BT Imaging R2 tool.

In Fig. 4.50 are shown PC-calibrated PL images of samples composed of 200 nm thick intrinsic epilayers grown at 2 and 3 Torr on double-side mirror polished (DSMP) intrinsic (5 kΩ.cm) 4" FZ wafer. The conditions at 3 Torr are the same as the conditions CR60803B except that the B2H6 has been replaced by H2. Note that in the case of intrinsic deposition we have been able to measure a layer by ellipsometry. The samples have been passivated on both sides with 10 nm of AlOx deposited at 200°C and annealed for 5 min at 350°C. This recipe of AlOx leads to a lifetime of 24 ms on a bare intrinsic (5 kΩ.cm) FZ wafer. QSS-PC measurements are also performed on these samples. It provides an average lifetime values measured on a 3 cm diameter circular area. As one can see in Fig. 4.50, a strong difference of lifetime is observed between the region exposed and not exposed to the plasma. Indeed, the crown at the edge of the wafer corresponds to the region lying on the substrate holder, therefore not exposed to the plasma. In this region the lifetime reaches 500 µs at 2 Torr and 250 µs at 3 Torr. However in the region where epitaxy occurs the lifetime is significantly smaller. At 2 Torr the lifetime is homogenous and is around 100 µs.

Conversely, at 3 Torr, although the average lifetime at the center (3 cm diameter area) at an injection level of 1.10 15 cm -3 is also around 100 µs (See Fig. 4.51), a strong inhomogeneity is observed. A few cm diameter spot corresponding to the region in front of the main gas entry (the same region as the high Rsheet region in conditions CR60803B) features a lifetime around 160 µs while the lifetime in the region around this spot drops to 60 µs. Finally in the region close to the edge of the wafer but still exposed to the plasma the lifetime reaches 180 µs. Thus in spite of a reduced uniformity of the films, the growth at 3 Torr allows to reach higher lifetimes than at 2 Torr. Fig. 4.51 indicates that while at an injection level of 1.10 15 cm -3 results are similar between layers grown at 2 and 3 Torr, a difference up to two orders of magnitude can be measured at 8.10 13 cm -3 . A higher defect density in the layer grown at 2 Torr which would increase Shockley-Read-Hall recombination may explain such a difference. Fig. 4.51 also shows that reaching injection level above 2.10 15 cm -3 is not possible with our tool which can be explained by the high recombination rate in the layer due to defects.

Despite the uncertainty concerning the epitaxial growth in the conditions CR60803B for a deposition time of 1800 s, the passivation of these layers has been studied. The investigation of the lifetime for such layers can provide insight on the electrical properties of the layer even though not fully understood. The samples have been passivated on both sides with 20 nm thick AlOx layers deposited at 250°C. The photoconductance-calibrated photoluminescence imaging before and after annealing at 380°C during 20 min in forming gas is shown in Fig. 4.52. With these AlOx process conditions, the lifetime on a bare n-type FZ wafer (1-5 Ω.cm), used as reference sample, is 1.2 ms. Note that these AlOx deposition conditions are different to those used above. These conditions have been processed at Air Liquid in a semi-industrial reactor suitable for 4" and 6" wafers. For the purpose of comparing passivation results of layers grown on 4" DSMP wafers and on 6" wafers after saw damage removal (SDR) and chemical polishing, we had to use the recipes developed by Air Liquide, which are quite different from ours.

As one can see, the pattern observed in Rsheet mappings is also observed in PL. Before annealing, in the low Rsheet region the lifetime is 90 µs and 40 µs in the high Rsheet region. After annealing, while the lifetime in the high Rsheet region is not significantly improved it rises to 160 µs in the low Rsheet region in the center part of the wafer. In the edge of the wafer a crescent-shaped region, the PC-calibrated PL image show a lifetime around 40 µs. This might be due to the AlOx layer peeling-off. Except this low lifetime region, the annealing has a beneficial effect on the lifetime as confirmed in Fig. 4.53. The average lifetime is thus increasing from 70 µs to 115 µs. However, again, reaching injection levels above a few 10 15 cm -3 with these samples remains impossible. From these measurements, the most likely explanation is that an epitaxial growth occurs in the high Rsheet region but not in the low Rsheet region. The conditions CR60803B have also been processed on 6" wafers. This part has been carried out with the help of E. Drahi from Total, and Air Liquide.

Two type of substrates have been used, the first one are chemically polished etch pre-cells with an n + diffused layer at the back surface. On the front side, the layer processed in conditions CR60803B has been passivated by 6 nm of AlOx deposited at 250°C followed by a post-deposition annealing (PDA) at 375°C during 20 min in forming gas. This AlOx layer has been capped with a 70 nm thick silicon nitride (SiNx) layer deposited at 400°C, on the rear side the n + diffused layer has also been passivated with a 70 nm thick SiNx layer deposited at 400°C. Lifetime imaging by PC-calibrated PL and QSS-PC using a Sinton tool before and after application of the firing thermal budget, namely an annealing at 750°C during 2 min, are shown in Fig. 4.54.

Before firing, the average lifetime at the center measured by the Sinton tool is 257 µs on a chemically polished wafer. The pattern observed on the 4" FZ wafer corresponding to an inhomogeneous gas injection is still present but the low lifetime region seems smaller. In this region the lifetime is around 70 µs while it reaches between 140 µs and 180 µs on the major part of the wafer, as deduced from PCcalibrated images obtained using BT Imaging tool. After firing the average lifetime at the center measured by Sinton tool drops to 152 µs.

Surprisingly, the inverse behavior is observed on SDR wafers as shown in Fig 4 .52. The passivation layers in this case are only composed of 20 nm thick AlOx layers deposited on both sides. Before firing, the Sinton measurement indicates a lifetime of 147 µs, even though lifetimes up to 350 µs are measured by the BT Imaging tool in some small regions. After firing, the average lifetime increases to 271 µs. However, the probed area is not as large as the 6" wafer and this value corresponds to the lifetime in the region delimited by the circle which has a lifetime about twice higher than in the edge. We think that this pattern is induced by the 4" wafer used as stand for the PDA annealing after the AlOx deposition, ensuring a better thermal coupling. Interestingly, this shape is only revealed after the firing and not after the PDA.

Conclusion

After a successful process conditions transfer for intrinsic epitaxy, the formation of phosphorus and boron-doped epitaxial layers has been investigated. Phosphorus doped epitaxial layers with Rsheet of 190 Ω have been achieved when the pressure is increased to 3 Torr. In spite of better structural properties, the increase of pressure induces a loss in the film uniformity and amorphous regions begin to appear. Boron-doped epi-layers with hole concentration between 2.10 19 and 2.10 20 cm -3 were also successively obtained, but a deposition rate of 0.07 Å/s and differences over two orders of magnitude of the hole concentration on a single quarter of wafer were not satisfactory.

Thus, fluid dynamics simulations were performed to model the gas injection in order to improve the homogeneity and the deposition rate. This allowed to determine that, in our process conditions, increasing the nozzle density from 0.1 to 0.65 cm -2 was beneficial on the gas injection homogeneity. As a result, intrinsic epi-layers with average crystalline fraction above 99% on a full 4" wafer with a standard deviation of 0.14% absolute were produced.

From this result we observed that B2H6 has a detrimental effect on the epi-layers homogeneity and their crystallinity. Nevertheless, boron-doped epi-layers with a hole concentration of 4.10 19 cm -3 and with a doping efficiency up to 70% grown at a rate of 1.1 Å/s have been achieved. This is 15 times higher than the growth rate obtained with the initial shower head. We showed that at low pressure (2 Torr) the increase of RF power up to 90 W was dramatic on the crystalline quality, as observed from XRD scans, and as a result an increase of Rsheet values with the RF power was observed. While the increase of pressure was thought to be beneficial to grow doped epi-layers at high RF power with high crystallinity as shown by XRD and with a good doping uniformity as shown by Rsheet mapping, the different characterization techniques did not allow us to conclude about the question of actual growth in these conditions of high pressure (3 Torr). The growth of a doping compensated epi-layer or the doping compensation of the top layers of the wafer induced by the plasma are the most likely explanations.

The investigation of epitaxial growth on Si(111) substrates has also been addressed. The fact that the crystallinity of the layer improves with the growth time indicates that a very likely epitaxial growth occurs on Si(111) substrates at 300°C. The study revealed that an increase of the temperature was beneficial on the crystallinity of the layer. Additionally, the increase of both RF power and pressure appears to be profitable to the quality of the layer.

As regards passivation of epi-layers, we have showed that for intrinsic epi-layers grown on Si(100) substrates, a low pressure (2 Torr) favors the homogeneity while a high pressure (3 Torr) enhanced the minority carrier lifetime to the detriment of a strong inhomogeneity. As a result, lifetimes up to 160 µs have been reached for an intrinsic epi-layer grown at 3 Torr on an intrinsic (5 kΩ.cm) FZ Si(100) wafer and passivated on both side by AlOx.

Conclusion and perspectives

n-PERT solar cells are gaining more in more interest as a possible next step for the PV industry. The current fabrication process of the doped layers in such technology relies on diffusion. An alternative approach consists in replacing the diffusion process by a high temperature epitaxy using APCVD. This leads to conversion efficiency up to 22.5%. In this PhD we focused on an innovative way to manufacture the doped layers by low temperature epitaxy (<300°C) using PECVD. In particular, this thesis focuses on the epitaxial growth from SiF4/H2/Ar gas mixtures and carries on J.C. Dornstetter's work about µc-Si:H.

Based on this, boron and phosphorus doped epitaxial layers with sheet resistances of 105 and 190 Ω, respectively, have been obtained. However these epi-layers were strongly inhomogeneous and the growth rate very low (0.07 Å/s for boron-doped layers). Therefore fluid dynamics simulations have been performed to optimize the shower head design in order to obtain a homogenous gas injection. As a result, intrinsic epi-layers with average crystalline fraction above 99% on a full 4" wafer with a standard deviation of 0.14% absolute were produced at a growth rate of 1.2 Å/s. This is 6 times faster than the layers grown with the initial shower head. From this result we observed that B2H6 has a detrimental effect on the epi-layers homogeneity and crystallinity. Nevertheless, boron doped epilayers with an as-deposited hole concentration of 4.10 19 cm -3 and a doping efficiency up to 70% have been achieved. The growth rate in these conditions reached 1.1 Å/s and is therefore 15 times faster than that obtained with the former shower head.

Finally a minority carriers lifetime of 160 µs was measured on a sample composed of a 200 nm thick intrinsic layer grown on a 4 inches wafer passivated on both sides with AlOx. This lifetime is in the same order of magnitude to what was obtained with SiH4/H2 (150 µs) [1]. However, for doped epilayers the lifetime dropped to 50 µs. We have shown that a low pressure (2 Torr) favors the homogeneity while a high pressure (3 Torr) enhanced the minority carrier lifetime to the detriment of the homogeneity. Although these lifetimes are not sufficient to achieve high performance devices, it is a significant improvement with respect to the 6 µs measured on the first intrinsic samples.

Concerning the potential applications and the pros and cons of this chemistry:

In light of the issues we encountered to achieve uniformly doped epi-layers, the transfer of process conditions to industry remains difficult. Moreover the process window for doped or undoped epitaxy is very tight. For epitaxial conditions at SiF4/H2/Ar=50/4/500 sccm, an increase of 1 sccm of H2 in the gas mixture (from 4 to 5) leads to a fully amorphous layer. Thus, the margin of error is narrow, which is a serious drawback for industrial applications. In addition, the gas injection management is more difficult in SiF4/H2/Ar than in SiH4/H2 chemistry. Finally, SiF4 is not commonly used in the photovoltaics industry which represents a brake for a SiF4-based process transfer. However if combined to other processes using SiF4, such as the in situ silicon oxide removal and passivation layers (a-Si:H:F, fluorinated SiNx), the transfer may be more attractive.

However to compare with SiH4/H2, the SiF4/H2/Ar chemistry ensures a smaller variation of the lattice parameter with respect to that of the substrate (by one order of magnitude). Therefore, SiF4/H2/Ar chemistry reduces risks of relaxation and consequent defective layer formation in the vicinity of the epi/wafer interface. This is attributed to the lower hydrogen incorporation in layers grown from SiF4/H2/Ar gas mixtures. This could also explain the possibility to measure sheet resistances in asdeposited layers grown from SiF4/H2/Ar/B2H6 gas mixtures. Conversely, doped epi-layers grown by SiH4/H2/B2H6 or SiH4/H2/B(CH3)3 required a 270°C 30 min annealing before measuring a sheet resistance which may be attributed to the desorption of hydrogen and dissociation of B-H complexes.

Perspectives

Even though significant improvements have been achieved, especially in terms of homogeneity and deposition rate, the results are not fully satisfactory yet. A further development of boron doped epilayers around 2.5 Torr to make a trade-off between higher lifetime and homogeneity could be the next step. The inter-electrode distance has to be varied in such a way that p×d remains between 5 to 8 Torr.cm to keep a high deposition rate. Besides, additional fluid dynamics simulations to design a fully optimized shower head with a nozzle profile adapted to the gas used in the mixtures should be addressed. This would allow to use a wider range of pressure and inter-electrode distance, keeping good uniformity, to focus on the electrical properties.

In addition, the properties of the layers grown at a pressure 3 Torr and an inter-electrode distance of 3 cm have to be understood. The question of the doping compensation is very interesting from a scientific and technological point of view and could lead to innovative applications.

The increase of temperature is also an axis to investigate. We showed in this thesis, that the increase of the substrate temperature had a beneficial effect on the growth rate and the crystallinity of the layer grown on Si(100) substrates. We also showed that rising the substrate temperature enhanced the crystallinity of layers grown on Si(111) substrates but the growth rate was too low for practical applications. The increase of the substrate temperature to 400°C should provide interesting results.

Above all, the priority is to develop proper wafer cleaning sequences prior to epitaxy. This is paramount for two main reasons. First, the quality of the interface is very important for the electrical performances of an epitaxial emitter. All the more so since dopants diffuse over short distance (<100 nm) in the wafer due to the low temperature of the process, the defective interface is contained in the space charge region which is even more critical. Second, removing contaminations at the surface prior to epitaxy would allow a better understanding of the influence of the surface state on the early stages of growth and in particular on the formation of the initial defective layer. Moreover, additional insights on the growth mechanisms involved in LTE by PECVD would be provided. Thus, from a technological and scientific point of view the surface state is a major concern. Different cleaning processes can be suggested. Recamán Payo et al. [2], from IMEC reached up to 22% efficient IBC solar cells with epitaxial emitters grown after RCA cleaning. They also observed that a simplified cleaning such as piranha clean followed by HF/HCl dip or only piranha leads to similar results. Kuzma-Filipek et al. [3], also from IMEC, compared the performances of n-PERT solar cells with rear side epitaxial emitters grown after different cleaning processes. They showed that using simplified cleaning sequences such as sulfuric acid and ozone mixtures (SOM) or deionized water and ozone mixtures (IPV) lead to similar results at device levels as a more standard but more expensive cleaning using sulfuric acid and peroxide mixtures (SPM). Thus, SOM and IPV cleaning on textured surfaces lead to J0e of 13.4 ± 0.7 and 11.7 ± 0.6 fA.cm -2 respectively, while the SPM, used a reference, leads to a J0e of 14.0 ± 0.7 fA.cm -2 . The development of the efficient and sulfur-free IPV cleaning process could thus be an interesting perspective.

After this, the investigation of recombination in epi-layers is an important issue to address. We showed by ellipsometry, XRD and Raman spectroscopy that the structural properties of the layers achieved with SiF4/H2/Ar gas mixtures are similar to those of c-Si wafers. However lifetimes measured on the epi-layers are too low to expect to reach high efficiency solar cells. The first investigation should focus on the identification of the highly recombinant regions. To tackle this, electron beam induced current carried out on the cross-section of epi-layers is a relevant approach. This would allow to map the diffusion length of minority carriers throughout the epi-layers and to identify if the full epi-layer is highly recombinant or if recombination mostly occurs in the interface region. This crucial information would indicate the priority issues to address. Moreover this study should be carried out for process conditions leading to different hydrogen incorporation. We have seen that hydrogen incorporation has a negative effect on the structural properties, the layer is more strained and has a variation of lattice parameter along its thickness. Inversely, hydrogen incorporation can favor the passivation of defects and improve the minority carriers lifetime. The second investigation to focus on is the identification of recombination mechanisms. High crystalline fractions and low mosaicity are necessary conditions to obtain good electrical properties but the characterization of point defects is difficult to address with the techniques we used during this PhD, namely ellipsometry, Raman spectroscopy and XRD. Deep level transient spectroscopy (DLTS), positron annihilation spectroscopy (PAS) and electron paramagnetic resonance (EPR) are techniques allowing the characterization of point defects such as vacancies. Thus the identification of electrically active defects via these techniques would be of interest.

More long term studies can also be suggested. The use of quadrupole mass spectrometry (QMS) opens a new path of research for the identification of species in the plasma. This would provide additional insight on the growth mechanisms and could give guidelines for the enhancement of growth rate. In order to increase the growth rate the use of high frequencies (27.12, 40.68, 60 MHz) PECVD correlated with QMS studies are also promising options to investigate.

Finally, another promising perspective is the silicon epitaxial growth on III-V substrates. We observed that for epitaxial process conditions at the H2 depletion transition performed on a GaAs substrate, a polycrystalline growth of silicon is possible as shown in Fig. 5.1. The fit of the ellipsometry spectrum indicates a polycrystalline fraction (large grains poly-Si from Jellison [4]) of 100% and an amorphous fraction of 0%. These results are encouraging for the formation of multi-junction solar cells by PECVD using SiF4/H2/Ar chemistry. epitaxy by plasma-enhanced chemical vapor deposition (PECVD) using SiF4/H2/Ar gas mixtures for the emitter formation in nPERT solar cells. The first part of this PhD thesis concerned the identification and the optimization of the process conditions to perform lowly strained intrinsic epi-layers with a smooth epi/wafer interface. We also investigated the causes of epitaxy breakdown and found out that a twinning-induced mechanism was responsible. Subsequently we focused on the growth mechanisms by studying the initial stages of growth and a Volmer-Weber growth mode has been highlighted. Finally, the process conditions for intrinsic epitaxy were transferred from a research PECVD reactor to a 6 inch semi-industrial one. Inhomogeneity and growth rate issues have been tackled by fluid dynamics simulations resulting in the design of a new shower head. Boron-doped epi-layers grown at 300°C with an as-deposited hole concentration of 4.10 19 cm -3 and a doping efficiency up to 70 % have been achieved keeping a low mosaicity and a low variation of the lattice parameter. The growth rate in these conditions reached 1.1 Å/s, i.e 15 times higher than what obtained at the beginning of this PhD for boron-doped epilayers. Finally, the passivation of epitaxial layers has been investigated and lifetimes up to 160 µs for a 200 nm thick intrinsic layer passivated with 10 nm of aluminum oxide have been reached.
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 11 Fig. 1.1 -Global final energy mix and the estimated share of renewables in 2014 [2]. ......................................... Fig. 1.2 -Global energy-related CO2 emissions by sector and regions expressed in giga tons (Gt), IEA, 2015 [5]. ........................................................................................................................................................... Fig. 1.3 -Estimates of life cycle greenhouse gas emissions for different electricity generation technologies (in g CO2eq/kWh) [8]. ............................................................................................................................. Fig. 1.4 -LCGGE for crystalline silicon and thin film based solar energy [15]. .................................................... Fig. 1.5 -EPBT in Europe for a 14% efficient mc-Si solar panel [18]. Data from [17]. ........................................ Fig. 1.6 -Evolution of the global cumulative installed PV capacity [18]. .............................................................. Fig. 1.7 -Learning curve of c-Si and thin film solar cells since 2006 [18]. ........................................................... Fig. 1.8 -Share of different technologies on the total PV production over the past 25 years [18]. ........................ Fig. 1.9 -Main architectures potentially implemented in industry. a) Aluminum back surface field structure b) p-type passivated emitter and rear contact c) p-type passivated emitter with rear locally diffused d) n-type passivated emitter, rear totally diffused. .................................................................................. Fig. 1.10 -Roadmap for the evolution of market shares for different c-Si technologies [33]. ............................. Fig. 1.11a) Process flow of the Si foil growth and detachment [63]. b) Thermal treatment applied to porous silicon for the surface preparation prior to epitaxy by APCVD [64]. ........................................ Fig. 1.12a) Optical microscope images of a wafer surface after an intentionally heavy planar boron diffusion (10 Ω/sq) after a Yang etch [65] showing misfit dislocations [44]. The BBr3 diffusion has been performed at 900°C for 45 min, and the drive-in at 1060°C for 900°C. b) Etch pits formed during movement of the misfit dislocation network [44]. ..................................................................... Fig. 1.13a) SEM image of the two-phase layers, the BSG at the top is 200nm thick and the BRL is the beneath 90nm thick layer [46]. b) SIMS profile of boron emitters with BRL and reduced BRL (rBRL) obtained by in situ post oxidation from hot HNO3 followed by a HF dip [48]. ........................ Fig. 1.14 -Process flow for n-PERT solar cell manufacturing with standard BBr3 diffusion (left) and borondoped epitaxy (right). ............................................................................................................................ Fig. 1.15 -SIMS profiles of shallow (green) and deep (sky blue) diffused emitters and shallow (red) and deep (blue) epitaxial emitters [50]. ........................................................................................................ Fig. 1.16 -Effect of thermal budget for doped layers formation by APCVD processes on the bulk lifetime of a c-Si substrate. Data from [55]. ............................................................................................................ Fig. 1.17 -Relative cost of ownership for emitter formation step based on BBr3 diffusion, APCVD and low temperature epitaxy by PECVD, as a function of the deposition rate for different n-PERT solar cell efficiencies. ........................................................................................................................................... Fig. 1.18 -Comparison of the minimum deposition rate required for the formation of emitter by PECVD to be cost competitive with diffusion (in red) and APCVD (in blue) as a function of solar cell efficiency. The black and green dashed lines represent the maximum deposition rate obtained so far by SiF4/H2/Ar and SiH4/H2 chemistry respectively. ......................................................................... Fig. 2.1a) Illustration of the principle of DC self-bias voltage for asymmetric discharge. b) Illustration of plasma potential (Vpl), excitation electrode voltage and DC self-bias voltage for three designs with DC and capacitive coupling [79]. .......................................................................................................... Fig. 2.2 -Equivalent system of a CCP reactor with CB the blocking capacitor, AE the area of the RF electrode, AG the area of the grounded electrode, VRF the RF potential, Vpl the plasma potential, VE the potential between the RF electrode and the plasma (VE=VRF-Vpl). ZG and ZE are respectively the impedance of the sheath at the grounded and RF electrode, and AG and AE the area of the grounded and RF electrode. ................................................................................................................... Fig. 2.3a) Picture of Philix PECVD reactor with the residual gas analyzer (RGA) connected on the left b) Picture of opened Philix with the substrate holder at the bottom c) Picture of the RF electrode and the plasma box with opening for ellipsometry and OES. ...................................................................... Fig. 2.4a) Picture of the cluster tool with 6 PECVD chambers, the characterization chamber on the right, the sputtering chamber at the top left corner and the ITZ in the center. b) Inside of a PECVD
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 223 Fig. 2.23 -Mapping of depletion at given pressure and inter-electrode distance (3 Torr, 2 cm) as a function of the RF power and the H2 flow rate. Black dots represent the experimental points. .......................... Fig. 2.24 -Illustration of the influence of H2 flow rate on the evolution of material properties at a given RF power. .................................................................................................................................................... Fig. 2.25 -Evolution of the imaginary part of the pseudo-dielectric function at 4.2 eV as a function of power and related plasma potential Vpl. Flow rates are kept constant: SiF4/H2/Ar =3.6/1.5/88 sccm and p=3 Torr. ............................................................................................................................................... Fig. 2.26 -Ellipsometry spectra for H2=1 sccm and for various RF power values. The SiF4 flow rate and pressure are fixed to 3.6 sccm and 3 Torr respectively. By increasing the RF power from 5 W to 25 W, the film goes from amorphous to epitaxial to microcrystalline. b) Evolution of the mono-and polycrystalline fraction as a function of RF power. The transition occurs for a plasma potential between 55 V and 60 V. ........................................................................................................................ Fig. 2.27 -Imaginary part of the pseudo-dielectric function for a RF power of 20 W (pRF=267 mW/cm 2 ) and H2=2 sccm. ............................................................................................................................................ Fig. 2.28 -Process conditions for epitaxy considering ellipsometry results taking into account H2 depletion and plasma potential threshold for a given pressure (3 Torr) and SiF4 flow rate (3.6 sccm). The points A, B, C and D correspond to specific process conditions studied in detail in the next section by advanced characterizations. .............................................................................................................. Fig. 2.29 -In situ evolution of εi(4.2eV) for different conditions of total pressure. PRF=15 W (200 mW/cm 2 ) and SiF4/H2/Ar=3.6/1/88 sccm. ............................................................................................................. Fig. 2.30 -Ellipsometry spectra for PRF=35 W (pRF=470 mW/cm 2 ) and SiF4/H2/Ar=10/2/88 sccm. The film is inhomogeneous and leads to amorphous layers at the edge and epitaxial layers at the center of the quarter of a 4" wafer. The growth rate is 2.7 Å/s for the epi-layer. .................................................Fig. 2.31 -Topographic images obtained by AFM of a FZ wafer and an epitaxial layer for condition A with scan area of 2x2 µm 2 , 5x5 µm 2 and 10x10 µm 2 . ................................................................................... Fig. 2.32a) HR-TEM image of a 750 nm thick epi-layer grown at PRF=10 W and 1 sccm of H2 (condition A). b) Zoom in the surface region of the epi-layer. The growth rate is 0.6 Å/s. .................................... Fig. 2.33a) Cross section TEM image taken from a sample deposited at 15 W and 2 sccm of H2. b) Illustration of the atomistic model of (100) H platelets and c) its simulated distribution of the stress component σyy [68]. The red area is in tension and the blue one in compression. The unit is the GPa. The growth rate is 1.4 Å/s. ........................................................................................................... Fig. 2.34 -Zoom in the interface region by HR-TEM between the Si(100) substrate and the epitaxial layers of the same sample as Fig. 2.33 and their associated diffraction patterns. ............................................ Fig. 2.35a) Low resolution TEM image of the interface and b) surface region for PRF=15 W (200 mW/cm 2 ) and H2=2 sccm. In both regions H2 platelets and {111} dislocations are visible. The formation of platelets is consistent with the conditions of relatively high H2 flow rate. The growth rate is 1.4 Å/s. ........................................................................................................................................ Fig. 2.36a) Low resolution TEM image of a film grown at 15 W and 3 sccm of H2 (condition D). Three phases are distinguishable, a first one of epitaxial growth, a second one of twinned monocrystal growth and a third one of a mix between a-Si:H/µc-Si:H b) Zoom in the interface region and the transition between the first phase (epi-Si) and the second one (twinning) after 50 nm of growth. The growth rate is 4.4 Å/s. .................................................................................................................... Fig. 2.37a) Low resolution TEM image of a film grown at 20 W and 1 sccm of H2, corresponding to condition B. Three phases are distinguishable, a first one of epitaxial growth, a second one of twinning formation and a third one of µc-Si:H deposition b) Zoom around the interface and the transition between the first phase (epi-Si) and the second one (twins) after 150 nm of growth. The growth rate is 0.7 Å/s. ........................................................................................................................... Fig. 2.38 -TEM image of epi-layers grown at 20 W and 2 sccm of H2 at two different regions on the sample. The growth rate is 1.5 Å/s. ....................................................................................................... Fig. 2.39a) Zoom in the first phase of growth (defective epitaxy) obtained by HR-TEM revealing a high concentration of twins in the layer. b) Associated diffraction pattern showing the monocrystallinity of the film and confirming the presence of twins. .................................................................................
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  Fig. 2.40 -a) Normalized ω/2θ scan on (004) and b) rocking curve on (004) for a wafer and good quality epitaxy in conditions A.......................................................................................................................... Fig. 2.41 -Normalized ω/2θ scan of (004) diffraction for growth conditions A, B and C, namely low H2 flow rate/low RF power (10 W, H2=1 sccm), low H2 flow rate/high RF power (20 W, H2=1 sccm) and a higher H2 flow rate/moderate RF power (15W, H2=2 sccm). ................................................................ Fig. 2.42 -RSM on (004) planes for a <100> oriented silicon wafer used as reference. The light stain at the top left of the diffraction peak is a measurement artefact...................................................................... Fig. 2.43 -RSM on (004) planes for epi-layers grown with conditions A (low power and low H2 flow rate). .... Fig. 2.44 -RSM of (004) planes for epi-layers grown with conditions B (high power and low H2 flow rate). .... Fig. 2.45 -RSM of (004) planes for epi-layers grown with conditions C (H2=2 sccm). ...................................... Fig. 2.46 -RSM of (224) planes for a <100> oriented silicon wafer used as reference. ...................................... Fig. 2.47 -RSM of (224) planes for epi-layers grown with conditions B (high power and low H2 flow rate). .... Fig. 2.48 -RSM of (004) planes for epi-layers grown with conditions C (H2=2 sccm). ...................................... Fig. 2.49 -Representation of the stereographic projection and associated angles ψ and φ. b) (111) pole figure of a <100> diamond film with primary orientations (in red), first order twinnings (in blue) and second order twinnings (in grey) [72]. For a perfect monocrystal, only (111) planes at ψ=54.7° (primary orientation) must be observed................................................................................................. Fig. 2.50 -a) Partial (111) pole figure (ψ ϵ [50;60°]) of a <100> oriented FZ silicon wafer b) (111) pole figure of the <100> oriented film grown in conditions C. The 4 (111) primary orientations are present but no extra spots are observable indicating the absence of twins in these conditions. ............ Fig. 2.51 -a) (111) pole figure of a <100> epitaxial Si film grown in process conditions B for ψ between 0° and 20°. b) (111) pole figure of a <100> epitaxial Si film grown in process conditions B for ψ between 70° and 85°. Both pole figures are done for φ varied from 0° to 360°. ................................... Fig. 2.52 -a) (111) pole figure of a <100> epitaxial Si film grown in conditions D for ψ between 0° and 20°. b) (111) pole figure of a <100> epitaxial Si film grown under low depletion conditions for ψ between 70° and 85°. Both pole figures are done for φ varied from 0° to 360°. ................................... Fig. 2.53 -Comparison of high quality epitaxy (process conditions A) Raman spectrum and that of a <100> c-Si FZ wafer. Spectra have been normalized for a better comparison. FWHM values are extracted from fitting with a Lorentz function. As shown, both peaks excellently fit with a Lorentz function. The position of both peaks is 521.5 cm -1 . .............................................................................................. Fig. 2.54a) Raman spectra for a constant H2 flow rate of 1 sccm and various values of PRF b) Zoom in the Raman peak of c-Si around 520 cm -1 c) Zoom in the spectra at a Raman shift around 500 cm -1 highlighting the hump at 497 cm -1 . ........................................................................................................ Fig. 2.55 -Evolution of the FWHM of TO mode of c-Si as a function of RF power at H2=1 sccm. All these samples have been grown under conditions of full H2 depletion. The gas flow rates are SiF4/H2/Ar=3.6/1/88 sccm and the pressure is fixed at 3 Torr. ............................................................. Fig. 2.56 -Raman spectra for epi-layers grown for different H2 flow rates and at a fixed RF power of 15 W. The FWHM values have been extracted after fitting by Lorentz functions. The spectrum in red corresponds to a layer grown with H2 depletion at the transition, therefore under conditions C. ......... Fig. 2.57 -Raman spectrum around TO modes of a-Si:H and c-Si for epi-layers grown at 15 W with a H2 flow rate of 3 sccm (condition D). The FWHM values have been extracted after fitting by a Lorentz functions for the c-Si contribution and a Gauss function for the a-Si:H contribution. ............. Fig. 2.58 -Raman spectra in the Si-Hn stretching mode region obtained from epi-layers grown at different RF power values. Peaks at 2000 and 2100 cm -1 correspond to stretching modes of Si-H and Si-H2 bonds respectively. ................................................................................................................................ Fig. 2.59 -Deconvolution with Gaussians of Si-H and Si-H2 stretching modes for a RF power of 20 W (pRF=270 mW/cm 2 ). ............................................................................................................................... Fig. 2.60 -Raman spectra centered around 2000 cm -1 for the observation of stretching modes of Si-Hn bonds obtained from epi-layers grown for different H2 flow rates at a RF power of 15 W. ............................ Fig. 2.61a) Raman spectra centered around 2000 cm -1 for the observation of stretching modes of Si-Hn and b) around 2450 cm -1 in layers grown at 15 W with 3 sccm of H2. .........................................................

Fig. 2 .

 2 Fig. 2.40 -a) Normalized ω/2θ scan on (004) and b) rocking curve on (004) for a wafer and good quality epitaxy in conditions A.......................................................................................................................... Fig. 2.41 -Normalized ω/2θ scan of (004) diffraction for growth conditions A, B and C, namely low H2 flow rate/low RF power (10 W, H2=1 sccm), low H2 flow rate/high RF power (20 W, H2=1 sccm) and a higher H2 flow rate/moderate RF power (15W, H2=2 sccm). ................................................................ Fig. 2.42 -RSM on (004) planes for a <100> oriented silicon wafer used as reference. The light stain at the top left of the diffraction peak is a measurement artefact...................................................................... Fig. 2.43 -RSM on (004) planes for epi-layers grown with conditions A (low power and low H2 flow rate). .... Fig. 2.44 -RSM of (004) planes for epi-layers grown with conditions B (high power and low H2 flow rate). .... Fig. 2.45 -RSM of (004) planes for epi-layers grown with conditions C (H2=2 sccm). ...................................... Fig. 2.46 -RSM of (224) planes for a <100> oriented silicon wafer used as reference. ...................................... Fig. 2.47 -RSM of (224) planes for epi-layers grown with conditions B (high power and low H2 flow rate). .... Fig. 2.48 -RSM of (004) planes for epi-layers grown with conditions C (H2=2 sccm). ...................................... Fig. 2.49 -Representation of the stereographic projection and associated angles ψ and φ. b) (111) pole figure of a <100> diamond film with primary orientations (in red), first order twinnings (in blue) and second order twinnings (in grey) [72]. For a perfect monocrystal, only (111) planes at ψ=54.7° (primary orientation) must be observed................................................................................................. Fig. 2.50 -a) Partial (111) pole figure (ψ ϵ [50;60°]) of a <100> oriented FZ silicon wafer b) (111) pole figure of the <100> oriented film grown in conditions C. The 4 (111) primary orientations are present but no extra spots are observable indicating the absence of twins in these conditions. ............ Fig. 2.51 -a) (111) pole figure of a <100> epitaxial Si film grown in process conditions B for ψ between 0° and 20°. b) (111) pole figure of a <100> epitaxial Si film grown in process conditions B for ψ between 70° and 85°. Both pole figures are done for φ varied from 0° to 360°. ................................... Fig. 2.52 -a) (111) pole figure of a <100> epitaxial Si film grown in conditions D for ψ between 0° and 20°. b) (111) pole figure of a <100> epitaxial Si film grown under low depletion conditions for ψ between 70° and 85°. Both pole figures are done for φ varied from 0° to 360°. ................................... Fig. 2.53 -Comparison of high quality epitaxy (process conditions A) Raman spectrum and that of a <100> c-Si FZ wafer. Spectra have been normalized for a better comparison. FWHM values are extracted from fitting with a Lorentz function. As shown, both peaks excellently fit with a Lorentz function. The position of both peaks is 521.5 cm -1 . .............................................................................................. Fig. 2.54a) Raman spectra for a constant H2 flow rate of 1 sccm and various values of PRF b) Zoom in the Raman peak of c-Si around 520 cm -1 c) Zoom in the spectra at a Raman shift around 500 cm -1 highlighting the hump at 497 cm -1 . ........................................................................................................ Fig. 2.55 -Evolution of the FWHM of TO mode of c-Si as a function of RF power at H2=1 sccm. All these samples have been grown under conditions of full H2 depletion. The gas flow rates are SiF4/H2/Ar=3.6/1/88 sccm and the pressure is fixed at 3 Torr. ............................................................. Fig. 2.56 -Raman spectra for epi-layers grown for different H2 flow rates and at a fixed RF power of 15 W. The FWHM values have been extracted after fitting by Lorentz functions. The spectrum in red corresponds to a layer grown with H2 depletion at the transition, therefore under conditions C. ......... Fig. 2.57 -Raman spectrum around TO modes of a-Si:H and c-Si for epi-layers grown at 15 W with a H2 flow rate of 3 sccm (condition D). The FWHM values have been extracted after fitting by a Lorentz functions for the c-Si contribution and a Gauss function for the a-Si:H contribution. ............. Fig. 2.58 -Raman spectra in the Si-Hn stretching mode region obtained from epi-layers grown at different RF power values. Peaks at 2000 and 2100 cm -1 correspond to stretching modes of Si-H and Si-H2 bonds respectively. ................................................................................................................................ Fig. 2.59 -Deconvolution with Gaussians of Si-H and Si-H2 stretching modes for a RF power of 20 W (pRF=270 mW/cm 2 ). ............................................................................................................................... Fig. 2.60 -Raman spectra centered around 2000 cm -1 for the observation of stretching modes of Si-Hn bonds obtained from epi-layers grown for different H2 flow rates at a RF power of 15 W. ............................ Fig. 2.61a) Raman spectra centered around 2000 cm -1 for the observation of stretching modes of Si-Hn and b) around 2450 cm -1 in layers grown at 15 W with 3 sccm of H2. .........................................................

Fig. 3 . 1 -

 31 Fig. 3.1 -Representation of primary modes of thin film deposition: a) Volmer-Weber or island growth mode, b) Frank-van der Merwe or layer-by-layer growth mode and c) Stranski-Krastanov or layerplus-island growth mode [2]. ................................................................................................................. Fig. 3.2 -STM images of Fe layers (white) on Fe(001) (black) deposited by MBE and their corresponding RHEED beam intensity measurements for different sample temperatures: a) 20°, b) 180°C and c) 250°C [3]. The contrast depends on the film thickness: light regions are thicker than the dark ones. In c) Major changes in grey level indicate a monoatomic step. The STM images have been taken after 5 RHEED oscillations, represented by the black arrow in the RHEED plots. .............................. Fig. 3.3 -In situ evolution of the imaginary part of the pseudo-dielectric function at 3, 3.4 and 4.2 eV as a function of time during the initial phases of growth. The plasma is ignited at t=0s. Points A, B and C, corresponding to growth time of 12, 90 and 240 s respectively, represent specific stages of growth. The growth has been performed in Cluster. The SiF4, H2 and Ar flow rate are respectively 20, 3 and 300 sccm. The inter-electrode distance and pressure are fixed at 20 mm and 2.5 Torr. The RF power is 40 W (180 mW/cm 2 ), the substrate and RF electrode temperature are both fixed at 200°C. The deposition rate is 0.2 Å/s. The ellipsometer used for this in situ measurement is a Woollam M-2000. ................................................................................................................................. Fig. 3.4 -Simulated evolution of the imaginary part of the pseudo-dielectric function at a) 4.2 eV, 3.4 eV and b) 3 eV as a function of roughness for a mix composed of 50% of c-Si and 50% of void at 200°C. The vertical arrows correspond to the maximum variation Δεi(4.2eV)=-4.7, Δεi(3.4eV)=-3.2 and Δεi(3eV)=+1.8 measured by in situ ellipsometry in the initial stages of growth as shown in Fig. 3.3. The roughness values deduced from these drops do not match. ............................................. Fig. 3.5a) Simulated evolution of the imaginary part of the pseudo-dielectric function at 4.2, 3.4 and 3 eV for different substrate temperature. b) Simulated evolution of the imaginary part of the pseudodielectric function at 4.2, 3.4 and 3 eV for different thickness of a poly-Si layer deposited on a c-Si substrate at 200°C. In stage C: Δεi(4.2eV)=-3 and Δεi(3eV)=-1.5. ....................................................... Fig. 3.6 -Raman cross section measurement performed on a 4 µm epitaxial sample grown by PECVD from SiH4/H2 gas mixture [8]. In a) is represented the FWHM of the TO mode of c-Si and b) its position. The surface is positioned at 2 µm. The measurements have been performed on two areas on the sample (spots 1 and 2). c) SIMS profile of a 4 µm thick epitaxial sample grown on a p ++ wafer by PECVD from SiH4/H2 gas mixture and d) topography and surface potential mapping of a solar cell with a 5 µm thick epitaxial absorber grown on a p ++ wafer by PECVD from SiH4/H2 gas mixture [10]. The measurements are carried out by KPFM under frequency-modulated voltage bias for different frequencies. The analyzed region is the same for each frequency. ................................... Fig. 3.7 -HR-TEM images of the surface in cross section for initial stages of epitaxial growth on Si(100) substrates after an HF dip of 30 s. A, B and C images correspond to three different growth times represented by their respective point in the ellipsometry curve in Fig. 3.3. Process conditions are detailed in Fig. 3.3. Images: courtesy of F. Haddad .............................................................................. Fig. 3.8 -Evolution over time of ellipsometry signal (Δ) at 364 nm (3.4 eV) and LLS signal at 488 nm (2.54 eV) before and during initial stages of epitaxial growth by VPE at T°C=850°C (SiH4/H2 chemistry and p=0.1-1 Torr) for a) RCA cleaning and b) UV ozone cleaning prior to epitaxy [11]. The beginning of growth is represented by a black arrow and "Silane/SiH4 on". c) SIMS profiles of samples with epitaxy after RCA cleaning (AR) and after UV ozone cleaning (UV-O3) [15]. ............ Fig. 3.9a) Evolution of the imaginary part of the pseudo-dielectric function at 4.2 eV (εi(4.2eV)) as a function of time for two epitaxial growths performed on the same sample. b) Zoom in the initial stages of growth for the first epitaxy and c) the second epitaxy. ......................................................... Fig. 3.10a) Carbon map, b) silicon map and c) map combining contribution of both carbon (in green) and silicon (in red) obtained by EFTEM at the stage of maximum roughness on the c-Si substrate [1]. In a) and b) the higher intensity areas correspond to the areas with the higher concentration of the analyzed element. ................................................................................................................................ Fig. 3.11 -TEM and HR-TEM images obtained on TEM copper grids with carbon membrane for stages A, B and C. Bottom images are zoomed in the top images. These depositions on TEM grids have been carried out in the same respective run as those on c-Si and analyzed by HR-TEM (Fig. 3.7). ...........
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 4 Fig. 4.1a) H2 depletion and the related H2 consumption as a function of H2 flow rate for a substrate holder temperature (TSH) of 200°C and a RF electrode temperature (TRF) of 100°C and 200°C. The SiF4 and Ar flow rates are fixed at 20 and 300 sccm, respectively. Inter-electrode distance, pressure and RF power are respectively fixed at 20 mm, 2.5 Torr and 40 W. b) Evolution of the average deposition rate of a-Si:H on glass, for process conditions leading to epitaxy on a c-Si substrate, as a function of the inter-electrode distance. The H2 flow rate is fixed at 3 sccm, the rest of process conditions are the same as those used for a). ....................................................................................... Fig. 4.2a) Average crystalline, polycrystalline, b) amorphous and void fractions of epi-layers deduced from the modelling of ellipsometric spectra for different H2 flow rates, varied from 3 to 25 sccm. The SiF4 and Ar flow rates are fixed at 20 and 300 sccm, respectively. The inter-electrode distance is 20 mm and the pressure 2.5 Torr. The RF power is 40 W. .............................................................. Fig. 4.3 -Pseudo-dielectric function of epitaxial films deposited at different substrate temperatures. The temperature of the RF electrode is fixed at 200°C. The RF power is fixed at 40 W (180 mW/cm 2 ) and the SiF4, H2 and Ar flow rates are fixed at 20, 3 and 300 sccm respectively. ............................... Fig. 4.4a) Modeled evolution of the imaginary part of the pseudo-dielectric function at 3 eV (εi(3eV)) as a function of epi-layer thickness for different film compositions. b) Experimental results of the monitoring of εi(3eV)) during epitaxial growth. For this The SiF4,H2 and Ar flow rates are fixed to 20, 3 and 300 sccm respectively. The RF power is 40 W and the pressure 2.5 Torr. The interelectrode distance is 20 mm. ............................................................................................................... Fig. 4.5 -Imaginary part of the pseudo-dielectric function of epitaxial films grown with different PH3 flow rate. The measurements have been performed at the center of a quarter of 4" wafer. PH3 is diluted in H2 at a concentration of 0.1 %. The deposition time is 600s except for the sample at 3 Torr (900s)................................................................................................................................................... Fig. 4.6a) Evolution of the crystalline and polycrystalline fraction (Fc and Fp) and b) evolution of the amorphous and void fraction (Fa and Fvoid) deduced from ellipsometry measurements as functions of PH3 flow rate. The amplitude of error bars is the standard deviation of 5 measurements done on a quarter of a 4" wafer. ........................................................................................................................ Fig. 4.7a) Imaginary part of the pseudo-dielectric function measured at 5 points on a quarter of a 4" wafer for a film deposited at 60 W and 3 Torr. Each curve is labelled with symbols corresponding to the area represented on the quarter of wafer. The sheet resistance varies from 190 Ω to 300 Ω in the region where Fc+Fp>90%. ................................................................................................................... Fig. 4.8 -PP-TOFMS measurement performed on a phosphorus doped layer with a PH3 flow rate of 3 sccm at 2.5 Torr and 40 W. .......................................................................................................................... Fig. 4.9a) Average pseudo-dielectric function of boron-doped epi-layers obtained for different B2H6 flow rates from 0 to 3 sccm. b) Zoom on the Van Hove singularities at 3.4 and 4.2 eV. The RF power is 40W and the pressure is 2.5 Torr. SiF4 and Ar flow rates are respectively 20 and 300 sccm. ............ Fig. 4.10a) Evolution of crystalline (Fc) and polycrystalline (Fp) fractions deduced from ellipsometry spectra as functions of B2H6 flow rate. The RF power is 40 W and the pressure is 2.5 Torr. The error bar corresponds to the standard deviation calculated from 5 measurements on a quarter of a 4" wafer. Note that Fc+Fp=100 % whatever the B2H6 flow rate. b) Difference E2-E1 as a function of the B2H6 flow rate where E1 and E2 are the first (3.4 eV) and the second (4.2 eV) Van Hove singularities respectively. .................................................................................................................... Fig. 4.11a) Evolution of the position of the Van Hove singularities as functions of B2H6 flow rate at a) 3.4 eV and b) 4.2 eV. All spectra have ben normalized. ........................................................................... Fig. 4.12a) PP-TOFMS measurement performed on a highly boron-doped epi-layer for a diborane flow rate of 3 sccm. The IBR of boron for the reference silicon wafer with a boron concentration of 2.10 19 cm -3 is represented in green (IBRref=1.10 -5 ). Note that the IBR of oxygen is almost constant indicating that it corresponds to the background signal from the system. The RF power is 40 W and the pressure is 2.5 Torr. SiF4, B2H6 and Ar flow rates are respectively 20, 3 and 300 sccm. The H2 comes with the B2H6 diluted at 0.9%. ............................................................................................ Fig. 4.13a) HR-TEM image of a 50 nm thick boron-doped epi-layer grown with a 3 sccm diborane flow rate leading to a hole concentration of a few 10 19 cm -3 b) Diffraction pattern of the boron-doped epi-layer, which is identical to that of the substrate shown in c). This demonstrates that the film is

  10 19 cm -3 . .............. Fig. 4.17 -a) Variation of the doping concentration over a quarter of a 4" wafer. ............................................. Fig. 4.18 -3D design of the PECVD chamber (PL8 on the Cluster tool) and the resulting gas velocity streamlines for the existing shower head with 24 nozzles. .................................................................. Fig. 4.19 -Cross section of the modeled PECVD chamber (PL8 on the Cluster tool) and the resulting gas velocity streamlines for the initial shower head (24 nozzles). ............................................................. Fig. 4.20 -Gas velocity isovalues at the surface of the substrate ((XY) plane 2 cm above the shower head) for various nozzles density at 2.5 Torr and d=2cm. ............................................................................ Fig. 4.21 -Velocity vectors profile in cross section of the shower head for different nozzle densities.............. Fig. 4.22 -Evolution of the radial velocity as a function of the distance from the center of the shower head. .. Fig. 4.23a) Evolution of the deposition rate and b) the crystalline and polycrystalline fraction as a function of substrate temperature. The inter-electrode distance is 20 mm, the pressure 2.5 Torr, the RF power 40 W and SiF4/H2/Ar=50/4/500 sccm....................................................................................... Fig. 4.24a) Crystalline fraction (Fc) mapping and b) roughness (R) mapping deduced from ellipsometry measurements. Data points are represented by black dots (48 points). The crystalline fraction varies from 99% to 100% indicating the excellent homogeneity obtained in these conditions of growth, namely a pressure of 2 Torr, an inter-electrode distance of 30 mm, a RF power of 70 W (311 mW/cm 2 ) leading to a Vpl of 56 V, SiF4, H2 and Ar flow rates of 50, 4 and 500 sccm respectively.......................................................................................................................................... Fig. 4.25 -Experimental data of a ω/2θ scan for epi-layers grown at a RF power of 70 W (311 mW/cm 2 ) and 2 Torr and result of simulation for a 216 nm c-Si:H layer with a variation of lattice parameter in the direction of growth [001] with respect to that of the substrate (dc/c) of 0.048%. Pendellösung fringes indicate the spatial coherency of the epi-layer and allow to determine its thickness. This leads to a deposition rate of 1.2 Å/s for these conditions. ................................................................... Fig. 4.26 -Thickness mapping deduced from ellipsometry measurements. Data points are represented by black dots (48 points). The thickness of the epi-layer varies from 2090 Å to 3150 Å, for an average thickness of 2610 Å with a standard deviation of 330 Å. This leads to an average deposition rate around 1.5 Å/s. Process conditions of growth are detailed in Fig. 4.24. Note that the area with low thickness roughly matches with the position of the main gas entry, i.e. upstream the shower head. .. Fig. 4.27 -Mapping of Fc and R for different B2H6 flow rates under a pressure of 2 Torr and a RF power of 70 W. Data points are represented by black dots. No amorphous phase has been measured in these samples. ............................................................................................................................................... Fig. 4.28 -Mapping of Fc and R for different B2H6 flow rates under a pressure of 2 Torr and a RF power of 70 W. Data points are represented by black dots. No amorphous phase has been measured in these samples. ............................................................................................................................................... Fig. 4.29a) Evolution of Fc and R as a function of B2H6 flow rate. b) Evolution of the deposition rate as a function of B2H6 flow rate. Error bars are the standard deviation calculated from the 48 measurement points represented on the ellipsometry mappings above. ..............................................

Fig. 4 .

 4 Fig. 4.30a) Sheet resistance (Rsheet), crystalline fraction (Fc) and roughness (R) mappings for epi-layers grown under a pressure of 2 Torr, at 50 W (a),c),e)) and 60 W (b),d),f)). The B2H6 flow rate is fixed to 2 sccm. Fc and R are deduced from ellipsometry measurements. Data points are represented by black dots (48 points). The black circles in b),d) and f) represent the region in which the SIMS and ECV analyses have been carried out. No amorphous phase has been measured in these samples. The Rsheet are measured on as-deposited layers. ...................................................... Fig. 4.31a) Sheet resistance (Rsheet), crystalline fraction (Fc) and roughness (R) mappings for epi-layers grown under a pressure of 2 Torr, at 70 W (a),c),e)) and 90 W (b),d),f)). The B2H6 flow rate is fixed to 2 sccm. Fc and R are deduced from ellipsometry measurements. Data points are represented by black dots (48 points). No amorphous phase has been measured in these samples. The Rsheet are measured on as-deposited layers. .................................................................................. Fig. 4.32 -ω/2θ scans performed on epi-layers grown at 2 Torr under different conditions of RF power, namely 50 W (220 mW/cm 2 ), 60 W (266 mW/cm 2 ), 70 W (311 mW/cm 2 ) and 90 W (400 mW/cm 2 ). The growth conditions are shown in Table 4. .................................................................... Fig. 4.33 -Experimental data of a ω/2θ scan performed on epi-layers grown at a RF power of 70W (311 mW/cm 2 ) and 2 Torr and result of simulation for a c-Si:H layer of 145 nm with a variation of lattice parameter in the direction of growth [001] dc/c of 0.037% with respect to that of the substrate. Pendellösung fringes show the spatial coherency of the epi-layer and allow to determine its thickness. ........................................................................................................................................ Fig. 4.34 -Evolution of the FWHM and the variation of lattice parameter in growth direction [001] measured by XRD for epi-layers grown under different conditions of RF power. Up to 60 W the FWHM and the lattice parameter are the same as that measured on a FZ wafer. ................................ Fig. 4.35 -Rocking curves (ω scans) performed on epi-layers grown at 2 Torr under different conditions of RF power, namely 50 W (220 mW/cm 2 ), 60 W (266 mW/cm 2 ), 70 W (311 mW/cm 2 ) and 90 W (400 mW/cm 2 ). The detail of conditions is shown in Table 4. ............................................................Fig. 4.36a) SIMS profile and b) ECV profile obtained on as-deposited epi-layers grown at 60 W under a pressure of 2 Torr, an inter-electrode distance of 30 mm and SiF4/H2/Ar/B2H6=50/2/500/2 sccm. The deposition rate is 1.1 Å/s. ............................................................................................................. Fig. 4.37 -Rsheet mappings for epi-layers grown at 3 Torr and a RF power of a) 50 W and b) 90 W. FC mappings deduced from ellipsometry measurements (48 points) for c) 50 W and d) 90 W. Roughness mappings deduced from ellipsometry measurements (48 points) for e) 50 W and f) 90 W. No amorphous phase has been measured on these samples. The Rsheet are measured on asdeposited layers. .................................................................................................................................. Fig. 4.38 -ω/2θ scans performed on epi-layers grown at 3 Torr under different conditions of RF power, namely 50 W (220 mW/cm 2 ) and 90 W (400 mW/cm 2 ). The detail of conditions is shown in Table 5 . ......................................................................................................................................................... Fig. 4.39 -Rocking curves (ω scans) performed on epi-layers grown at 3 Torr under different conditions of RF power, namely 50 W (220 mW/cm 2 ) and 90 W (400 mW/cm 2 ). The detail of conditions is shown inTable 5. Two scans have been performed on the samples grown at 50 W, one in the low Rsheet region (≈120 Ω) and another in the high Rsheet region (≈600 Ω)................................................. Fig. 4.40 -Phi scan (azimuth angle variation) in GI-XRD at Bragg angle for the Si(111) diffraction. The blue curve corresponds to the low Rsheet region and the red curve to the high Rsheet region in mappings in Fig. 4.37-a)...................................................................................................................... Fig. 4.41 -Phi scan (azimuth angle variation) in GI-XRD at Bragg angle for the Si(-220) diffraction. The blue curve corresponds to the low Rsheet region and the red curve to the high Rsheet region in mappings in Fig. 4.37-a)...................................................................................................................... Fig. 4.42 -Cross section surface potential mapping obtained by KPFM for different frequencies of electrical bias obtained on low Rsheet region. A layer is recognizable between 2.5 and 3 µm by its lower surface potential than that of the substrate. The deposition time is 3600 s.......................................... Fig. 4.43a) SIMS profile b) ECV profile performed in the low Rsheet region. c) ECV profile obtained on the same layer after an annealing at 350°C during 10 min. The deposition time is 1800 s. The electrolyte used for ECV is composed of HCl at 0.5 mole/L and NH4HF at 0.1 mole/L. ...................
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 4 Fig. 4.30a) Sheet resistance (Rsheet), crystalline fraction (Fc) and roughness (R) mappings for epi-layers grown under a pressure of 2 Torr, at 50 W (a),c),e)) and 60 W (b),d),f)). The B2H6 flow rate is fixed to 2 sccm. Fc and R are deduced from ellipsometry measurements. Data points are represented by black dots (48 points). The black circles in b),d) and f) represent the region in which the SIMS and ECV analyses have been carried out. No amorphous phase has been measured in these samples. The Rsheet are measured on as-deposited layers. ...................................................... Fig. 4.31a) Sheet resistance (Rsheet), crystalline fraction (Fc) and roughness (R) mappings for epi-layers grown under a pressure of 2 Torr, at 70 W (a),c),e)) and 90 W (b),d),f)). The B2H6 flow rate is fixed to 2 sccm. Fc and R are deduced from ellipsometry measurements. Data points are represented by black dots (48 points). No amorphous phase has been measured in these samples. The Rsheet are measured on as-deposited layers. .................................................................................. Fig. 4.32 -ω/2θ scans performed on epi-layers grown at 2 Torr under different conditions of RF power, namely 50 W (220 mW/cm 2 ), 60 W (266 mW/cm 2 ), 70 W (311 mW/cm 2 ) and 90 W (400 mW/cm 2 ). The growth conditions are shown in Table 4. .................................................................... Fig. 4.33 -Experimental data of a ω/2θ scan performed on epi-layers grown at a RF power of 70W (311 mW/cm 2 ) and 2 Torr and result of simulation for a c-Si:H layer of 145 nm with a variation of lattice parameter in the direction of growth [001] dc/c of 0.037% with respect to that of the substrate. Pendellösung fringes show the spatial coherency of the epi-layer and allow to determine its thickness. ........................................................................................................................................ Fig. 4.34 -Evolution of the FWHM and the variation of lattice parameter in growth direction [001] measured by XRD for epi-layers grown under different conditions of RF power. Up to 60 W the FWHM and the lattice parameter are the same as that measured on a FZ wafer. ................................ Fig. 4.35 -Rocking curves (ω scans) performed on epi-layers grown at 2 Torr under different conditions of RF power, namely 50 W (220 mW/cm 2 ), 60 W (266 mW/cm 2 ), 70 W (311 mW/cm 2 ) and 90 W (400 mW/cm 2 ). The detail of conditions is shown in Table 4. ............................................................Fig. 4.36a) SIMS profile and b) ECV profile obtained on as-deposited epi-layers grown at 60 W under a pressure of 2 Torr, an inter-electrode distance of 30 mm and SiF4/H2/Ar/B2H6=50/2/500/2 sccm. The deposition rate is 1.1 Å/s. ............................................................................................................. Fig. 4.37 -Rsheet mappings for epi-layers grown at 3 Torr and a RF power of a) 50 W and b) 90 W. FC mappings deduced from ellipsometry measurements (48 points) for c) 50 W and d) 90 W. Roughness mappings deduced from ellipsometry measurements (48 points) for e) 50 W and f) 90 W. No amorphous phase has been measured on these samples. The Rsheet are measured on asdeposited layers. .................................................................................................................................. Fig. 4.38 -ω/2θ scans performed on epi-layers grown at 3 Torr under different conditions of RF power, namely 50 W (220 mW/cm 2 ) and 90 W (400 mW/cm 2 ). The detail of conditions is shown in Table 5 . ......................................................................................................................................................... Fig. 4.39 -Rocking curves (ω scans) performed on epi-layers grown at 3 Torr under different conditions of RF power, namely 50 W (220 mW/cm 2 ) and 90 W (400 mW/cm 2 ). The detail of conditions is shown inTable 5. Two scans have been performed on the samples grown at 50 W, one in the low Rsheet region (≈120 Ω) and another in the high Rsheet region (≈600 Ω)................................................. Fig. 4.40 -Phi scan (azimuth angle variation) in GI-XRD at Bragg angle for the Si(111) diffraction. The blue curve corresponds to the low Rsheet region and the red curve to the high Rsheet region in mappings in Fig. 4.37-a)...................................................................................................................... Fig. 4.41 -Phi scan (azimuth angle variation) in GI-XRD at Bragg angle for the Si(-220) diffraction. The blue curve corresponds to the low Rsheet region and the red curve to the high Rsheet region in mappings in Fig. 4.37-a)...................................................................................................................... Fig. 4.42 -Cross section surface potential mapping obtained by KPFM for different frequencies of electrical bias obtained on low Rsheet region. A layer is recognizable between 2.5 and 3 µm by its lower surface potential than that of the substrate. The deposition time is 3600 s.......................................... Fig. 4.43a) SIMS profile b) ECV profile performed in the low Rsheet region. c) ECV profile obtained on the same layer after an annealing at 350°C during 10 min. The deposition time is 1800 s. The electrolyte used for ECV is composed of HCl at 0.5 mole/L and NH4HF at 0.1 mole/L. ...................
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 4 Fig.4.44 -TEM image of the first 500 nm at the top of a sample for the low Rsheet region (process conditions: CR60803B in Table5). The black spot corresponds to the damaged area induced by the energetic electron used for the HR-TEM in this region of the sample. ............................................... Fig.4.45 -TEM image zoomed in the surface for the low Rsheet region (process conditions: CR60803B in Table5). A few nm high islands are observed everywhere on the surface of the analyzed sample. ... Fig. 4.46 -HR-TEM image at the surface of the low Rsheet region showing that the islands are perfectly monocrystalline. The height of islands at the surface of the sample varies from 5 to 10 nm. ............. Fig. 4.47a) Layers grown in Cluster on Si(111) substrates for substrate temperatures varying from 200°C to 300°C. Process conditions are: PRF= 40 W, p=2.5 Torr, d=20 mm, SiF4/H2/Ar=20/3/300 sccm, TRF=200°C. The growth time is 1800s. ............................................................................................... Fig. 4.48a) Layers grown in Cluster on Si(111) substrates for various H2 flow rate, pressure, RF power and deposition time. The substrate temperature is fixed at 300°C. Process conditions: d=20 mm, SiF4/H2/Ar=20/x/300 sccm, TRF=200°C. For black, red and blue curves the growth time is 1800s, and 7200s for the orange one. ............................................................................................................. Fig. 4.49a) Layers grown in Cluster on Si(111) substrates at 300°C with 3 sccm of B2H6. Process conditions are: PRF=60 W, p=3 Torr, d=20 mm, SiF4/H2/Ar/B2H6=50/0/500/3 sccm, TRF=200°C. The growth time is 14400s. ................................................................................................................. Fig. 4.50 -PC-calibrated PL imaging of an epi-layer grown at a) 2 Torr and b) 3 Torr. The process conditions are: SiF4/H2/Ar=50/4/500 sccm, d=30 mm, PRF=50 W, Ts/TRF=300/200°C. Substrates used are double side mirror polished intrinsic 4" FZ wafer. Layers are passivated with 10 nm of AlOx deposited at 200°C and annealed at 350°C for 5 min. The lifetime is measured at an injection level Dn=1.10 15 cm -3 . .......................................................................................................................... Fig. 4.51 -QSS-PC measurements performed at the center of intrinsic epi-layers grown at 2 and 3 Torr. The inset shows a zoom at Dn=10 15 cm -3 . The lifetime is measured on a 3 cm diameter disk. These QSS-PC measurements are performed with the BT Imaging tool, as a result the QSS-PC measurement is performed at one single wavelength. ......................................................................... Fig. 4.52 -Photoconductance-calibrated photoluminescence imaging of a) as deposited and b) annealed samples grown on DSP polished 4" n-type wafer with conditions CR60803B and double-side passivated with 20 nm of AlOx deposited at 250°C. The post-deposition annealing is carried out at 380°C during 20 min. .......................................................................................................................... Fig. 4.53 -QSS-PC measurements obtained on layers grown with conditions CR60803B and double-side passivated with 20 nm AlOx deposited at 250°C before and after an annealing at 380°C during 20 min....................................................................................................................................................... Fig. 4.54 -PC-calibrated PL images obtained on samples processed with conditions CR60803B on the front side of 6" chemically polished etch pre-cells with a n + diffused layer at the rear side. The front side is passivated with an AlOx(6 nm)/SiNx(70 nm) stack and the rear side with a 70 nm thick SiNx layer. In a) the thermal budget applied to the sample is the AlOx deposition at 250°C, the AlOx PDA at 375°C for 20 min and the SiNx deposition at 400°C. In b) in addition to this thermal budget, the thermal budget of the firing (2 min at 750°C) has been added. The values indicated below the PC-calibrated PL images have been measured by QSS-PC using a Sinton tool at the center of the wafers, the measurement area is 3 cm diameter. ............................................................ Fig. 4.55 -PC-calibrated PL images obtained on samples processed with conditions CR60803B on the front side of 6" wafers after saw damage removal (i.e. without chemical polishing). Both sides have been passivated with a 20 nm thick AlOx layer annealed at 375°C for 20 min. In a) the thermal budget applied to the sample is the AlOx deposition at 250°C and the AlOx PDA at 375°C for 20 min. In b) in addition to this thermal budget, the thermal budget of the firing (2 min at 750°C) has been added. The values indicated below the PC-calibrated PL images have been measured by QSS-PC using a Sinton tool at the center of the wafers, the measurement area is 3 cm diameter. ..... Fig. 5.1 -Ellipsometry spectrum of a polycrystalline silicon layer grown on a GaAs substrate at 200°C. This experiment has been carried out in Philix. The experimental data fit with a 100% poly-Si (large grains) and 310 nm thick layer. Process conditions: SiF4/H2/Ar=3.6/2/88, PRF=10 W, d=200 mm, p=3 Torr. The deposition rate is 3.2 Å/s. .............................................................................................
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 11 Fig. 1.1 -Global final energy mix and the estimated share of renewables in 2014 [2].
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 12 Fig. 1.2 -Global energy-related CO2 emissions by sector and regions expressed in giga tons (Gt), IEA, 2015 [5].
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 13 Fig. 1.3 -Estimates of life cycle greenhouse gas emissions for different electricity generation technologies (in g CO2eq/kWh) [8].
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 14 Fig. 1.4 -LCGGE for crystalline silicon and thin film based solar energy [15].
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 16 Fig. 1.6 -Evolution of the global cumulative installed PV capacity [18].
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 17 Fig. 1.7 -Learning curve of c-Si and thin film solar cells since 2006 [18].
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 18 Fig. 1.8 -Share of different technologies on the total PV production over the past 25 years [18].
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 19 Fig. 1.9 -Main architectures potentially implemented in industry. a) Aluminum back surface field structure b) p-type passivated emitter and rear contact c) p-type passivated emitter with rear locally diffused d) ntype passivated emitter, rear totally diffused.
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 110 Fig. 1.10 -Roadmap for the evolution of market shares for different c-Si technologies [33].
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 1 Fig. 1.11 -a) Process flow of the Si foil growth and detachment [63]. b) Thermal treatment applied to porous silicon for the surface preparation prior to epitaxy by APCVD [64].
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 1114 Fig.1.13 -a) SEM image of the two-phase layers, the BSG at the top is 200 nm thick and the BRL is the beneath 90 nm thick layer[46]. b) SIMS profile of boron emitters with BRL and reduced BRL (rBRL) obtained by in situ post oxidation from hot HNO3 followed by a HF dip[48].
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 115 Fig. 1.15 -SIMS profiles of shallow (green) and deep (sky blue) diffused emitters and shallow (red) and deep (blue) epitaxial emitters [50].
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 116 Fig. 1.16 -Effect of thermal budget for doped layers formation by APCVD processes on the bulk lifetime of a c-Si substrate. Data from [55].
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 117 Fig. 1.17 -Relative cost of ownership for emitter formation step based on BBr3 diffusion, APCVD and low temperature epitaxy by PECVD, as a function of the deposition rate for different n-PERT solar cell efficiencies.
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 118 Fig. 1.18 -Comparison of the minimum deposition rate required for the formation of emitter by PECVD to be cost competitive with diffusion (in red) and APCVD (in blue) as a function of solar cell efficiency. The black and green dashed lines represent the maximum deposition rate obtained so far by SiF4/H2/Ar and SiH4/H2 chemistry respectively.
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 2 Fig. 2.1 -a) Illustration of the principle of DC self-bias voltage for asymmetric discharge. b) Illustration of plasma potential (Vpl), excitation electrode voltage and DC self-bias voltage for three designs with DC and capacitive coupling [79].

Fig. 2 . 2 -

 22 Fig. 2.2 -Equivalent system of a CCP reactor with CB the blocking capacitor, AE the area of the RF electrode, AG the area of the grounded electrode, VRF the RF potential, Vpl the plasma potential, VE the potential between the RF electrode and the plasma (VE=VRF-Vpl). ZG and ZE are respectively the impedance of the sheath at the grounded and RF electrode, and AG and AE the area of the grounded and RF electrode.

Fig. 2 .

 2 Fig. 2.3 -a) Picture of Philix PECVD reactor with the residual gas analyzer (RGA) connected on the left b) Picture of opened Philix with the substrate holder at the bottom c) Picture of the RF electrode and the plasma box with openings for ellipsometry and OES.

Fig. 2 .

 2 Fig. 2.4 -a) Picture of the cluster tool with 6 PECVD chambers, the characterization chamber on the right, the sputtering chamber at the top left corner and the ITZ in the center. b) Inside of a PECVD chamber, the bottom electrode is the RF electrode (on this picture) and the top electrode (not shown here) is the substrate holder lying on the racks (on the left and right).

  4 eV and 4.2 eV which correspond to the Van Hove singularities of silicon. Fitting ellipsometry results with a model composed of different materials (c-Si, poly-Si, a-Si,…) provides information on the quality of the sample by extracting the fraction of each material. The model used for the characterization is shown in Fig. 2.5-b).

Fig. 2 .

 2 Fig. 2.5 -a) Imaginary part of the pseudo-dielectric function of c-Si, large and small grain poly-Si and a-Si. b) Model of the epitaxial layer grown on a c-Si substrate (semi-infinite medium) composed of an interface represented by a porous layer (50% of c-Si and 50% of void), a bulk composed of a mix of c-Si, poly-Si (large grain) and a-Si and a roughness also represented by a mix of 50% of c-Si and 50% of void.

Fig. 2 .

 2 Fig. 2.6 -a) Simulated imaginary part of the pseudo-dielectric function of c-Si for different roughness values. The roughness has been modeled as a mix of c-Si and void (50%/50%), the value R corresponds to the thickness of this layer b) Evolution of the imaginary part of the pseudo-dielectric function at 3.4 eV (black) and 4.2 eV (red) as a function of roughness.

Fig. 2 . 7 -

 27 Fig. 2.7 -Schematic of a PECVD reactor with associated characterization techniques: probes for self-bias voltage (VDC) and RF peak-to-peak voltage (VRF), an in situ ellipsometer, an optical emission spectroscopy (OES) system and a residual gas analyzer (RGA).

  -1 [61] (See Fig.2.8-a)) and comparing their full width at half maximum (FWHM). The properties of the films are further analyzed by studying the incorporation of hydrogen through the vibrational modes (stretch) of Si-H and Si-H2 at respectively 2000 and 2100 cm -1[59],[62]. An example of fit for the Raman spectrum of the stretching mode of Si-H and Si-H2 bonds in a µc-Si:H layer after epitaxy breakdown is shown in Fig.2.8-b).

Fig. 2 . 8 -

 28 Fig. 2.8 -a) Raman spectra for the TO mode of a bare c-Si wafer and a a-Si:H layer deposited on a c-Si wafer. Raman signals at 480 and 520 cm -1 correspond, respectively, to transverse optical (TO) modes of amorphous and crystalline silicon. Note that the acquisition time is three times higher for the a-Si:H layer than for the c-Si wafer. b) Raman spectra around the stretching mode of Si-H (2000 cm -1 ) and Si-H2 (2100 cm -1 ) groups for a Si layer after epitaxy breakdown.

Fig. 2 . 9 -

 29 Fig. 2.9 -Schematic of crystallographic planes and the Bragg's law.

Fig. 2 . 10 -

 210 Fig. 2.10 -Schematic of XRD setup with illustration of ω and θ angles and the k0 and kg wave vectors.

Fig. 2 .

 2 Fig.2.11 -Objectives of the ω/2θ scan (on the left) and ω scan (on the right). The ω/2θ aims to evaluate the difference of lattice parameter of the epitaxial layer with respect to that of the substrate. The ω scan assesses the mosaicity of the grown material and can be used to determine the dislocation density.

Fig. 2 . 12 -

 212 Fig. 2.12 -Representation of characteristic angles and vectors in the reciprocal space.

Fig. 2 . 13 -

 213 Fig. 2.13 -Principle of ω/2θ scan on the (004) planes shown in the reciprocal space. In that scan, θ varies in such a way that ∀ i, 2ωi=2θi, i.e ωi=θi.

Fig. 2 .

 2 Fig.2.15-a) and -b) show ω/2θ scans for LTE grown by RF-PECVD from SiH4/H2 gas mixtures. For Fig.2.15-a), Schwarzkopf et al.[28] have grown the layers at 400°C and for RF power of 100, 150 and 200 W, corresponding to RF power density of 310, 465 and 620 mW/cm 2 respectively. The values are relatively high compared to what we use (our power density is commonly around 200 mW/cm 2 ). In the case of low RF power (310 mW/cm 2 ) they achieve epi-layers with excellent structural properties. Indeed the peak of the layer and that of the substrate partially overlap, meaning that the lattice parameter of the epi-layer is very close to that of the substrate. The layer peak is only shifted by 0.05° with respect to that of the substrate. It also means that the in plane compressive strain is low in that case. To our knowledge this is the best result for an epitaxial layer in terms of structural properties reported in the literature.

Fig. 2 .

 2 Fig. 2.15 -a) ω/2θ scan for the (004) reflection on epitaxial layers grown at 400°C from SiH4/H2 chemistry for power density of 310, 465 and 620 mW/cm 2 [28] b) ω/2θ scan for the (004) reflection on epitaxial layers grown at LPICM at 200°C from SiH4/H2 chemistry [80].

  2.16 illustrates the representation in the reciprocal space of fully relaxed (in green) and fully strained (in red) epitaxial layers. As an example, Cariou et al. performed (004) and (224) RSM on 5.15 µm thick epi-layers grown around 200°C with the SiH4/H2 chemistry. Results are shown in Fig. 2.17. The (004) RSM (on the left)

Fig. 2 . 16 -

 216 Fig. 2.16 -Representation of fully relaxed and fully strained epitaxial films in the reciprocal space. Below is a zoom in the 224 point and the representation of the reciprocal space mapping (RSM) obtained from multiple ω/2θ scans with different ω at start. The green and red dots respectively features the position of a fully relaxed and fully strained films in the reciprocal space for the (224) orientation.

Fig. 2 . 17 -

 217 Fig. 2.17 -On the left: (004) RSM and on the right: (224) RSM of 5.15 µm epi-layers grown at 200°C. The low difference in Qx (ΔQx (224) = 4.10 -5 Å -1 ) for the (224) RSM indicates that the layer is strained.

Fig. 2 . 18 -

 218 Fig. 2.18 -Imaginary part of the pseudo-dielectric function for different H2 flow rates (1, 1.5 and 2 sccm) at a RF power of 10 W (pRF=130 mW/cm 2 ).

Fig. 2 . 19 -

 219 Fig. 2.19 -Imaginary part of the pseudo-dielectric function for different H2 flow rates (1, 2 and 3 sccm) at a RF power of 15 W (pRF=200 mW/cm 2 ). At H2=2 sccm a native oxide has grown before the measurement.

Fig. 2 . 21 -

 221 Fig. 2.21 -Example of measurement performed with the RGA. The partial pressure of each species is measured before and after ignition of the plasma. The hydrogen depletion is calculated from the values obtained by the RGA [51].

Fig. 2 .

 2 Fig. 2.22 shows the correlation between H2 depletion and crystalline fraction extracted from ellipsometry measurements by using the BEMA model described in Fig. 2.5.

Fig. 2 . 22 -

 222 Fig.2.22 -Evolution of H2 depletion as a function of H2 flow rate for a RF power of 10 and 15 W, corresponding to a power density of respectively 130 and 200 mW/cm 2 . We can identify two regimes: the epitaxial growth regime corresponding to the full depletion (>85%) of H2 and the microcrystalline growth regime for which the H2 depletion is not full.

Fig. 2 . 23 -

 223 Fig. 2.23 -Mapping of H2 depletion at given pressure and inter-electrode distance (3 Torr, 2 cm) as a function of the RF power and the H2 flow rate. Black dots represent the experimental data.

Fig. 2 . 24 -

 224 Fig.2.24 -Illustration of the influence of H2 flow rate on the evolution of material properties at a given RF power.

Fig. 2 . 26 -

 226 Fig. 2.26 -Ellipsometry spectra for H2=1 sccm and for various RF power values. The SiF4 flow rate and pressure are fixed to 3.6 sccm and 3 Torr respectively. By increasing the RF power from 5 W to 25 W, the film goes from amorphous to epitaxial to microcrystalline. b) Evolution of the mono-and polycrystalline fraction as a function of RF power. The transition occurs for a plasma potential between 54 V and 58 V.

Fig. 2 . 25 -

 225 Fig. 2.25 -Evolution of the imaginary part of the pseudo-dielectric function at 4.2 eV as a function of power and related plasma potential Vpl. Flow rates are kept constant: SiF4/H2/Ar =3.6/1.5/88 sccm and p=3 Torr.

Fig. 2 . 27 -

 227 Fig. 2.27 -Imaginary part of the pseudo-dielectric function for a RF power of 20 W (pRF=267 mW/cm 2 ) and H2=2 sccm.

Fig. 2 . 28 -

 228 Fig. 2.28 -Process conditions for epitaxy considering ellipsometry results taking into account H2 depletion and plasma potential threshold for a given pressure (3 Torr) and SiF4 flow rate (3.6 sccm). The points A, B, C and D correspond to specific process conditions studied in detail in the next section by advanced characterizations.

Fig. 2 . 29 -

 229 Fig. 2.29 -In situ evolution of εi(4.2eV) for different conditions of total pressure. PRF=15 W (200 mW/cm 2 ) and SiF4/H2/Ar=3.6/1/88 sccm.
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 231 Fig. 2.31 -Topographic images obtained by AFM of a FZ wafer and an epitaxial layer for condition A with scan area of 2x2 µm 2 , 5x5 µm 2 and 10x10 µm 2 .

Fig. 2 .

 2 Fig. 2.32 -a) HR-TEM image of a 750 nm thick epi-layer grown at PRF=10 W and 1 sccm of H2 (condition A). b) Zoom in the surface region of the epi-layer. The growth rate is 0.6 Å/s.

Fig. 2 . 34 -

 234 Fig. 2.34 -Zoom in the interface region by HR-TEM between the Si(100) substrate and the epitaxial layers of the same sample as Fig. 2.33 and their associated diffraction patterns.

Fig. 2 .

 2 Fig. 2.35 -a) Low resolution TEM image of the interface and b) surface region for PRF=15 W (200 mW/cm 2 ) and H2=2 sccm. In both regions H2 platelets and {111} dislocations are visible. The formation of platelets is consistent with the conditions of relatively high H2 flow rate. The growth rate is 1.4 Å/s.

Fig. 2 .

 2 Fig. 2.36 -a) Low resolution TEM image of a film grown at 15 W and 3 sccm of H2 (condition D). Three phases are distinguishable, a first one of epitaxial growth, a second one of twinned monocrystal growth and a third one of a mix between a-Si:H/µc-Si:H b) Zoom in the interface region and the transition between the first phase (epi-Si) and the second one (twinning) after 50 nm of growth. The growth rate is 4.4 Å/s.

Fig. 2 .

 2 Fig. 2.37 -a) Low resolution TEM image of a film grown at 20 W and 1 sccm of H2, corresponding to condition B. Three phases are distinguishable, a first one of epitaxial growth, a second one of twinning formation and a third one of µc-Si:H deposition b) Zoom around the interface and the transition between the first phase (epi-Si) and the second one (twins) after 150 nm of growth. The growth rate is 0.7 Å/s.

Fig. 2 . 38 -

 238 Fig. 2.38 -TEM image of epi-layers grown at 20 W and 2 sccm of H2 at two different regions on the sample. The growth rate is 1.5 Å/s.

Fig. 2 .

 2 Fig. 2.39 -a) Zoom in the first phase of growth (defective epitaxy) obtained by HR-TEM revealing a high concentration of twins in the layer. b) Associated diffraction pattern showing the monocrystallinity of the film and confirming the presence of twins.

Fig. 2 .

 2 Fig. 2.40 -a) Normalized ω/2θ scan on (004) and b) rocking curve on (004) for a wafer and good quality epitaxy in conditions A.

Fig. 2 .

 2 Fig. 2.41 -Normalized ω/2θ scan of (004) diffraction for growth conditions A, B and C, namely low H2 flow rate/low RF power (10 W, H2=1 sccm), low H2 flow rate/high RF power (20 W, H2=1 sccm) and a higher H2 flow rate/moderate RF power (15W, H2=2 sccm).
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 242 Fig. 2.42 -RSM on (004) planes for a <100> oriented silicon wafer used as reference. The light stain at the top left of the diffraction peak is a measurement artefact.

Fig. 2 . 43 -

 243 Fig. 2.43 -RSM on (004) planes for epi-layers grown with conditions A (low power and low H2 flow rate).

Fig. 2 . 44 -

 244 Fig. 2.44 -RSM of (004) planes for epi-layers grown with conditions B (high power and low H2 flow rate).

Fig. 2 .

 2 Fig. 2.46 shows the RSM on (224) planes for a bare FZ wafer used as a reference for comparison. Once again, measurement artefacts are observed. The same extra spot is observed for which a reduction of the slit size can avoid this effect but again it strongly affects the flux.

Fig. 2 . 45 -

 245 Fig. 2.45 -RSM of (004) planes for epi-layers grown with conditions C (H2=2 sccm).

Fig. 2 . 46 -

 246 Fig. 2.46 -RSM of (224) planes for a <100> oriented silicon wafer used as reference.

Fig. 2 . 47 -

 247 Fig. 2.47 -RSM of (224) planes for epi-layers grown with conditions B (high power and low H2 flow rate).

Fig. 2 . 48 -

 248 Fig. 2.48 -RSM of (004) planes for epi-layers grown with conditions C (H2=2 sccm).

Fig. 2 . 49 -

 249 Fig. 2.49 -Representation of the stereographic projection and associated angles ψ and φ. b) (111) pole figure of a <100> diamond film with primary orientations (in red), first order twinnings (in blue) and second order twinnings (in grey)[START_REF] Silva | Maitrise dela croissance et de la texture de films de diamant polycristallins, réalisés par dépôt chimique en phase vapeur assisté par plasma micro-onde[END_REF]. For a perfect monocrystal, only (111) planes at ψ=54.7° (primary orientation) must be observed.

  .49-a). It consists of the representation of the stereographic projection of the diffracted planes for a given crystallographic orientation on a same figure, as a function of ψ (tilt) and φ (azimuth). The (111) pole figure of a <100> oriented film is shown in Fig. 2.49-b) illustrating the 4 (111) planes (in red) and the possible position of the first and second order twins in such a film [72]. Due to the absence of twinning in a perfect FZ wafer no other diffraction peaks that the primary orientations at ψ=54.7°, the 4 (111) planes, should be observed on a (111) pole figure. A (111) pole figure has been performed on layers obtained under conditions C (Fig. 2.50). The absence of extra spots confirms the fact that no twins are formed in these conditions, as observed by TEM. Comparatively, a pole figure on epitaxial layers in conditions B has been performed for ψ ϵ [0;20°] and [70;85°], results are shown in Fig. 2.51. The 4 spots around ψ=15° (Fig. 2.51-a)) and the 8 spots around ψ=80° (Fig. 2.51-b)) are characteristic of first order twinning. However no second order twinning has been observed in these layers.When process conditions are in conditions D (15 W, H2=3 sccm), i.e. out of the full H2 depletion region, we have seen that after a few tens of nanometers a twinning-induced epitaxy breakdown occurs (Fig.2.36). This observation is also confirmed by the (111) pole figure performed on this sample as shown in Fig.2.52. The presence of the 4 spots around ψ=15° and the 8 spots around ψ=80° highlights the formation of twins in the layer.

Fig. 2 .

 2 Fig. 2.50 -a) Partial (111) pole figure (ψ ϵ [50;60°]) of a <100> oriented FZ silicon wafer b) (111) pole figure of the <100> oriented film grown in conditions C. The 4 (111) primary orientations are present but no extra spots are observable indicating the absence of twins in these conditions.

Fig. 2 .

 2 Fig. 2.51 -a) (111) pole figure of a <100> epitaxial Si film grown in process conditions B for ψ between 0° and 20°. b) (111) pole figure of a <100> epitaxial Si film grown in process conditions B for ψ between 70° and 85°. Both pole figures are done for φ varied from 0° to 360°.

Fig. 2 .

 2 Fig. 2.52 -a) (111) pole figure of a <100> epitaxial Si film grown in conditions D for ψ between 0° and 20°. b) (111) pole figure of a <100> epitaxial Si film grown under low depletion conditions for ψ between 70° and 85°. Both pole figures are done for φ varied from 0° to 360°.

Fig. 2 . 53 -

 253 Fig. 2.53 -Comparison of high quality epitaxy (process conditions A) Raman spectrum and that of a <100> c-Si FZ wafer. Spectra have been normalized for a better comparison. FWHM values are extracted from fitting with a Lorentz function. As shown, both peaks excellently fit with a Lorentz function. The position of both peaks is 521.5 cm -1 .

Fig. 2 .

 2 Fig. 2.54 -a) Raman spectra for a constant H2 flow rate of 1 sccm and various values of PRF b) Zoom in the Raman peak of c-Si around 520 cm -1 c) Zoom in the spectra at a Raman shift around 500 cm -1 highlighting the hump at 497 cm -1 .
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 255 Fig. 2.55 -Evolution of the FWHM of TO mode of c-Si as a function of RF power at H2=1 sccm. All these samples have been grown under conditions of full H2 depletion. The gas flow rates are SiF4/H2/Ar=3.6/1/88 sccm and the pressure is fixed at 3 Torr.

Fig. 2 . 56 -

 256 Fig. 2.56 -Raman spectra for epi-layers grown for different H2 flow rates and at a fixed RF power of 15 W. The FWHM values have been extracted after fitting by Lorentz functions. The spectrum in red corresponds to a layer grown with H2 depletion at the transition, therefore under conditions C.

Fig. 2 . 57 -

 257 Fig. 2.57 -Raman spectrum around TO modes of a-Si:H and c-Si for epi-layers grown at 15 W with a H2 flow rate of 3 sccm (condition D). The FWHM values have been extracted after fitting by a Lorentz function for the c-Si contribution and a Gauss function for the a-Si:H contribution.
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 258 Fig. 2.58 -Raman spectra in the Si-Hn stretching mode region obtained from epi-layers grown at different RF power values. Peaks at 2000 and 2100 cm -1 correspond to stretching modes of Si-H and Si-H2 bonds respectively.

Fig. 2 . 59 -

 259 Fig. 2.59 -Deconvolution with Gaussians of Si-H and Si-H2 stretching modes for a RF power of 20 W (pRF=270 mW/cm 2 ).

Fig. 2 .

 2 Fig. 2.61 -a) Raman spectra centered around 2000 cm -1 for the observation of stretching modes of Si-Hn and b) around 2450 cm -1 in layers grown at 15 W with 3 sccm of H2.
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 31 Fig. 3.1 -Representation of primary modes of thin film deposition: a) Volmer-Weber or island growth mode, b) Frank-van der Merwe or layer-by-layer growth mode and c) Stranski-Krastanov or layer-plus-island growth mode [2].

Fig. 3 . 2 -

 32 Fig. 3.2 -STM images of Fe layers (white) on Fe(001) (black) deposited by MBE and their corresponding RHEED beam intensity measurements for different sample temperatures: a) 20°, b) 180°C and c) 250°C [3]. The contrast depends on the film thickness: light regions are thicker than the dark ones. In c) major changes in grey level indicate a monoatomic step. The STM images have been taken after 5 RHEED oscillations, represented by the black arrow in the RHEED plots.

Fig. 3 . 3 -

 33 Fig. 3.3 -In situ evolution of the imaginary part of the pseudo-dielectric function at 3, 3.4 and 4.2 eV as a function of time during the initial phases of growth. The plasma is ignited at t=0s. Points A, B and C, corresponding to growth time of 12, 90 and 240 s respectively, represent specific stages of growth. The growth has been performed in Cluster. The SiF4, H2 and Ar flow rate are respectively 20, 3 and 300 sccm. The inter-electrode distance and pressure are fixed at 20 mm and 2.5 Torr. The RF power is 40 W (180 mW/cm 2 ), the substrate and RF electrode temperature are both fixed at 200°C. The deposition rate is 0.2 Å/s. The ellipsometer used for this in situ measurement is a Woollam M-2000.

  3.4 are shown simulation results of the evolution of the imaginary part of the pseudo-dielectric function at 4.2 eV, 3.4 eV (Fig. 3.4-a)) and 3 eV (Fig. 3.4-b)) as a function of roughness for a mix composed of 50% of c-Si and 50% of void. Note that the choice of this mix is a strong assumption and can be restrictive for the simulated values but for different mixes the trends remain the same, the effect of roughness on εi(4.2eV) is much stronger than on εi(4.2eV). The substrate and the layer representing the roughness, are both fixed at 200°C. For that, a temperature dependent model is used. In this graph are reported the drop of εi(4.2eV), εi(3.4eV) and εi(3eV) measured by in situ ellipsometry during the initial stages of growth as shown in Fig. 3.3.

Fig. 3 . 4 -

 34 Fig. 3.4 -Simulated evolution of the imaginary part of the pseudo-dielectric function at a) 4.2 eV, 3.4 eV and b) 3 eV as a function of roughness for a mix composed of 50% of c-Si and 50% of void at 200°C. The vertical arrows correspond to the maximum variation Δεi(4.2eV)=-4.7, Δεi(3.4eV)=-3.2 and Δεi(3eV)=+1.8 measured by in situ ellipsometry in the initial stages of growth as shown in Fig. 3.3. The roughness values deduced from these drops do not match.
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 35 Fig. 3.5 -a) Simulated evolution of the imaginary part of the pseudo-dielectric function at 4.2, 3.4 and 3 eV for different substrate temperature. b) Simulated evolution of the imaginary part of the pseudo-dielectric function at 4.2, 3.4 and 3 eV for different thickness of a poly-Si layer deposited on a c-Si substrate at 200°C. In stage C: Δεi(4.2eV)=-3 and Δεi(3eV)=-1.5.
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 36 Fig.3.6 -Raman cross section measurement performed on a 4 µm epitaxial sample grown by PECVD from SiH4/H2 gas mixture[8]. In a) is represented the FWHM of the TO mode of c-Si and b) its position. The surface is positioned at 2 µm. The measurements have been performed on two areas on the sample (spots 1 and 2). c) SIMS profile of a 4 µm thick epitaxial sample grown on a p ++ wafer by PECVD from SiH4/H2 gas mixture and d) topography and surface potential mapping of a solar cell with a 5 µm thick epitaxial absorber grown on a p ++ wafer by PECVD from SiH4/H2 gas mixture[10]. The measurements are carried out by KPFM under frequency-modulated voltage bias for different frequencies. The analyzed region is the same for each frequency.

  3.3 by the points labelled A, B and C, have been analyzed by HR-TEM. The images are shown in Fig. 3.7.

Fig. 3 . 7 -

 37 Fig. 3.7 -HR-TEM images of the surface in cross section for initial stages of epitaxial growth on a Si(100) substrate after an HF dip of 30 s. A, B and C images correspond to three different growth times represented by their respective point in the ellipsometry curve in Fig. 3.3. Process conditions are detailed in Fig. 3.3. Images: courtesy of F. Haddad
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 38 Fig. 3.8 -Evolution over time of ellipsometry signal (Δ) at 364 nm (3.4 eV) and LLS signal at 488 nm (2.54 eV) before and during initial stages of epitaxial growth by VPE at T°C=850°C (SiH4/H2 chemistry and p=0.1-1 Torr) for a) RCA cleaning and b) UV ozone cleaning prior to epitaxy[11]. The beginning of growth is represented by a black arrow and "Silane/SiH4 on". c) SIMS profiles of samples with epitaxy after RCA cleaning (AR) and after UV ozone cleaning (UV-O3)[15].

Fig. 3 . 9 -

 39 Fig. 3.9 -a) Evolution of the imaginary part of the pseudo-dielectric function at 4.2 eV (εi(4.2eV)) as a function of time for two epitaxial growths performed on the same sample. b) Zoom in the initial stages of growth for the first epitaxy and c) the second epitaxy.

Fig. 3 .

 3 Fig. 3.10 -a) Carbon map, b) silicon mapand c) map combining contribution of both carbon (in green) and silicon (in red) obtained by EFTEM at the stage of maximum roughness on the c-Si substrate[1]. In a) and b) the higher intensity areas correspond to the areas with the higher concentration of the analyzed element.
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 311 Fig. 3.11 -TEM and HR-TEM images obtained on TEM copper grids with carbon membrane for stages A, B and C. Bottom images are zoomed in the top images. These depositions on TEM grids have been carried out in the same respective run as those on c-Si and analyzed by HR-TEM (Fig. 3.7).

Fig. 4 . 1 -

 41 Fig. 4.1 -a) H2 depletion and the related H2 consumption as a function of H2 flow rate for a substrate holder temperature (TSH) of 200°C and a RF electrode temperature (TRF) of 100°C and 200°C. The SiF4 and Ar flow rates are fixed at 20 and 300 sccm, respectively. Inter-electrode distance, pressure and RF power are respectively fixed at 20 mm, 2.5 Torr and 40 W. b) Evolution of the average deposition rate of a-Si:H on glass, for process conditions leading to epitaxy on a c-Si substrate, as a function of the inter-electrode distance. The H2 flow rate is fixed at 3 sccm, the rest of process conditions are the same as those used for a).

Fig. 4 . 2 -

 42 Fig. 4.2 -a) Average crystalline, polycrystalline, b) amorphous and void fractions of epi-layers deduced from the modelling of ellipsometric spectra for different H2 flow rates, varied from 3 to 25 sccm. The SiF4 and Ar flow rates are fixed at 20 and 300 sccm, respectively. The inter-electrode distance is 20 mm and the pressure 2.5 Torr. The RF power is 40 W.

Fig. 4 . 3 -

 43 Fig. 4.3 -Pseudo-dielectric function of epitaxial films deposited at different substrate temperatures. The temperature of the RF electrode is fixed at 200°C. The RF power is fixed at 40 W (180 mW/cm 2 ) and the SiF4, H2 and Ar flow rates are fixed at 20, 3 and 300 sccm respectively.

  4.1b).

Fig. 4 .

 4 Fig. 4.4-b) also shows that in case of epitaxial growth by PECVD the behavior of εi(3eV) is different at the beginning of growth. Instead of decreasing, εi(3eV) quickly increases which might be interpreted as the deposition of amorphous silicon at the beginning of the growth, as observed in Fig.4.4-a), but this explanation is unsatisfactory. Indeed, this abrupt change of εi(3eV) correlates with the drop of εi(4.2eV) previously explained in Chapter 3 and is therefore associated to an increase of the roughness in the early stages of epitaxial growth. In these conditions, the fitting of the ellipsometry spectrum at 200°C, shows an increase of the sample roughness up to 10 Å during the early stages of growth.

Fig. 4 .

 4 Fig. 4.4 -a) Modeled evolution of the imaginary part of the pseudo-dielectric function at 3 eV (εi(3eV)) as a function of epi-layer thickness for different film compositions. b) Experimental results of the monitoring of εi(3eV)) during epitaxial growth.The SiF4,H2 and Ar flow rates are fixed to 20, 3 and 300 sccm respectively. The RF power is 40 W and the pressure 2.5 Torr. The inter-electrode distance is 20 mm.

Fig. 4 . 5 -

 45 Fig. 4.5 -Imaginary part of the pseudo-dielectric function of epitaxial films grown with different PH3 flow rates. The measurements have been performed at the center of a quarter of 4" wafer. PH3 is diluted in H2 at a concentration of 0.1 %. The deposition time is 600s except for the sample at 3 Torr (900s).
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 46 Fig. 4.6 -a) Evolution of the crystalline and polycrystalline fraction (Fc and Fp) and b) evolution of the amorphous and void fraction (Fa and Fvoid) deduced from ellipsometry measurements as functions of PH3 flow rate. The amplitude of error bars is the standard deviation of 5 measurements done on a quarter of a 4" wafer.

Fig. 4 .

 4 Fig. 4.7 -a) Imaginary part of the pseudo-dielectric function measured at 5 points on a quarter of a 4" wafer for a film deposited at 60 W and 3 Torr. Each curve is labelled with symbols corresponding to the area represented on the quarter of wafer. The sheet resistance varies from 190 Ω to 300 Ω in the region where Fc+Fp>90%.
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 48 Fig. 4.8 -PP-TOFMS measurement performed on a phosphorus doped layer with a PH3 flow rate of 3 sccm at 2.5 Torr and 40 W.

Fig. 4 .

 4 Fig. 4.9 -a) Average pseudo-dielectric function of boron-doped epi-layers obtained for different B2H6 flow rates from 0 to 3 sccm. b) Zoom on the Van Hove singularities at 3.4 and 4.2 eV. The RF power is 40 W and the pressure is 2.5 Torr. SiF4 and Ar flow rates are respectively 20 and 300 sccm.

Fig. 4 .

 4 Fig. 4.10 -a) Evolution of crystalline (Fc) and polycrystalline (Fp) fractions deduced from ellipsometry spectra as functions of B2H6 flow rate. The RF power is 40 W and the pressure is 2.5 Torr. The error bar corresponds to the standard deviation calculated from 5 measurements on a quarter of a 4" wafer. Note that Fc+Fp=100 % whatever the B2H6 flow rate. b) Difference E2-E1 as a function of the B2H6 flow rate where E1 and E2 are the first (3.4 eV) and the second (4.2 eV) Van Hove singularities respectively.

Fig. 4 .

 4 Fig. 4.11 -a) Evolution of the position of the Van Hove singularities as functions of B2H6 flow rate at a) 3.4 eV and b) 4.2 eV. All spectra have ben normalized.

Fig. 4 .

 4 Fig.4.12 -a) PP-TOFMS measurement performed on a highly boron-doped epi-layer for a diborane flow rate of 3 sccm. The IBR of boron for the reference silicon wafer with a boron concentration of 2.10 19 cm -3 is represented in green (IBRref=1.10 -5 ). Note that the IBR of oxygen is almost constant indicating that it corresponds to the background signal from the system. The RF power is 40 W and the pressure is 2.5 Torr. SiF4, B2H6 and Ar flow rates are respectively 20, 3 and 300 sccm. The H2 comes with the B2H6 diluted at 0.9%.
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Fig. 4 .

 4 Fig.4.13 -a) HR-TEM image of a 50 nm thick boron-doped epi-layer grown with a 3 sccm diborane flow rate leading to a hole concentration of a few 10 19 cm -3 b) Diffraction pattern of the boron-doped epi-layer, which is identical to that of the substrate shown in c). This demonstrates that the film is in perfect epitaxial relationship with the substrate. The RF power is 40 W (180 mW.cm -2 ) and the pressure is 2.5 Torr. SiF4, B2H6 and Ar flow rates are respectively 20, 3 and 300 sccm.

Fig. 4 .

 4 Fig. 4.14 -a) HR-TEM image of the interface between a highly boron-doped layer (p>10 19 cm -3 ) and the substrate, a Si(100) wafer.

Fig. 4 .

 4 Fig. 4.15 -a) XRD measurement in ω/2θ configuration for (400) planes of a bare c-Si wafer, highly borondoped epi-layers (p >10 19 cm -3 ) and a layer after epitaxy breakdown. b) Rocking curve of a bare c-Si wafer and of highly boron-doped epi-layers for (400) planes. FWHM values are equivalent showing a low mosaicity in the epi-layers. The number of counts has been normalized for every scan. The small peak at 34.60° is an artefact due to the detector.

Fig. 4 .

 4 Fig. 4.16 -a) Influence of the boron concentration on the boron-doped crystal lattice parameter a0. Data are extracted from Horn, 1955[15] andCelotti, 1974 [16]. A linear behavior is observed up to a B concentration of 2.25×10 20 cm -3[16]. The blue arrows represent the instrumental limit of the diffractometer used for our experiments, it correspond to a shift of 1.10 -3 Å with respect to the lattice parameter measured in lowly doped Si wafers for both references. The green arrows show the corresponding B concentration measurable with our diffractometer, namely above 3.10 19 cm -3 .

Fig. 4 .

 4 Fig. 4.17 -a) Variation of the doping concentration over a quarter of a 4" wafer.

Fig. 4 .

 4 Fig.4.20 represents for these different numbers of nozzles in the shower head, the gas velocity isovalues at the surface of the substrate, i.e 2 cm above the shower head. The projection of the nozzles pattern of the shower head on the substrate is clearly visible, the diameter of the spots on the pattern

Fig. 4 . 18 -

 418 Fig. 4.18 -3D design of the PECVD chamber (PL8 on the Cluster tool) and the resulting gas velocity streamlines for the existing shower head with 24 nozzles.

Fig. 4 . 19 -

 419 Fig. 4.19 -Cross section of the modeled PECVD chamber (PL8 on the Cluster tool) and the resulting gas velocity streamlines for the initial shower head (24 nozzles).

Fig. 4 . 20 -

 420 Fig.4.20 -Gas velocity isovalues at the surface of the substrate ((XY) plane 2 cm above the shower head) for various nozzles density at 2.5 Torr and d=2cm.

Fig. 4 . 21 -

 421 Fig. 4.21 -Velocity vectors profile in cross section of the shower head for different nozzle densities.

Fig. 4 . 22 -

 422 Fig. 4.22 -Evolution of the radial velocity as a function of the distance from the center of the shower head.

Fig. 4 .

 4 Fig. 4.23 -a) Evolution of the deposition rate and b) the crystalline and polycrystalline fraction as a function of substrate temperature. The inter-electrode distance is 20 mm, the pressure 2.5 Torr, the RF power 40 W and SiF4/H2/Ar=50/4/500 sccm.

Fig. 4 .

 4 Fig. 4.24 -a) Crystalline fraction (Fc) mapping and b) roughness (R) mapping deduced from ellipsometry measurements. Data points are represented by black dots (48 points). The crystalline fraction varies from 99% to 100% indicating the excellent homogeneity obtained in these conditions of growth, namely a pressure of 2 Torr, an inter-electrode distance of 30 mm, a RF power of 70 W (311 mW/cm 2 ) leading to a Vpl of 56 V, SiF4, H2 and Ar flow rates of 50, 4 and 500 sccm respectively.

Fig. 4 . 25 -

 425 Fig.4.25 -Experimental data of a ω/2θ scan for epi-layers grown at a RF power of 70 W (311 mW/cm 2 ) and 2 Torr and result of simulation for a 216 nm c-Si:H layer with a variation of lattice parameter in the direction of growth [001] with respect to that of the substrate (dc/c) of 0.048%. Pendellösung fringes indicate the spatial coherency of the epi-layer and allow to determine its thickness. This leads to a deposition rate of 1.2 Å/s for these conditions.

Fig. 4 . 26 -

 426 Fig. 4.26 -Thickness mapping deduced from ellipsometry measurements. Data points are represented by black dots (48 points). The thickness of the epi-layer varies from 2090 Å to 3150 Å, for an average thickness of 2610 Å with a standard deviation of 330 Å. This leads to an average deposition rate around 1.5 Å/s. Process conditions of growth are detailed in Fig. 4.24. Note that the area with low thickness roughly matches with the position of the main gas entry, i.e. upstream the shower head.

Fig. 4 . 27 -

 427 Fig. 4.27 -Mapping of Fc and R for different B2H6 flow rates under a pressure of 2 Torr and a RF power of 70 W. Data points are represented by black dots. No amorphous phase has been measured in these samples.

Fig. 4 . 28 -

 428 Fig. 4.28 -Mapping of Fc and R for different B2H6 flow rates under a pressure of 2 Torr and a RF power of 70 W. Data points are represented by black dots. No amorphous phase has been measured in these samples.

Fig. 4 .

 4 Fig. 4.29 -a) Evolution of Fc and R as a function of B2H6 flow rate. b) Evolution of the deposition rate as a function of B2H6 flow rate. Error bars are the standard deviation calculated from the 48 measurement points represented on the ellipsometry mappings above.

Fig. 4 .

 4 Fig. 4.30 -a) Sheet resistance (Rsheet), crystalline fraction (Fc) and roughness (R) mappings for epi-layers grown under a pressure of 2 Torr, at 50 W (a),c),e)) and 60 W (b),d),f)). The B2H6 flow rate is fixed to 2 sccm. Fc and R are deduced from ellipsometry measurements. Data points are represented by black dots (48 points). The black circles in b),d) and f) represent the region in which the SIMS and ECV analyses have been carried out. No amorphous phase has been measured in these samples. The Rsheet are measured on asdeposited layers.

Fig. 4 .

 4 Fig. 4.31 -a) Sheet resistance (Rsheet), crystalline fraction (Fc) and roughness (R) mappings for epi-layers grown under a pressure of 2 Torr, at 70 W (a),c),e)) and 90 W (b),d),f)). The B2H6 flow rate is fixed to 2 sccm. Fc and R are deduced from ellipsometry measurements. Data points are represented by black dots (48 points). No amorphous phase has been measured in these samples. The Rsheet are measured on asdeposited layers.

Fig. 4 .

 4 Fig.4.32 -ω/2θ scans performed on epi-layers grown at 2 Torr under different conditions of RF power, namely 50 W (220 mW/cm 2 ), 60 W (266 mW/cm 2 ), 70 W (311 mW/cm 2 ) and 90 W (400 mW/cm 2 ). The growth conditions are shown in Table4.

Fig. 4 . 33 -Fig. 4 . 34 -

 433434 Fig.4.33 -Experimental data of a ω/2θ scan performed on epi-layers grown at a RF power of 70W (311 mW/cm 2 ) and 2 Torr and result of simulation for a c-Si:H layer of 145 nm with a variation of lattice parameter in the direction of growth [001] dc/c of 0.037% with respect to that of the substrate. Pendellösung fringes show the spatial coherency of the epi-layer and allow to determine its thickness.

Fig. 4 .

 4 Fig. 4.35 -Rocking curves (ω scans) performed on epi-layers grown at 2 Torr under different conditions of RF power, namely 50 W (220 mW/cm 2 ), 60 W (266 mW/cm 2 ), 70 W (311 mW/cm 2 ) and 90 W (400 mW/cm 2 ). The detail of conditions is shown in Table4.

Fig. 4 . 37 -

 437 Fig. 4.37 -Rsheet mappings for epi-layers grown at 3 Torr and a RF power of a) 50 W and b) 90 W. Fc mappings deduced from ellipsometry measurements (48 points) for c) 50 W and d) 90 W. Roughness mappings deduced from ellipsometry measurements (48 points) for e) 50 W and f) 90 W. No amorphous phase has been measured on these samples. The Rsheet are measured on as-deposited layers.

Fig. 4 .

 4 Fig.4.38 -ω/2θ scans performed on epi-layers grown at 3 Torr under different conditions of RF power, namely 50 W (220 mW/cm 2 ) and 90 W (400 mW/cm 2 ). The detail of conditions is shown in Table5.

Fig. 4 .

 4 Fig. 4.39 -Rocking curves (ω scans) performed on epi-layers grown at 3 Torr under different conditions of RF power, namely 50 W (220 mW/cm 2 ) and 90 W (400 mW/cm 2 ). The detail of conditions is shown inTable 5. Two scans have been performed on the samples grown at 50 W, one in the low Rsheet region (≈120 Ω) and another in the high Rsheet region (≈600 Ω).

Fig. 4 . 40 -

 440 Fig. 4.40 -Phi scan (azimuth angle variation) in GI-XRD at Bragg angle for the Si(111) diffraction. The blue curve corresponds to the low Rsheet region and the red curve to the high Rsheet region in mappings in Fig. 4.37-a).

Fig. 4 . 41 -

 441 Fig. 4.41 -Phi scan (azimuth angle variation) in GI-XRD at Bragg angle for the Si(-220) diffraction. The blue curve corresponds to the low Rsheet region and the red curve to the high Rsheet region in mappings in Fig. 4.37-a).

Fig. 4 . 42 -

 442 Fig.4.42 -Cross section surface potential mapping obtained by KPFM for different frequencies of electrical bias obtained on low Rsheet region. A layer is recognizable between 2.5 and 3 µm by its lower surface potential than that of the substrate. The deposition time is 3600 s.

Such a behavior might

  be explained by a high density of defects induced by the plasma; to clarify this, HR-TEM has been performed to analyze the crystallinity of this layer. HR-TEM images are shown in Fig. 4.44, Fig. 4.45 and Fig. 4.46.

Fig. 4 .

 4 Fig. 4.43 -a) SIMS profile b) ECV profile performed in the low Rsheet region. c) ECV profile obtained on the same layer after an annealing at 350°C during 10 min. The deposition time is 1800 s. The electrolyte used for ECV is composed of HCl at 0.5 mole/L and NH4HF at 0.1 mole/L.

Fig. 4 . 44 -

 444 Fig. 4.44 -TEM image of the first 500 nm at the top of a sample for the low Rsheet region (process conditions: CR60803B in Table5). The black spot corresponds to the damaged area induced by the energetic electrons used for the HR-TEM in this region of the sample.

Fig. 4 . 45 -

 445 Fig. 4.45 -TEM image zoomed in the surface for the low Rsheet region (process conditions: CR60803B in Table5). A few nm high islands are observed everywhere on the surface of the analyzed sample.

Fig. 4 . 46 -

 446 Fig. 4.46 -HR-TEM image at the surface of the low Rsheet region showing that the islands are perfectly monocrystalline. The height of islands at the surface of the sample varies from 5 to 10 nm.

Fig. 4 .

 4 Fig. 4.47 -a) Layers grown in Cluster on Si(111) substrates for substrate temperatures varying from 200°C to 300°C. Process conditions are: PRF= 40 W, p=2.5 Torr, d=20 mm, SiF4/H2/Ar=20/3/300 sccm, TRF=200°C. The growth time is 1800s.

Fig. 4 .

 4 Fig.4.48 -a) Layers grown in Cluster on Si(111) substrates for various H2 flow rate, pressure, RF power and deposition time. The substrate temperature is fixed at 300°C. Process conditions: d=20 mm, SiF4/H2/Ar=20/x/300 sccm, TRF=200°C. For black (squares), red (circles) and blue (up triangles) curves the growth time is 1800s, and 7200s for the orange one.

Fig. 4 .

 4 Fig. 4.49 -a) Layers grown in Cluster on Si(111) substrates at 300°C with 3 sccm of B2H6. Process conditions are: PRF=60 W, p=3 Torr, d=20 mm, SiF4/H2/Ar/B2H6=50/0/500/3 sccm, TRF=200°C. The growth time is 14400s.

Fig. 4 .

 4 Fig. 4.50 -PC-calibrated PL imaging of an epi-layer grown at a) 2 Torr and b) 3 Torr. The process conditions are: SiF4/H2/Ar=50/4/500 sccm, d=30 mm, PRF=50 W, Ts/TRF=300/200°C. Substrates used are DSP intrinsic 4" FZ wafers. Layers are passivated with 10 nm of AlOx deposited at 200°C by ALD and annealed at 350°C for 5 min in forming gas. The lifetime is measured at an injection level Dn=1.10 15 cm -3 .

Fig. 4 . 51 -

 451 Fig.4.51 -QSS-PC measurements performed at the center of intrinsic epi-layers grown at 2 and 3 Torr. The inset shows a zoom at Dn=10 15 cm -3 . The lifetime is measured on a 3 cm diameter disk. These QSS-PC measurements are performed with the BT Imaging tool, as a result the QSS-PC measurement is performed at one single wavelength.

Fig. 4 . 52 -

 452 Fig. 4.52 -Photoconductance-calibrated photoluminescence imaging of a) as deposited and b) annealed samples grown on DSP polished 4" n-type wafer with conditions CR60803B and double-side passivated with 20 nm of AlOx deposited at 250°C. The post-deposition annealing is carried out at 380°C during 20 min.

Fig. 4 . 53 -

 453 Fig. 4.53 -QSS-PC measurements obtained on layers grown with conditions CR60803B and double-side passivated with 20 nm AlOx deposited at 250°C before and after an annealing at 380°C during 20 min.

Fig. 4 .

 4 Fig.4.54 -PC-calibrated PL images obtained on samples processed with conditions CR60803B on the front side of 6" chemically polished etch pre-cells with a n + diffused layer at the rear side. The front side is passivated with an AlOx(6 nm)/SiNx(70 nm) stack and the rear side with a 70 nm thick SiNx layer. In a) the thermal budget applied to the sample is the AlOx deposition at 250°C, the AlOx PDA at 375°C for 20 min and the SiNx deposition at 400°C. In b) in addition to this thermal budget, the thermal budget of the firing (2 min at 750°C) has been added. The values indicated below the PC-calibrated PL images have been measured by QSS-PC using a Sinton tool at the center of the wafers, the measurement area is 3 cm diameter.

Fig. 4 . 55 -

 455 Fig.4.55 -PC-calibrated PL images obtained on samples processed with conditions CR60803B on the front side of 6" wafers after saw damage removal (i.e. without chemical polishing). Both sides have been passivated with a 20 nm thick AlOx layer annealed at 375°C for 20 min. In a) the thermal budget applied to the sample is the AlOx deposition at 250°C and the AlOx PDA at 375°C for 20 min. In b) in addition to this thermal budget, the thermal budget of the firing (2 min at 750°C) has been added. The values indicated below the PC-calibrated PL images have been measured by QSS-PC using a Sinton tool at the center of the wafers, the measurement area is 3 cm diameter.
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 51 Fig. 5.1 -Ellipsometry spectrum of a polycrystalline silicon layer grown on a GaAs substrate at 200°C. This experiment has been carried out in Philix. The experimental data fit with a 100% poly-Si (large grains) and 310 nm thick layer. Process conditions: SiF4/H2/Ar=3.6/2/88, PRF=10 W, d=200 mm, p=3 Torr. The deposition rate is 3.2 Å/s.

  

  

  

  

  

  2.40 -a) Normalized ω/2θ scan on (004) and b) rocking curve on (004) for a wafer and good quality epitaxy in conditions A.......................................................................................................................... Fig. 2.41 -Normalized ω/2θ scan of (004) diffraction for growth conditions A, B and C, namely low H2 flow rate/low RF power (10 W, H2=1 sccm), low H2 flow rate/high RF power (20 W, H2=1 sccm) and a higher H2 flow rate/moderate RF power (15W, H2=2 sccm). ................................................................ Fig. 2.42 -RSM on (004) planes for a <100> oriented silicon wafer used as reference. The light stain at the top left of the diffraction peak is a measurement artefact...................................................................... Fig. 2.43 -RSM on (

  ). The B2H6 flow rate is fixed to 2 sccm. Fc and R are deduced from ellipsometry measurements. Data points are represented by black dots (48 points). No amorphous phase has been measured in these samples. The Rsheet are measured on as-deposited layers. .................................................................................. Fig. 4.32 -ω/2θ scans performed on epi-layers grown at 2 Torr under different conditions of RF power, namely 50 W (220 mW/cm 2 ), 60 W (266 mW/cm 2 ), 70 W (311 mW/cm 2 ) and 90 W (400 mW/cm 2 ). The growth conditions are shown in Table 4. .................................................................... Fig. 4.33 -Experimental data of a ω/2θ scan performed on epi-layers grown at a RF power of 70W (311 mW/cm 2 ) and 2 Torr and result of simulation for a c-Si:H layer of 145 nm with a variation of

lattice parameter in the direction of growth [001] dc/c of 0.037% with respect to that of the substrate. Pendellösung fringes show the spatial coherency of the epi-layer and allow to determine its thickness. ........................................................................................................................................ Fig. 4.34 -Evolution of the FWHM and the variation of lattice parameter in growth direction [001] measured by XRD for epi-layers grown under different conditions of RF power. Up to 60 W the FWHM and the lattice parameter are the same as that measured on a FZ wafer. ................................ Fig. 4.35 -Rocking curves (ω scans) performed on epi-layers grown at 2 Torr under different conditions of RF power, namely 50 W (220 mW/cm 2 ), 60 W (266 mW/cm 2 ), 70 W (311 mW/cm 2 ) and 90 W (400 mW/cm 2 ). The detail of conditions is shown in Table 4. ............................................................
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  used for their processes, in case of Rosenblad the pressure is very low (10 mTorr) while it is 2.2 Torr in the study from Bruneau et al.. Besides Bruneau et al. showed that by reducing the total pressure to 850 mTorr, this threshold shifts to 35 V, confirming that the ion energy threshold is pressuredependent.
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This part has been performed with the help of F. Silva, research engineer at LPICM. The simulations have been carried out with the ANSYS software.

Remerciements

Another possible explanation for the presence of dislocations would be that they could originate from the relaxation due to the accumulation of stress in the layers induced by a higher incorporation of hydrogen than in the previous case at 1 sccm of H2. Some other dislocations along {110} planes originate from the bulk of the epitaxial film and also spread up to the surface. We think these ones originate from H platelets which are extended defects induced by the segregation of hydrogen in {111} planes. A schematic view of a H platelet is given in Fig. 2.33-b). They are easily recognizable in the films at low resolution by the black spots they form. The higher contrast around the H platelets is due to the stress they induce on the silicon lattice (Fig. 2.33-c) [START_REF] Moras | Atomically Smooth Stress-Corrosion Cleavage of a Hydrogen-Implanted Crystal[END_REF]. The presence of H platelets in this case is also consistent with the process conditions for which more hydrogen is injected in the gas mixture, so more hydrogen can be expected in the epitaxial layers. Tsai et al. [25] have shown that in the case of SiH4/H2 chemistry H platelets were 17 times more likely to result from SiH4 than from H2, except when the hydrogen dilution is too high, in which case the H platelets come from the H2. Interestingly, we can see that we have a similar effect with SiF4/H2/Ar gas mixture when the hydrogen flow rate is too high. Thus, even if ellipsometry gives excellent results for this deposition, looking at TEM images shows that the material incorporates a lot of defects. Illustration of the atomistic model of (100) H platelets and c) its simulated distribution of the stress component σyy [START_REF] Moras | Atomically Smooth Stress-Corrosion Cleavage of a Hydrogen-Implanted Crystal[END_REF]. The red area is in tension and the blue one in compression. The unit is the GPa. The growth rate is 1.4 Å/s. W and 25 W, peaks at 2000 and 2100 cm -1 appear which is characteristic of the microcrystalline phase at the top of the layers while no contribution of higher order Si-Hn bonds are observed.

The sharp peak at 2433 cm -1 for a RF power of 15 W (in blue) is difficult to assign. According to the National Institute of Standards and Technology (NIST), this vibrational energy may correspond to C2D2Fe, which is highly unlikely to find in our epi-layers. By integrating each contribution (Si-H and Si-H2) we can see that the Si-H bond is preferential when the RF power is increased. 

Achievements

Three main topics were addressed during this thesis: i) the definition of process conditions for intrinsic epitaxy and the causes of epitaxy breakdown, ii) the growth mechanisms behind such unexpected epitaxy process and iii) the development of boron and phosphorus doped epi-layers, their scale-up to 156×156 mm 2 wafers and their passivation.

The study of the influence of the plasma parameters on the structural properties of the layers characterized by spectroscopic ellipsometry, Raman spectroscopy, TEM and XRD, allowed to define process conditions for intrinsic epitaxial growth in Philix, a 4 inches research PECVD reactor. First, the full H2 depletion, measured with a residual gas analyzer, has been identified as a necessary condition for the epitaxial growth. Under this condition, a [H2]/[SiF4] gas ratio below 1/3 is required to grow monocrystalline layers free of H-platelets.

Thus, to increase the growth rate which is controlled by the H2 flow rate, an increase of the H2 flow rate requires an increase of the RF power to stay in the full H2 depletion regime (or H2-limited regime), which in turn requires an increase of the SiF4 flow rate to keep the [H2]/[SiF4] gas ratio below 1/3. For optimized process conditions, excellent structural properties have been obtained. Intrinsic epilayers with a 100% crystalline fraction deduced from ellipsometry measurements have been achieved. Raman spectroscopy measurements of TO mode indicate that FWHM and peak positions of intrinsic epi-layers are identical to those of a c-Si wafer. Finally a variation of lattice parameter with respect to that of a c-Si wafer below 1.10 -3 Å has been assessed by XRD. Furthermore, by correlating electron diffraction patterns and pole figures performed on samples after epitaxy breakdown, we also identified the formation of twins as the cause of epitaxy breakdown in epi-layers grown from SiF4/H2/Ar gas mixtures.

The investigation of the growth mechanisms have been carried out by the correlation of in situ ellipsometry measurement and HR-TEM performed in the early stages of growth. The observation of a first phase of nucleation described by the roughening of the substrate through the presence of a few nm islands followed by the coalescence of these islands and the smoothening of the layer allowed to affirm that low temperature epitaxy by PECVD from SiF4/H2/Ar chemistry relies on a Volmer-Weber growth mode.

Boron and phosphorus doped epi-layers have been developed after the successful transfer of the process conditions defined in Philix to Cluster, a 6 inches pre-pilot semi-industrial PECVD reactor.
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