In this thesis, we have used a low-temperature plasma-enhanced chemical vapor deposition (PECVD) reactor to fabricate Si nanowire radial junction solar mini-modules on 5×5 cm 2 glass substrates with the assistance of the laser scribing technique for the series connection of the cells.

We have used fluorine-doped tin oxide (FTO) deposited on soda-lime glass substrates (SLG) as a

back contact as well as the source of the Sn catalyst which was formed by a direct reduction of FTO using a H 2 plasma. Subsequently, p-type SiNWs were grown using plasma-assisted vapor liquid solid (VLS) process, followed by the deposition of intrinsic a-Si:H and n-type µc-SiOx:H layers to achieve pin radial junction solar cells. We have obtained an energy conversion efficiency of 6.3 % with an active area of solar cells of 0.126 cm 2 , which is to our knowledge, the highest efficiency obtained based on FTO layers as a source of Sn catalyst.

Laser scribing was used to perform a selective removal of thin-film materials in order to fabricate mini-modules. With laser scribing, a monolithic series connection between adjacent RJ SiNW solar cells on the same glass substrate was achieved. In particular, the laser scribing system has been used to perform selective removal of FTO thin-film and RJ SiNW solar cells, which are commonly known as step P1 and P2, respectively, and to perform a final scribe to isolate the active region from the rest of the substrate. The transparent top ITO contact was sputtered and cell stripes were defined using the lift-off technique (step P3).

We have carried out a detailed study of the P2 laser scribe obtained with either green (532 nm) or IR (1064 nm) laser systems. The power of the laser has to be controlled as it has a direct impact on the removal of SiNW RJs and it can damage the underneath FTO contact. We have found that the scribing using a green laser produces a partial melting outside the scribed spots, unlike the IR laser which provides a cleaner scribing and less crystallized material at the edges of scribed spots.

Mapping of the scribed spots using Raman spectroscopy allowed analyzing the material composition within the scanned area inside the craters produced by the laser pulses. We have demonstrated that the use of the IR laser is preferable for P2 scribing because it can provide a high-quality series connection between cells.

Finally, the optimized 10 cm 2 RJ SiNW mini-module has reached an energy conversion efficiency of 4.37 % with power generation of 44 mW, thanks to the improved P2 laser scribing and the dense Ag grid printed using the ink-jet method. This performance represents, to the best of our knowledge, the highest reported power generation for silicon NW-based solar modules on glass substrates. vi Résumé Dans cette thèse, nous avons utilisé un réacteur de dépôt chimique en phase vapeur assisté par plasma (PECVD) à basse température afin de fabriquer des mini-modules de cellules solaires à jonction radiale de nanofils de silicium (RJ SiNWs) sur des substrats de verre de 5×5 cm 2 . La gravure laser a été utilisée pour connecter en série les différentes cellules.

Nous avons déposé une couche de dioxyde d'étain dopée au fluor (FTO) déposée sur du verre sodocalcique (SLG). Cette couche de FTO servira à la fois de contact arrière pour le module et de source de catalyseur Sn une fois réduite par un plasma de H 2 . Ensuite, on fait croître des SiNW dopés p par le procédé Vapor-Liquid-Solid (VLS) assisté par plasma, suivi d'un dépôt d'une couche de Si intrinsèque a-Si:H et d'une couche de Si dopée n µc-SiO x :H, afin d'obtenir une cellule solaire à jonction radiale PIN. Nous avons obtenu une efficacité énergétique de 6.3 % avec une surface active de 0.126 cm 2 . C'est à notre connaissance l'efficacité la plus élevée obtenue en utilisant une couche de FTO comme source de catalyseur Sn.

La gravure laser a été utilisée pour retirer localement des couches minces dans l'objectif de fabriquer des mini-modules. Grâce à la gravure laser, sur un même substrat de verre, une connexion monolithique en série entre les cellules solaires à jonction radiale adjacentes a pu être accomplie. En particulier, la gravure laser a servi à retirer localement la couche de FTO ainsi que des RJ SiNWs, étapes appelées respectivement P1 et P2. Une dernière gravure a été réalisée afin d'isoler la surface active du reste du substrat. On dépose ensuite une couche transparente d'oxyde d'indium-étain (ITO), servant de contact avant, par pulvérisation cathodique (étape P3), et on procède à la séparation en bandes par la technique lift-off . Concernant l'ètape P1 de gravure laser, nous avons déterminé qu'en utilisant un laser IR d'une puissance de 3.45 W, une suppression locale adéquate de la couche de FTO avec une séparation latérale de 120 µm a été obtenue. Cela garantit une isolation électrique suffisante (supérieur à 300 MΩ) entre chaque section de FTO. Nous avons mené une étude détaillée de l'tape P2 de gravure obtenue soit par un laser vert (532 nm) ou IR (1064 nm). La puissance du laser a un impact direct sur l'ablation des RJ SiNWs, et peut aussi endommager le contact arrière de la cellule. Nous avons déterminé que le laser vert entraîne une fonte partielle de matériau sur les bords de la zone gravée, contrairement au laser IR qui produit des gravures de meilleure qualité. La cartographie Raman permet une analyse des matériaux dans la zone gravée, et a donné des indications sur la composition des résidus laissés par les impulsions laser. Nous avons démontré que l'utilisation du laser IR pour l'étape P2 de gravure est préférable. Elle permet d'avoir des connexions en série de haute qualité entre les cellules. Pour l'étape finale P3, l'ajout des contacts d'ITO au-dessus des RJ SiNWs, par pulvérisation cathodique sur des motifs définis par la technique lift-off , fournit une excellente vii isolation entre les nanofils. Ceci ne devant pas en principe générer des pertes électriques dans ces derniers.

Dans la dernière partie de cette thèse, nous effectuons une démonstration des mini-modules de RJ SiNW sur des substrats de FTO/SLG de 5×5 cm 2 . Sur les premières séries, l'étape P2 de gravure laser a été effectué avec un laser vert. Une connexion monolithique entre 6 cellules individuelles à RJ SiNW avec une surface active totale de 10.32 cm 2 a été réalisée. Une tension V oc élevée de 4.5

V a été obtenue, équivalent à 6 fois celle de la cellule de référence, avec une puissance générée de 13mW. Cependant, le rendement η obtenu de 1.32% est faible en raison du manque d'optimisation des paramètres de gravure P2 et des pertes résistives élevées au niveau des contacts d'ITO supérieurs.

Ensuite, une nouvelle série de mini-module a été fabriquée en prenant en compte les études précédentes sur les procédés de gravure laser. Nous avons utilisé les paramètres optimisés du laser 
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World energy production

Owing to its vital role in the development of humanity, primary energy sources have been under accelerated progress of exploitation for a high efficiency and low cost, to meet up with the world energy demand. During the last decade (2005)(2006)(2007)(2008)(2009)(2010)(2011)(2012)(2013)(2014)(2015), the average of world primary energy demand has increased by around 1.8 % [1]. Based on the scenario provided by the Energy Information Administration (EIA), the world energy consumption will rise by 28 % between 2015 and 2040, to reach 215.7×10 12 kWh [2].

In 2016, fossil fuels covered about 78.4 % of global final energy consumption [3]. Typically, fossil fuels have to be burned in order to convert chemical energy into heat, electricity, mechanical energy, etc. Therefore, the by-products of this process are mainly pollutant gases, such as CO, CO 2 , SO 2 , N x , N 2 O, CH 4 and other volatile organic compounds, which are commonly known as "the greenhouse gases" (GHGs). An estimation made by the Intergovernmental Panel on Climate Change (IPCC) reported that, in 2010, fossil fuels contribute to about 75 % of GHGs emission [4].

The GHGs trap heat in the atmosphere, leading to climate changes and a global warming [5]. If today's trends prevail, by the end of 21 century, the projections of IPCC reported an increase of global temperature by 4 °C [4].

To limit any further impact of using fossil fuels and to reduce the emission of GHGs, proactive policies have been taken into account to minimize the reliance on fossil energy sources. For instance, the united nations climate change conference (COP21) was held in Paris in 2015, which resulted in international agreement on reduction of climate changes by limiting the global warming below 2 °C.

Moreover, great efforts are being put into the improvements of the conversion efficiency of other energy sources such as renewable sources including solar, wind, tidal, hydro and biomass.

In 2015, renewable sources covered about 19.3 % of final global energy consumption [3]. In 1 1.2. Solar energy and photovoltaics addition, the contribution in world electricity generation reached 24.5 % in the end of 2016 [3], with an increase of about 9 % compared to 2015. Based on the projections provided by EIA, renewable sources are the fastest-growing part of the world electricity generation portfolio in comparison with fossil fuels and nuclear power plants as shown in Fig. 1.1 (a). This is mainly due to the technological improvements and government incentives in many countries. Among renewable sources, the shares of solar and wind sources are expected to increase the most during the period of 2015-2040 as presented in Fig. 1.1(b). These projections are based on the growing maturity and technological advancement, hence more competitive solar and wind sources over time. 

Solar energy and photovoltaics

Sun is the source of life with a key role on life cycle for plants, animals and human beings. The Sun ensures water circulation and distribution between oceans, seas and lands. Moreover, sun provides the heat to the planet Earth, which is an essential factor for the biological processes. Indirectly, the Sun provides energy in the form of biomass and hydro power.

Among all primary energy sources, the solar energy is the most abundant one, with an enormous delivered power of ∼1.2×10 5 terawatts to the planet Earth [START_REF] Crabtree | Solar energy conversion[END_REF]. Many approaches have been realized

to take advantage of solar energy, such as concentrating solar power (CSP) [START_REF] Weinstein | Concentrating solar power[END_REF], solar desalination [START_REF] Sharon | A review of solar energy driven desalination technologies[END_REF], and the topic which we are interested in this thesis, photovoltaics (PV) [START_REF] Kazmerski | Photovoltaics: A review of cell and module technologies[END_REF][START_REF] Green | Photovoltaics: technology overview[END_REF].

Photovoltaics is a term which covers the usage of a semi-conductive material to convert the 2 1.2. Solar energy and photovoltaics sun light directly into electricity. This phenomena was firstly discovered by Edmund Becquerel in 1839, and the first solar cell was fabricated in 1883, with energy conversion efficiency (η) of 1% [START_REF] Fritts | On a new form of selenium cell, and some electrical discoveries made by its use[END_REF]. Later, the research on Photovoltaics has gained more interest after the first silicon solar panel was fabricated in 1954 [START_REF] Chapin | Solar energy converting apparatus[END_REF]. The silicon solar panel was presented by G. Pearson et al. from

Bell laboratories with η of 6% and consisted of crystalline silicon wafers cut from a column ingots grown by by the Czochralski process. Currently, the crystalline silicon wafer-based solar cells have reached laboratory records of 26.7% and 21.9% for mono-crystalline [13] and multi-crystalline [START_REF] Schindler | Optimized multicrystalline silicon for solar cells enabling conversion efficiencies of 22%[END_REF] substrates, respectively. The technology of crystalline silicon is known as the first generation of solar cells.

The second generation of solar cells is based on thin-film solar technologies, with the reduction of material in the range of hundreds nm to few microns when compared to the first generation. Thin-films materials are mainly hydrogenated amorphous silicon (a-Si:H) [START_REF] Stuckelberger | Progress in solar cells from hydrogenated amorphous silicon[END_REF], hydrogenated micro-crystalline silicon (µc-Si:H) [START_REF] Bailat | Microstructure and opencircuit voltage of n-i-p microcrystalline silicon solar cells[END_REF], copper indium gallium selenide (CIGS) [START_REF] Yin | Halide perovskite materials for solar cells: a theoretical review[END_REF] and cadmium telluride (CdTe) [START_REF] Meyers | Design of a thin film cdte solar cell[END_REF].

Among second generation of solar cells, silicon thin film technology has been under development for years to achieve a high energy conversion, low material consumption and low fabrication cost [START_REF] Stuckelberger | Progress in solar cells from hydrogenated amorphous silicon[END_REF]. The first a-Si:H layers were deposited by R. Chittick in 1969 [START_REF] Chittick | The preparation and properties of amorphous silicon[END_REF]. Shortly afterwards, W.E.

Spear et al reported the availability of doping a-Si:H layers using phosphorous and boron [START_REF] Spear | Substitutional doping of amorphous silicon[END_REF]. A year later, the first pin a-Si:H solar cells were fabricated with η of 2.4% [START_REF] Carlson | Amorphous silicon solar cell[END_REF]. In the last decade, the η of a-Si:H solar cells has been increased from 9.47% [START_REF] Meier | Potential of amorphous and microcrystalline silicon solar cells[END_REF] in 2004 to 10.3% in 2015 [START_REF] Lambertz | Preparation and measurement of highly efficient a-si: H single junction solar cells and the advantages of µc-siox: H n-layers[END_REF],

for a thickness of intrinsic absorber layer of 300 nm. Typically, for an efficient a-Si:H solar cell, a texturing of top and bottom transparent conductive oxide (TCO) contacts is required to improve light trapping and increase the absorption in a wide range values of wavelength [START_REF] Müller | Tco and light trapping in silicon thin film solar cells[END_REF][START_REF] Haase | Thin-film silicon solar cells with efficient periodic light trapping texture[END_REF]. On the other hand, a-Si:H solar cells suffer from defects and disorder in their atomic structure, which serve as highly efficient trapping and recombination centers [START_REF] Stuckelberger | Progress in solar cells from hydrogenated amorphous silicon[END_REF]. Hydrogenated a-Si solar cells have shown that under prolonged sunlight illumination, the performance (η) degrades by 15-20% from its original value [START_REF] Stuckelberger | Comparison of amorphous silicon absorber materials: Light-induced degradation and solar cell efficiency[END_REF]. This phenomenon is known as the light-induced degradation (LID) or Staebler-Wronski effect [START_REF] Staebler | Reversible conductivity changes in discharge-produced amorphous si[END_REF][START_REF] Staebler | Optically induced conductivity changes in dischargeproduced hydrogenated amorphous silicon[END_REF]. It is also known that stronger LID occurs when the thickness of the absorber layer is increased [START_REF] Lambertz | Preparation and measurement of highly efficient a-si: H single junction solar cells and the advantages of µc-siox: H n-layers[END_REF].

Lastly, in the third generation of solar cells, new approaches have been studied to overcome the limitations addressed in the first and second generations. In other words, third generation of solar cells aims to increase the efficiencies while maintaining the same deposition techniques of second generation, and to be competitive in the PV market. Third generation approaches include hot carriers solar cells [START_REF] Conibeer | Third-generation photovoltaics[END_REF] and inorganic-organic materials solar cells, also known as Perovskite solar cells [START_REF] Niu | Review of recent progress in chemical stability of perovskite solar cells[END_REF].

Single junction solar cells are limited by thermal losses (energy of photons higher than the 1.3. Silicon nanowires bandgap of the absorbing material) which requires a compromise between maximizing the amount of absorbed photons (lower bandgap) and minimizing the thermal losses (higher bandgap). Multijunction approaches use multiple bandgaps, where each of them converts a narrow range of photon energies close to its bandgap, hence multi-junction solar cells provide broader spectral response, smaller thermal losses, and therefore elevate solar cells efficiency. The multi-junction solar cells have been realized by depositing a-Si:H/µc-Si:H double junction [START_REF] Boccard | High-stable-efficiency tandem thin-film silicon solar cell with low-refractive-index silicon-oxide interlayer[END_REF], a-Si:H/a-SiGe:H/nc-Si:H

[32] and a-Si:H/µc-Si:H/µcSi:H triple junctions [START_REF] Sai | Stabilized 14.0%-efficient triple-junction thin-film silicon solar cell[END_REF]. Moreover, a IIIV//Si triple junction solar cells having a structure of GaInP/GaAs//Si have been realized with η of 33.3% [START_REF] Cariou | Monolithic two-terminal iii-v//si triple-junction solar cells with 30.2% efficiency under 1-sun am1. 5g[END_REF][START_REF] Cariou | Iii-v-on-silicon solar cells reaching 33% photoconversion efficiency in two-terminal configuration[END_REF].

Nowadays, the common trend is to incorporate the recent advancements in nano-technology into the field of PV. Its devoted to thinning down the intrinsic absorber layer of thin-films for further reduction of the solar cell cost. However, thinning down the absorber layer, will reduce light absorption, hence limiting the performance of solar cells. Therefore, sophisticated nano-technology approaches for advanced light trapping have been realized, including nanotubes, nanopillars and nanowires [START_REF] Kuang | Elongated nanostructures for radial junction solar cells[END_REF]. In particular, nanowires (NWs) have acquired the potential as a promising approach, due to the ability of depositing solar cells on top of them, which provides several advantages over the traditional planar junction solar cells, including high built-in electrical field due to the ultra-thin absorber layer (about 100 nm), enhanced light trapping and anti-reflection properties. In addition, light absorption and carrier collection are decoupled due to the unique geometry of NWs and radial junctions they form [START_REF] Misra | A review on plasmaassisted vls synthesis of silicon nanowires and radial junction solar cells[END_REF]. In LPICM, the silicon nanowires (SiNWs) have been studied over the last decade, achieving record performance of 9.2 % [38], with limited LID of about 6 %, in comparison with planar a-Si:H solar cells [START_REF] Misra | High efficiency and stable hydrogenated amorphous silicon radial junction solar cells built on vls-grown silicon nanowires[END_REF]. Therefore, in the next section, we will go through the research done on SiNWs, covering topics such as fabrication techniques, opto-electrical properties and recent performances achieved.

Silicon nanowires 1.3.1 Fabrication techniques

Various techniques have been developed to fabricate SiNWs. Therefore, different materials of SiNWs can be obtained, including crystalline and polycrystalline. Typically, the most convenient classification of fabrication methods of SiNWs falls in two categories: top-down and bottom-up approaches.
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Top-down approaches

Top-down approaches provide a dimensional reduction on a bulk c-Si material, to produce highly uniform SiNWs for different field of applications, such as solar cells [START_REF] Togonal | Core-shell heterojunction solar cells based on disordered silicon nanowire arrays[END_REF], electronics [START_REF] Schmidt | Realization of a silicon nanowire vertical surround-gate field-effect transistor[END_REF], photonics [START_REF] Hosomi | Ultrahighaspect-ratio si o 2 deeply etched periodic structures with smooth surfaces for photonics applications[END_REF] and for biological and chemical sensors [START_REF] Cui | Nanowire nanosensors for highly sensitive and selective detection of biological and chemical species[END_REF]. The reduction of c-Si wafer can be obtained by using reactive ion etching (RIE) or metal-assisted chemical etching techniques (MACE). With a proper patterning technique, which insures a protective Si area beneath it during the etching process, a selective removal of c-Si material can be achieved, hence SiNWs are produced. The RIE has been accompanied with different patterning techniques, such as electron-beam lithography [START_REF] Liu | Self-limiting oxidation of si nanowires[END_REF][START_REF] Chen | Fabrication of high aspect ratio silicon pillars of¡ 10 nm diameter[END_REF],

nanoimprint lithography [START_REF] Morton | Wafer-scale patterning of sub-40 nm diameter and high aspect ratio (¿ 50: 1) silicon pillar arrays by nanoimprint and etching[END_REF], silica nanoparticles assembly by Langmuir-Blodgett (LB) method [START_REF] Hsu | Wafer-scale silicon nanopillars and nanocones by langmuir-blodgett assembly and etching[END_REF], dip coating for self assembled silica beads [START_REF] Garnett | Light trapping in silicon nanowire solar cells[END_REF]. These methods provide a precise control of SiNWs diameter and spacing [START_REF] Hsu | Wafer-scale silicon nanopillars and nanocones by langmuir-blodgett assembly and etching[END_REF], high aspect ratio (e.g. 60:1) [START_REF] Morton | Wafer-scale patterning of sub-40 nm diameter and high aspect ratio (¿ 50: 1) silicon pillar arrays by nanoimprint and etching[END_REF] and large area radial p-n junction solar cells [START_REF] Garnett | Light trapping in silicon nanowire solar cells[END_REF]. For instance, Hsu et al. have reported a well controlled process consisting of RIE and LB method to produce Si nanopillars with either vertical or tapered sidewalls [START_REF] Hsu | Wafer-scale silicon nanopillars and nanocones by langmuir-blodgett assembly and etching[END_REF]. Since the beginning of the 21 st century, the MACE method has been under development since it is simple and applicable on large area Si wafers. This is mainly due to the pioneered work reported by Peng et al. in 2002 [49]. They have successfully produced SiNWs by immersing a c-Si wafer in an etching solution of HF and silver nitrate (AgNO 3 ), with a prior cleaning of c-Si wafers using acetone and ethanol to remove organic grease. During the process, silver (Ag) particles were deposited on the surface of c-Si wafer. Then, beneath the Ag particles, a local oxidation was formed on the surface of c-Si wafer producing SiO 2 layer. Afterwards, the SiO 2 was removed by HF solution following the same size of Ag particles. With prolonged etching, vertical disordered SiNWs were produced [START_REF] Peng | Synthesis of large-area silicon nanowire arrays via self-assembling nanoelectrochemistry[END_REF]. Typically, the vertical disordered SiNWs have diameters of 20-200 nm, while the length is well controlled by the etching time. However, the SiNWs tend to agglomerate near their tips, leading to form large bundles of SiNWs. Fortunately, Togonal et al. have reported a simple approach to achieve dense SiNW arrays with excellent lateral separation [START_REF] Togonal | Effect of wettability on the agglomeration of silicon nanowire arrays fabricated by metal-assisted chemical etching[END_REF]. The approach relies on a hydrophilic pretreatment of the wafer substrate before the etching process and by a hydrophobic
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post-treatment of the fabricated SiNWs [START_REF] Togonal | Effect of wettability on the agglomeration of silicon nanowire arrays fabricated by metal-assisted chemical etching[END_REF].

When the MACE method is combined with lithography techniques, such as nanosphere lithography (NSL) [START_REF] Jensen | Nanosphere lithography: effect of the external dielectric medium on the surface plasmon resonance spectrum of a periodic array of silver nanoparticles[END_REF], the diameter, length and pitch of SiNWs can be very well controlled, which was for instance, reported by Huang et al in 2007 [START_REF] Huang | Fabrication of silicon nanowire arrays with controlled diameter, length, and density[END_REF]. As shown in Fig. 1.3, the process started with a proper cleaning of c-Si wafer followed by deposition of a close-packed monolayer of polystyrene (PS) spheres. The size of PS spheres was reduced by introducing 40 sccm of O 2 with a RF plasma power of 30 W. The desired diameter of PS spheres can be obtained by adjusting the reduction time.

Then, a thermal evaporation of Ag film (about 20-40 nm thick) was conducted on top of the samples, alternatively gold (Au) was also used elsewhere [START_REF] Foldyna | Optimization and optical characterization of vertical nanowire arrays for core-shell structure solar cells[END_REF]. Afterwards, the samples were put in an etching solution consisting of deionized water, HF and H 2 O 2 . The length of SiNWs is determined by the etching time. Finally, to remove the PS spheres and Ag film, the samples were immersed in chloroform (CHCl 3 ) solvent and boiling aqua regia (HCL and HNO 3 ), respectively [START_REF] Huang | Fabrication of silicon nanowire arrays with controlled diameter, length, and density[END_REF]. In summary, top-down approaches provide a uniformly oriented direction of SiNWs, and inherit the properties of c-Si wafer material, i.e. doping profile, crystal orientation, density, size and shape.

Such characteristics could be helpful for the measurements of opto-electrical properties of SiNWs.

However, top-down approaches do not provide a solution in terms of material consumption, since a significant amount of c-Si wafer material is etched off and gets wasted.

Silicon nanowires

Bottom-up approaches

To synthesize SiNWs in the bottom-up process, different techniques have been reported, including chemical vapor deposition (CVD) [START_REF] Misra | A review on plasmaassisted vls synthesis of silicon nanowires and radial junction solar cells[END_REF][START_REF] Misra | High efficiency and stable hydrogenated amorphous silicon radial junction solar cells built on vls-grown silicon nanowires[END_REF][START_REF] Wagner | Vapor-liquid-solid mechanism of single crystal growth[END_REF], annealing in reactive atmosphere [START_REF] Wagner | Study of the filamentary growth of silicon crystals from the vapor[END_REF], evaporation of silicon oxide [START_REF] Pan | Temperature-controlled growth of silicon-based nanostructures by thermal evaporation of sio powders[END_REF], molecular beam epitaxy [START_REF] Werner | On the formation of si nanowires by molecular beam epitaxy: Dedicated to professor dr. knut urban on the occasion of his 65th birthday[END_REF][START_REF] Schubert | Silicon nanowhiskers grown on¡ 111¿ si substrates by molecular-beam epitaxy[END_REF] and laser ablation [START_REF] Zhang | Silicon nanowires prepared by laser ablation at high temperature[END_REF]. Among them, the CVD technique with the assistance of metal catalyst droplets is the most common bottom-up approach [START_REF] Misra | A review on plasmaassisted vls synthesis of silicon nanowires and radial junction solar cells[END_REF][START_REF] Schmidt | Silicon nanowires: a review on aspects of their growth and their electrical properties[END_REF][START_REF] Garnett | Nanowire solar cells[END_REF]. This fabrication process known as the vapor-liquid-solid (VLS) was first reported by Wagner and Ellis in 1964 [START_REF] Wagner | Vapor-liquid-solid mechanism of single crystal growth[END_REF]. In their work, the process started with depositing an ultra-thin layer of Au on c-Si [START_REF] Kim | Ultra-short laser patterning of thin-film cigs solar cells through glass substrate[END_REF] substrates. Then, the Au-Si temperature increased above its eutectic value which is 363 °C [START_REF] Schmidt | Silicon nanowires: a review on aspects of their growth and their electrical properties[END_REF], while silicon tetrachloride (SiCl 4 ) gas precursors are preferentially adsorbed and decomposed at the surface of the liquid droplet. A liquid eutectic alloy of Si atoms with the catalyst material is formed, as shown in Fig. Later, silane (SiH 4 ) has been used as a gaseous Si reactant, with the ability to dope SiNWs by introducing dopant gases, such as PH 3 and B 2 H 6 for n-type and p-type doping, respectively [START_REF] Cui | Doping and electrical transport in silicon nanowires[END_REF].

The VLS process has gained momentum leading towards detailed research and better understanding of the growth mechanism. Therefore, in-situ transmission electron microscopy (TEM) has been used by several groups to observe the growth of germanium (Ge) NWs using Au as a catalyst [START_REF] Wu | Direct observation of vapor-liquid-solid nanowire growth[END_REF][START_REF] Kodambaka | Germanium nanowire growth below the eutectic temperature[END_REF]. have reported the use of porous anodic aluminum oxide as a template to control the growth of NWs along particular direction, with proper control of the size and position of NWs [START_REF] Shimizu | Synthesis of vertical high-density epitaxial si (100) nanowire arrays on a si (100) substrate using an anodic aluminum oxide template[END_REF][START_REF] Lefeuvre | Optimization of organized silicon nanowires growth inside porous anodic alumina template using hot wire chemical vapor deposition process[END_REF].

Typically, in CVD-VLS method, the gas precursors are dissociated at temperatures in the range of 600-1100 °C and catalyzed by a metal. On the other hand, using plasma-enhanced chemical vapor deposition (PECVD) technique, where the gas precursors are dissociated by electron impact does not require catalytic effect. In addition, the substrate temperature can be lowered (below 600 °C) without deteriorating the crystallinity of SiNWs [START_REF] Hofmann | Gold catalyzed growth of silicon nanowires by plasma enhanced chemical vapor deposition[END_REF]. Moreover, The PECVD-VLS method produces SiNWs having crystalline core, amorphous shell and ultra or needle-like shapes with a tip diameter down to 10 nm [START_REF] Hamidinezhad | Au-catalyzed silicon nanoneedles synthesized from pure silane gas at various rf powers on silicon substrate by vhf-pecvd[END_REF][START_REF] Červenka | Ultrasharp si nanowires produced by plasma-enhanced chemical vapor deposition[END_REF], this is unlike the conventional CVD-VLS method which produces SiNWs that adapt the initial diameter of the metal catalyst [START_REF] Lugstein | Some aspects of substrate pretreatment for epitaxial si nanowire growth[END_REF][START_REF] Becker | Nanowires enabling signal-enhanced nanoscale raman spectroscopy[END_REF].

Tin as a metal catalyst

Since the discovery of VLS method, different metals have been used to ensure the growth of NWs for different applications. For the purpose of PV applications, taking into account the incorporation of these metals inside the NWs is crucial. Shockley et al. have reported that the closer the impurities level is to the bandgap middle, the more efficient it is as a recombination center, hence the lower is the carrier life time. Therefore, the incorporation of impurities with levels close to middle of the bandgap should be avoided as much as possible [START_REF] Schmidt | Silicon nanowires: a review on aspects of their growth and their electrical properties[END_REF][START_REF] Shockley | Statistics of the recombinations of holes and electrons[END_REF]. [START_REF] Schmidt | Silicon nanowires: a review on aspects of their growth and their electrical properties[END_REF] and [START_REF] Jeon | Characterization of tin-catalyzed silicon nanowires synthesized by the hydrogen radical-assisted deposition method[END_REF], respectively.

In particular, Sn, lying in the same group as Si in the periodic table, is the only metal which introduces neutral impurities within the silicon bandgap. In addition, it has a melting point temperature of 231.9 °C, which is compatible with the low temperature PECVD reactors. Tin is an abundant element on the earth's crust and it is a nontoxic metal. Along with other metals like Ga, In and Bi, Sn has a surface tension lower than that of Si. Misra et al have reported that in the plasma environment, the sidewall wetting metal layer plays a significant role in stabilizing the low surface tension metals on SiNW tips and allows for SiNW growth [START_REF] Yu | Stability and evolution of low-surface-tension metal catalyzed growth of silicon nanowires[END_REF][START_REF] Misra | Wetting layer: the key player in plasmaassisted silicon nanowire growth mediated by tin[END_REF]. Many different reports show synthesis of SiNWs in PECVD reactors using In [START_REF] Iacopi | Plasma-enhanced chemical vapour deposition growth of si nanowires with low melting point metal catalysts: an effective alternative to au-mediated growth[END_REF], Sn [START_REF] Yu | Plasma-enhanced low temperature growth of silicon nanowires and hierarchical structures by using tin and indium catalysts[END_REF][START_REF] Cho | Sn-catalyzed silicon nanowire solar cells with 4.9% efficiency grown on glass[END_REF][START_REF] Misra | High efficiency and stable hydrogenated amorphous silicon radial junction solar cells built on vls-grown silicon nanowires[END_REF], Bi [START_REF] Yu | Bismuth-catalyzed and doped silicon nanowires for one-pump-down fabrication of radial junction solar cells[END_REF], Ga [START_REF] Zardo | Gallium assisted plasma enhanced chemical vapor deposition of silicon nanowires[END_REF]. These findings are in contradiction with the growth criterion for SiNWs given by Nebol'sin et al [START_REF] Nebol'sin | Role of surface energy in the vapor-liquid-solid growth of silicon[END_REF] and Schmidt et al [START_REF] Schmidt | Silicon nanowires: a review on aspects of their growth and their electrical properties[END_REF][START_REF] Schmidt | Growth, thermodynamics, and electrical properties of silicon nanowires[END_REF], which assumes that the low surface tension metals (lower than that of Si) are unlikely to maintain the growth of SiNW due to the spreading of these metals on SiNW sidewalls. In other words, to maintain the growth of NWs, the surface tension of a liquid metal has to be larger than the surface tension on the sidewall of the NWs, in order for the metal droplet to stabilize at top of the NW [START_REF] Schmidt | Silicon nanowires: a review on aspects of their growth and their electrical properties[END_REF][START_REF] Schmidt | Growth, thermodynamics, and electrical properties of silicon nanowires[END_REF].

Another concern regrading the choice of metals is the concentration of Si in these metals during the growth. Figure 1.5.(b) shows the binary phase diagram of Sn-Si. The Si concentration is about 10 -6 at% at the eutectic temperature of 231.9 °C [START_REF] Olesinski | The si-sn (silicon-tin) system[END_REF]. In contrast to the Au-Si alloy,where the Si concentration is about 19 at% at the eutectic temperature of 363 °C [START_REF] Okamoto | The au-si (gold-silicon) system[END_REF]. The low surface tension metals require either plasma-assistance [START_REF] Schmidt | Growth, thermodynamics, and electrical properties of silicon nanowires[END_REF][START_REF] Sunkara | Bulk synthesis of silicon nanowires using a low-temperature vapor-liquid-solid method[END_REF] or very high process temperatures (higher than 900 °C) [START_REF] Givargizov | Morphology of silicon whiskers grown by the vls-technique[END_REF] to initiate the growth of SiNWs.

Based on the previously mentioned properties, we have chosen Sn metal as a catalyst to mediate the growth of SiNWs throughout this work. All of these configuration are embracing the optical properties of SiNWs which decrease light reflection and therefore increase the light absorption. However, axial and substrate junctions do not benefit from the radial charge separation and the short collection length increasing tolerance to defects [START_REF] Garnett | Nanowire solar cells[END_REF]. On the other hand, radial junction geometry can benefit from all advantages of SiNWs [START_REF] Garnett | Nanowire solar cells[END_REF].

Using top-down approaches, different configurations of SiNW solar cells can be fabricated. In Typically, the HIT structure is based on two semiconductor materials like c-Si and a-Si:H (heterojunction), with ultra-thin layers of intrinsic a-Si:H between the n-and p-type material. In their work, they have used MACE technique to etch n-type c-Si wafer to obtain the SiNWs. Afterwards, they used a PECVD reactor to deposit thin layers of intrinsic a-Si:H and n-type a-Si:H at the back side of the device, to insure a surface passivation and ohmic contact for the ITO electrode [START_REF] Togonal | Core-shell heterojunction solar cells based on disordered silicon nanowire arrays[END_REF]. The SiNWs have been passivated by depositing different thicknesses of thin layer of intrinsic a-Si:H and p-type a-Si:H to acquire the pn junction, respectively. The optimized thickness was found to be 32 nm (measured on Si wafter surface), and the measured η was 12.43 % calculated from the JV characteristic curve shown in Fig. 1.7(c) [START_REF] Togonal | Core-shell heterojunction solar cells based on disordered silicon nanowire arrays[END_REF]. To the best of our knowledge, this efficiency is the highest so far for such devices. For the bottom-up approach, many groups have reported the growth of radial junction (RJ) SiNW solar cells using plasma-assisted VLS technique. Figure 1.8 shows the evolution of the performance of RJ SiNW solar cells since 2010 [START_REF] Misra | A review on plasmaassisted vls synthesis of silicon nanowires and radial junction solar cells[END_REF]. In addition, it provides the metal catalyst used to mediate the growth of SiNWs, and the intrinsic absorber layer material.

The high efficiency of 8.14 % was achieved using Sn as a catalyst and a-Si:H for the absorber layer at LPICM in 2013 by Misra et al. [START_REF] Misra | High efficiency and stable hydrogenated amorphous silicon radial junction solar cells built on vls-grown silicon nanowires[END_REF]. The fabrication process on Corning glass (Cg) substrates coated with aluminum-doped zinc oxide (ZnO:Al) is shown schematically in Fig. 1.9. Metallic Sn was thermally evaporated on these substrates, then they got loaded into a PECVD reactor.

In the plasma environment, H 2 treatment was initiated to reduce the superficial oxide layer out of Sn layer, and to re-distribute the Sn droplets as a result of Oswald ripening [START_REF] Voorhees | Ostwald ripening of two-phase mixtures[END_REF], where the large droplets grow at the expense of the smaller ones [START_REF] Misra | High efficiency and stable hydrogenated amorphous silicon radial junction solar cells built on vls-grown silicon nanowires[END_REF][START_REF] Misra | Single and tandem radial junction silicon thin film solar cells based on PECVD grown crystalline silicon nanowire arrays[END_REF]. The growth of p-type SiNWs was initiated at the temperature of 420 °C, then followed by the deposition of an intrinsic a-Si:H layer, and finally a window layer of n-type a-Si:H layer (both layers deposited at 180 °C). The ITO top contact was sputtered through a shadow mask on the of RJ SiNWs. The final solar cells on the substrate are shown in Fig. 1.9(b). Figure 1.9(c) and (d) are SEM micrographs showing the RJ SiNWs and the RJ SiNWs with ITO top contact, respectively [START_REF] Misra | High efficiency and stable hydrogenated amorphous silicon radial junction solar cells built on vls-grown silicon nanowires[END_REF][START_REF] Misra | Single and tandem radial junction silicon thin film solar cells based on PECVD grown crystalline silicon nanowire arrays[END_REF]. Si:H phases. The n-type µc-Si:H provides the channel for sufficient electrical conductivity, while the a-SiO x :H phase insures a high optical transparency and low refractive index [START_REF] Lambertz | Hydrogenated amorphous silicon oxide containing a microcrystalline silicon phase and usage as an intermediate reflector in thin-film silicon solar cells[END_REF]. Therefore, the absorption in the window layer was reduced leading to an improved device performances [START_REF] Lambertz | Preparation and measurement of highly efficient a-si: H single junction solar cells and the advantages of µc-siox: H n-layers[END_REF]38].

With this window layer, a higher integrated current has been obtained, and thus the performance has been increased to 9.2 %, which is for the best of our knowledge, the highest efficiency obtained by the VLS technique with an intrinsic absorber layer so far.

Based on the previous achievements of S. Misra, RJ SiNW solar cells grown by plasma-assisted VLS technique have shown a competitive potential with planar junctions of a-Si:H and µc-Si:H, which have a record η of 10.3 % [23] and 11.9 % [START_REF] Sai | Thin-film microcrystalline silicon solar cells: 11.9% efficiency and beyond[END_REF], respectively. In addition, the fabrication process of planar junctions requires additional steps and extra thick transparent conductive oxide (TCO) layers to improve light trapping and anti-refection properties, which is usually done by the surface texturing and anti-refection coatings. Moreover, relatively thick absorber layers of a-Si:H (∼300nm) and µc-Si:H (∼2m) have been used. However, this is the not case for RJ SiNW solar cells which benefit from the excellent light trapping over a large spectral range thanks to the unique geometry of SiNWs. In addition, the fabrication process is fully compatible with the well-established 1.3. Silicon nanowires PECVD reactors. Therefore, as a further step in pre-industrializing the RJ SiNW solar cells, I had the opportunity to continue the work in the same team at LPICM, to put these solar cells on larger area substrates to achieve higher power generation. In the next section, I will present the current technologies used to fabricate large area solar devices. vergent and monochromatic beam of electromagnetic radiation with a wavelength in between the ultraviolet (UV) and infrared (IR) range [START_REF] Majumdar | Laser material processing[END_REF]. Moreover, lasers can deliver very low (∼mW) to high

(1-100 kW) focused power, with a very well controlled spot size [START_REF] Majumdar | Laser material processing[END_REF]. In addition to the continuous beam of laser (continuous mode), lasers can operate in short time pulses in the range of 10 -3 and 10 -15 s [START_REF] Majumdar | Laser material processing[END_REF]. Lasers have been utilized for various applications including medical, scientific, industrial and commercial use. In the field of PV, lasers have been utilized in characterization tools such as Raman spectroscopy and photoluminescence spectroscopies [START_REF] Durose | Physical characterization of thinfilm solar cells[END_REF]. Moreover, lasers are used to analyze the deposition processes of Si based thin-films such as laser light scattering [START_REF] Strahm | Powder formation in sih 4-h 2 discharge in large area capacitively coupled reactors: A study of the combined effect of interelectrode distance and pressure[END_REF] and infrared absorption spectroscopy [START_REF] Itabashi | Spatial distribution of sih3 radicals in rf silane plasma[END_REF]. In addition, lasers have a dominant role to fabricate large area solar devices.

In research laboratories, solar cells are typically fabricated in small sizes, below 1 cm 2 , which is easier for systematic studies of novel semiconductor materials properties and functionalities along with their electrical performance under one sun illumination. At this point, if the material shows a potential towards the scale up, large area devices can be fabricated based on this technology.

Typically, for commercial applications, the PV solar modules are mainly used for harvesting of the solar energy. There are two main configurations which have been used to realize such devices: the first one is typical of c-Si solar cells, which are connected by soldering individual cells [START_REF] Saga | Advances in crystalline silicon solar cell technology for industrial mass production[END_REF]. The second one is found in the thin-film technologies and is based on laser scribing to ensure monolithic integration of individual thin-film solar cells connected in series on the same substrate [START_REF] Haas | High speed laser processing for monolithical series connection of silicon thin-film modules[END_REF].

Laser scribing is considered as a consistent technique with a shorter processing time and higher reliability in comparison with other techniques such as mechanical scribing. It can provide narrow patterns on various thin-film semiconductor materials in a selective, precise and cost-effective way.

In addition, it is a non contact process, unlike the mechanical scribing which can produce a high mechanical stress on the samples. However, mechanical scribing has been used to preferentially scribe brittle materials such as CdTe [START_REF] Bonnet | Manufacturing of css cdte solar cells[END_REF].

Different source elements have provided various types of lasers such as neodymium-yttriumaluminum garnet (Nd:YAG) operating at wavelengths (λ = 532 and 1064 nm), copper vapor laser (λ = 511/578 nm), xenon monochloride (XeCl) excimer laser (λ = 308 nm ), krypton fluoride (KrF) laser (λ = 248 nm), which have been studied in detail in Compaan et al. [START_REF] Compaan | Laser scribing of polycrystalline thin films[END_REF]. In their work, they showed that for each thin-film material (including CIGS, SnO 2 , Molybdenum), laser scribing parameters, such as the wavelength, pulse duration, pulse repetition frequency (RRF) and input power have to be optimized to reduce the formation of flakes and re-solidified material, which can generate 1.4. Laser scribing and thin-film solar modules short-circuit paths and shunting of the connected cells in the case of reducing the distance between P1, P2 and P3 scribes, which is needed to maximize the active area. The wavelength of the laser has a crucial role since it can be absorbed by one layer unlike others, hence preferentially scribing is ensured. Regarding the pulse duration, they have also found that for long pulse duration (higher that 250 ns), more material is removed. However, conductive heating effects around the scribed thin-film are increased, leading to a higher stress, cracks and left-over of re-solidified material on the scribed area. Ultrafast lasers such as picosecond and femtosecond have produced less thermal diffusion on the scribed spots of thin-films [START_REF] Phillips | Ultrafast laser processing of materials: a review[END_REF]. Figure 1.10 shows the difference in the scribing mechanism between femtosecond and long laser pulses [START_REF] Swoboda | Femtosecond fibre laser for material processing[END_REF]. It is clearly indicated that femcosecond pulse lasers provide a cleaner scribed area (less thermal diffusion), hence smaller dead areas can be obtained [START_REF] Phillips | Ultrafast laser processing of materials: a review[END_REF][START_REF] Swoboda | Femtosecond fibre laser for material processing[END_REF]. Many groups have reported the use of ultrafast lasers on different material such as a-Si:H [START_REF] Gecys | Scribing of a-si thin-film solar cells with picosecond laser[END_REF], CIGS [START_REF] Gecys | Scribing of thin-film solar cells with picosecond and femtosecond lasers[END_REF][START_REF] Kim | Ultra-short laser patterning of thin-film cigs solar cells through glass substrate[END_REF] and TCO materials [START_REF] Bian | Femtosecond laser ablation of indium tinoxide narrow grooves for thin film solar cells[END_REF][START_REF] Krause | Optimized scribing of tco layers on glass by selective femtosecond laser ablation[END_REF], where they have shown that such lasers provide a better scribing than nanosecond systems. The laser scribing process for large area thin-film solar modules is based on three main steps.

At first, a selective removal of the back contact layer using a focused beam applied by the laser, this step is known as the laser scribing step P1. The role of this step is to obtain separated segments of the back contact and to make them electrically isolated as shown in Fig. 1.11 (a). Afterwards, a deposition of solar cell is carried out on the entire surface of the substrate. In a second step, the laser is used to make a selective removal of the thin-film material besides the laser scribing P1. A conductive path towards the back contact has to be ensured as shown in between the adjacent cells. These adjacent cells are known as the active area since that electrical performance can be gained from it. On the other hand, the area which covers the 3 scribes does not contribute to the current and it is commonly known as the dead area.

The integration of solar cells into modules using laser scribing was at first achieved by J. J.

Hanak in 1981 [START_REF] Hanak | Laser processing technique for fabricating series-connected and tandem junction series-connected solar cells into a solar battery[END_REF]. Since then, laser scribing has been employed for different types of solar cells including a-Si:H, µc-Si:H [START_REF] Haas | Analysis of the laser ablation processes for thin-film silicon solar cells[END_REF][START_REF] Kim | Comparison of multilayer laser scribing of thin film solar cells with femto, pico, and nanosecond pulse References durations[END_REF] and CIGS [START_REF] Westin | Laser patterning of p2 interconnect via in thin-film cigs pv modules[END_REF][START_REF] Gečys | ps-laser scribing of cigs films at different wavelengths[END_REF] devices.

1.5. Motivation of the thesis

Motivation of the thesis

Depositing radial junctions over an array of SiNWs grown by plasma-assisted VLS method in lowtemperature PECVD reactors represents an innovative approach, with the decoupled light absorption and carrier extraction. The ultra-thin absorber layers of 100 nm provide a strong built-in electric field with record efficiency of 9.2 % and a light-induced degradation of about 6 % [38,[START_REF] Misra | High efficiency and stable hydrogenated amorphous silicon radial junction solar cells built on vls-grown silicon nanowires[END_REF]. These results have been achieved by evaporating a thin layer of Sn catalyst to mediate the growth of SiNWs. Up to now, the RJ devices have been tested in laboratory conditions on solar cells up to 1 cm 2 .

This work is dedicated to study the monolithic integration of RJ SiNW solar cells into large area modules using laser scribing technique in order to demonstrate a commercial potential and compatibility with standard industrial processes. In addition, we have focused on an alternative approach of the growth of SiNWs by direct reduction of fluorine doped tin oxide (FTO), thus reducing one step from the fabrication process of RJ SiNW solar cells (thermal evaporation of Sn metal catalyst).

Laser scribing is a relatively common technique in thin-film solar cell industry which is fast, low-cost and can be adapted to many different materials. The previous results and optimizations of laser scribing to realize thin-film based modules presented in the literature have been carried out on planar surfaces, but never tested in the case for the RJ SiNWs. Such geometry implies very different optical interaction of the sample with applied laser beam. This thesis focuses on a novel study of the removal of RJ SiNWs and on optimization of the fabrication process of large area RJ SiNW solar devices. As will be shown in the following, we have achieved an advance in the knowledge of the modularization of the RJ SiNW solar cells and demonstrated the viability of the approach for nanostructured devices together with the compatibility with the industrial fabrication processes.

This thesis is organized in four chapters.

Chapter 2 is devoted to the description of the experimental and characterization techniques used in this work. At first, we introduce the PECVD technique, along with the PECVD reactors used to fabricate RJ SiNW solar cells. In-situ spectroscopic ellipsometry (SE) has been used to observe the growth of RJ SiNWs during the process. Laser scribing systems located at Solems company to realize the mini-modules are introduced. The opto-electrical characterization tools, e.g. I-V characteristics, external quantum efficiency and electroluminescence are described. The deposition process of top ITO contact using magnetron sputtering is also introduced. The structural characterization using scanning electron microscopy (SEM) and elemental analysis using energy-dispersive X-ray microscopy (EDX) are introduced. Inkjet printing of silver grid using a Fujifilm Dimatix DMP-2800 inkjet printer is described. Finally, the Raman spectroscopy used for analysis of the chemical composition of materials is introduced.

In chapter 3, the detailed fabrication process of pin RJ SiNW solar cells is presented. FTO thinfilm reduction by H 2 plasma is studied by in-situ SE. In addition, in-situ SE data taken during the growth of SiNWs is discussed. We analyzed the impact of H 2 plasma treatment duration on droplet and radial junctions density. The opto-electrical performance of the obtained pin RJ SiNW solar cells is presented and discussed.

In chapter 4, we have carried out studies on each laser scribing step, i.e. P1, P2 and on the lift-off process (P3). In step P1, the electrical isolation between the separated segments is tested. While in step P2, two laser scribing setups with wavelengths of 532 and 1064 nm were used with different values of laser power to perform the selective removal of RJ SiNWs, where the obtained scribed spots were analyzed by SEM, EDX and Raman spectroscopy. In step P3, the pattern of top ITO contact sputtered on top of RJ SiNWs is tested.

In chapter 5, the finalization of mini-modules based on RJ SiNW solar cells on the same glass substrates is demonstrated. The improved laser scribing parameters (P2) as well as the inkjet printing of silver grids with different designs to reduced the series resistance of the obtained mimi-modules are discussed. 

PECVD technique

Plasma-enhanced chemical vapor deposition is a thin-film fabrication technique based on the dissociation of gas molecules by electron impact in an electrical discharge, unlike the conventional method of thermal dissociation in chemical vapor deposition (CVD) reactors. Therefore, the deposition in PECVD can be carried out at substrate temperatures much lower than for conventional CVD (typically between 150 and 400 °C). In PECVD, the dissociation of a precursor gas and the surface reactions of ionized species are controlled by the plasma, which is defined as an ionized gas that is macroscopically neutral [START_REF] Roca I Cabarrocas | Deposition techniques and processes involved in the growth of amorphous and microcrystalline silicon thin films[END_REF]. After introducing the desired gas (e.g. SiH 4 ) inside the PECVD reactor, the RF power is delivered through the RF electrode. As a result, electrons are accelerated by the electric field and gain enough energy to dissociate SiH 4 molecules, thus creating a plasma containing electrons, negative and positive ions, neutral species such as radicals and nanoparticles [START_REF] Roca I Cabarrocas | Deposition techniques and processes involved in the growth of amorphous and microcrystalline silicon thin films[END_REF]. As shown in Fig. 2.1(b), the plasma bulk (in purple) is isolated from the walls and electrodes surface by a sheath region. The potential profile is plotted as a red line. The plasma bulk corresponds to the region where the potential is constant, while electrons density strongly decreases across the sheaths. The electrons have a lower mass, and therefore a higher mobility. Thus, they will be lost to the electrodes, leaving behind a region (the sheath) that is not neutral anymore. This region contains positive ions and radicals can interact with substrate, and therefore contribute to the deposition process, whereas negative ions are trapped inside the bulk plasma by the repulsive forces arising from the sheath [START_REF] Roca I Cabarrocas | Deposition techniques and processes involved in the growth of amorphous and microcrystalline silicon thin films[END_REF]. adapted from [START_REF] Roca I Cabarrocas | Deposition techniques and processes involved in the growth of amorphous and microcrystalline silicon thin films[END_REF] and [START_REF] Labrune | silicon surface passivation and epitaxial growth on c-Si by low temperature plasma processes for high efficiency solar cells[END_REF], respectively.

Typically, deposition of thin-film materials takes place based on pre-selected parameters including the RF power, substrate temperature, partial pressure of the introduced gases. Therefore, properties of the deposited material are obtained as required. For instance, the substrate temperature has a crucial role in preventing any kinking or bending of the SiNWs [START_REF] Misra | Single and tandem radial junction silicon thin film solar cells based on PECVD grown crystalline silicon nanowire arrays[END_REF]. Moreover, SiNWs are grown faster, when the RF power is increased [START_REF] Misra | Single and tandem radial junction silicon thin film solar cells based on PECVD grown crystalline silicon nanowire arrays[END_REF]. °C, respectively. Previously, it has been shown that the substrate holder temperature could reach an actual value of 420 °C [START_REF] Misra | Single and tandem radial junction silicon thin film solar cells based on PECVD grown crystalline silicon nanowire arrays[END_REF].

During this study, PLASFIL reactor has been upgraded with new measuring devices (pressure gauge, thermocouple, etc.) compatible with an automatized system built specifically for it as shown in Fig. 2.2(b). Pumping and breaking vacuum of the chamber and process mode can be controlled directly from the command screen. In addition, the gas inlets, plasma power and temperature are also controlled from the command screen. The automation system facilitates the deposition process and improves the protection and safety of utilizing this reactor. The ARCAM reactor is another home-made capacitively coupled radio frequency PECVD reactor used to deposit various thin-film materials including a-Si:H, µc-Si:H, µc-SiO x :H and epitaxial growth of intrinsic silicon. It has been designed and built in the early 80's, where more detailed information regarding the design can be found in Roca i Cabarrocas et al. [START_REF] Roca I Cabarrocas | A fully automated hot-wall multiplasma-monochamber reactor for thin film deposition[END_REF]. ARCAM is designed as a multiplasma monochamber reactor which consists of three plasma boxes and six substrate holders placed on a rotating plate, where various depositions can be processed in a single pump-down process while avoiding the cross contamination. Once the substrate is inside the reactor, it can rotate to any plasma box, hence various thin-films can be deposited on the substrate. Another advantage of such design is that the substrate can be placed away during the optimization of the deposition parameters, then it can be moved where the process can take a place. Unlike the case of PLASFIL reactor, the substrates are facing down to the RF electrode. In addition, the heating in ARCAM is provided by thermocoax cables surrounding the reactor walls, thus homogeneous temperatures can be maintained during the deposition. ARCAM operates at base pressure of around 5×10 

Laser scribing setup

Thanks to Solems company [START_REF] Company | Solems's thin-film solar devices[END_REF], we have carried out the laser scribing process to fabricate the RJ SiNW solar mini-modules using their setups. Solems has two laser scribing systems dedicated for fabrication of thin-film solar large area devices. Both laser systems are Q-switched Nd-YAG nanosecond pulsed lasers. The first one is an infrared (IR) laser which delivers pulses at 1064 nm is used mainly for TCO materials scribing. The second laser is a green laser working at 532 nm, and used mainly for scribing of silicon based materials.

The laser systems are motorized in xy direction with a fixed scanning speed of 300 and 400 mm/sec for both green and IR lasers, respectively. In addition, pulse repetition frequency (PRF) has been also fixed at 2 and 4 kHz for green and IR lasers, respectively.

Magnetron sputtering

Sputtering is a physical vapor deposition technique used to eject atoms from a surface of a solid target (known also as cathode), and to deposit them on a substrate as a thin film [START_REF] Swann | Magnetron sputtering[END_REF][START_REF] Kelly | Magnetron sputtering: a review of recent developments and applications[END_REF], where it has been used during this work to deposit contacts for solar devices. The ejection of atoms occur by bombarding the target with energetic ionized gases in the plasma environment as shown in Fig. 2.4.

Typically, the ionized gas is an inert gas such as argon (Ar), or mix of Ar and O 2 , and they usually get energized by DC or RF power supply connected to the target terminal. Magnetrons are usually installed in the system, parallel to the target surface as shown in Fig. 2.4, to constrain the motion of

Electron microscopy (SEM and EDX)

electrons close to the target surface [START_REF] Kelly | Magnetron sputtering: a review of recent developments and applications[END_REF]. This will increase the probability of ionizing collisions between gas atoms and trapped electrons and sustain the plasma at lower pressures, hence reducing the impedance of plasma and lowering the operational voltage to few hundred volts as compared to several kV of conventional sputtering [START_REF] Swann | Magnetron sputtering[END_REF].

Magnetron sputtering has been used extensively for depositing different TCO materials, such as indium tin oxide (ITO) [START_REF] Kurdesau | Comparative study of ito layers deposited by dc and rf magnetron sputtering at room temperature[END_REF][START_REF] Terzini | Properties of ito thin films deposited by rf magnetron sputtering at elevated substrate temperature[END_REF] and aluminum-doped zinc oxide (ZnO:Al) [START_REF] Ellmer | Magnetron sputtering of transparent conductive zinc oxide: relation between the sputtering parameters and the electronic properties[END_REF]. Throughout this work, an Alliance concept DP 650 magnetron sputtering system has been used to deposit ITO thin films on top RJ SiNWs as a top contact. The system consists of a load lock with a loading arm, 4 slots for different targets inside a chamber of high vacuum (typically 5×10 -7 mbar) and a RF power supply operating at 13.56 MHz. In addition, another sputtering system (located at Solems company) has been used to deposit ITO films. It is an industrial reactor with automatized system and load lock for high throughput. In addition, deposition of ITO on 30×30 cm 2 substrates can be conducted. Elemental analysis of a targeted sample can be acquired by means of analyzing the re-emitted X-ray spectrum as shown in Fig. 2.5. After the electron beam delivered to the sample, a part of this beam energy is transfered to the atoms of the sample. Therefore, a vacancy is left-behind, after an electron is expelled from its original state. Higher-energy shell electrons fill holes in a low energy shell, which leads to a release of an energy in the form of an X-ray. Using silicon drift detector integrated in the SEM system, qualitative and quantitative elemental analysis can be performed, by providing the type of elements and the concentration of each element of the sample, respectively.

This technique is commonly known as the energy-dispersive X-ray microscopy (EDX).

In this work, a SEM (HITACHI S-4800) has been utilized to evaluate the density and morphology of SiNWs, as well as the laser scribes made on the substrates. An EDX (UltraDry EDX Detector) microanalysis system was provided by Thermo Scientific and it is integrated in SEM system, to analyze the elemental components of targeted areas of SiNW mini-modules. 2.5 Opto-electrical characterizations of solar cells

I-V characteristics

An important characterization technique used to assess the opto-electrical performance of solar cells is current-voltage measurement (I-V). A solar cell is a semi-conductive device which has characteristics of a diode, where a charge separation takes a place within the junction. Ideally, the solar cell can be modeled as a current generator in parallel with a diode as shown in Fig. 2.6 (a). The current generator represent the photo-generated current (I L ) acquired by the solar cell under light illumination. By taking these points into account, the output current at the terminals of an ideal solar cell can be obtained by summing up the diode equation and I L as shown in Eq. (2.1). Where I D represent the diode saturation current, q is the charge of one electron, n is the ideality factor (for ideal diode n = 1), k is the Boltzmann constant and T is the temperature in K.

I = I L -I D [exp qV nkT -1] (2.1)
Practically, the performance of solar cells is affected by parasitic resistances. Series resistance (R s ) and shunt resistance (R sh ) are introduced and added to the previously discussed model as shown in Fig. 2.6(b) to better reflect the real devices. Thus, a more general expression for the I-V characteristic is given by Eq. (2.2). The series resistance is a result of all resistive losses in the solar cell including contact resistances and resistivity of the semi-conductive layers. The shunt resistance 2.5. Opto-electrical characterizations of solar cells originates mainly from the leakage currents through alternative paths in the solar cell, which causes a drop in the photo-generated current. In ideal solar cell, R s → 0 and R sh → ∞. The energy conversion efficiency (η) of solar cells is defined as a ratio between the extracted maximum power (P max ) and the incident power (P incident ):

I = I L -I D [exp q(V + IR s ) nkT -1] - V + IR s R sh (2.2)
η = P max P incident , (2.3) 
Where the P incident is equivalent to one sun illumination equals to 1000 W/m 2 and P max is acquired when the product of I and V is at maximum as follows:

P max = V max I max (2.4)
In addition, we can calculate the η of solar cells based on three parameters, which are opencircuit voltage (V oc ), short-circuit current (I sc ) and fill factor (FF). The V oc is the voltage obtained under illumination when the terminals are disconnected (I = 0). The I sc is the current obtained under the illumination when the terminals are shorted together (I sc = I L ). As the I sc depends on the illuminated area of the solar cell, short-circuit current density (J sc = I sc / area of the solar cell) is often used to compare between different solar cells. In following text, both I sc and J sc have been used. The FF is commonly used to describe the performance of solar cells as follows:

FF = P max V oc J sc = V max J max V oc J sc (2.5)
Figure 2.7 shows a typical J-V of a radial junction solar cell, where V oc and J sc are marked at the their intersection with x and y axes, respectively. Moreover, P max is marked by an arrow, with FF defined as P max /V oc J sc which is a figure of merit for designing solar cell. Based on these parameters (V oc , J sc and FF), we can calculate the η as follows:

η = P max P incident = V oc J sc FF P incident (2.6)
To study the electrical performance of the fabricated RJ SiNW solar cells and mini-modules, many current-voltage (I-V) characteristics have been recorded under standard AM1.5G illumination conditions using Newport's Oriel Sol3A Class AAA solar simulators (models 94083A and 94023A) with certified 8"`×8" and 2"×2" homogeneity under 1 sun illumination, respectively.

External quantum efficiency

The efficiency of collected charge carriers is given by the external quantum efficiency (EQE). It is the ratio of the number of carriers collected by the solar cell (electrical current) to the number of photons of a given energy incident on the solar cell, and thus including the optical and electrical losses.

Opto-electrical characterizations of solar cells

In order to measure EQE, the solar cell is illuminated with a single wavelength, and the amplified photo-generated current is measured. By repeating this process over a broad spectrum of wavelengths, we can acquire the wavelength dependent EQE graph as shown in Fig. 2.8. After determining the EQE across the solar spectrum wavelengths, we can obtain J sc by integrating the EQE curve multiplied by the solar spectral irradiance as follows:

J sc = q φ ph (E)EQE(E)dE (2.7)
Where q is the charge of an electron, φ ph (E) is the spectral photon flow incident on the solar cell of a selected wavelength corresponding to the AM 1.5G spectrum.

Ideally, the EQE response at a certain wavelength is equal to 100 % if all incident photons are absorbed in active material and create an electron-hole pair and all the corresponding generated carriers are collected. However, due to various factors including front surface recombination, reflection, parasitic absorption and insufficient diffusion length, the EQE response can be reduced. Figure 

Opto-electrical characterizations of solar cells

The measurements of several RJ SiNW solar cells were conducted using Newport system (Oriel Instruments QEPVSI-b) which consists of light source (Xenon light) with a mechanical chopper to create a pulsed source of light and a monochromator to select the wavelength of the incident light.

The calibration of the measurement setup was carried out using a certified photo-diode. The EQE response was recorded with an interval of 10 nm within the range of 350-1100 nm.

Electroluminescence

Electroluminescence (EL) is an opto-electrical phenomenon in which a semi-conductive material emits light in response to electrical current or electric field [START_REF] Sze | Physics of semiconductor devices[END_REF]. The phenomenon of (EL) was discovered by H. J. Round in 1907 when he observed a yellowish light coming out from a carborundum crystal after applying a voltage bias of 10 volts [START_REF] Round | A note on carborundum[END_REF]. The EL in solar cells relies on the same principle as light emitting diodes (LEDs). After applying a forward bias to a solar cell junction, an injection of majority carriers can generate a radiative recombination [START_REF] Sze | Physics of semiconductor devices[END_REF]. Accordingly, the study of Si solar cells using EL technique was presented in 1952 by J.R. Haynes and H.B. Briggs [START_REF] Haynes | Radiation produced in germanium and silicon by electron-hole recombination[END_REF].

In 2005, Fuyuki et al. have proposed a convenient and quick spatially resolved EL imaging technique [START_REF] Fuyuki | Photographic surveying of minority carrier diffusion length in polycrystalline silicon solar cells by electroluminescence[END_REF], in comparison with the already used spectrally resolved EL technique [START_REF] Wang | Electroluminescence and forward bias current in p-i-n and p-b-i-na-si: H solar cells[END_REF][START_REF] Yan | Analysis of post-transit photocurrents and electroluminescence spectra from a-si: H solar cells[END_REF].

The setup of this EL imaging measurement system is shown schematically in Fig. 2.9. It consists of a charge-couple device (CCD) camera connected directly to a computer, DC power supply and a holder to support the measured solar devices. Typically, the experiment is performed in a dark ambient to minimize the interference of undesired light on the output results.

The advantage of performing spatially resolved EL technique on solar devices, arise from the ability to capture a single image of entire solar device, and therefore provide a fast assessment.

Moreover, EL is a non-destructive, robust and capable of large area inspection, which does not require any sample preparation. Information obtained from a single image include the non-uniformities in thin-film thickness, electrical shunts due to a poor laser scribing, or regions which are electrically inactive.

Despite the weak luminescence signal intensity of a-Si:H solar cells (in comparison to bulk c-Si solar cells), different groups have reported EL characterization of a-Si:H solar cells [START_REF] Tani | Direct assessment of series resistance in thin film solar cells utilizing electroluminescence[END_REF][START_REF] Tran | Local junction voltages and radiative ideality factors of a-si: H solar modules determined by electroluminescence imaging[END_REF].

Sinha et al have reported a detailed study on many a-Si:H mini-modules for the purpose of the inspection of lateral TCO Resistance, local shunts and scratches imaging.

In this work, we have used two different setups of EL. The first one was provided by Prof. T.

Fuyuki and is based on a CCD camera (720×480pixels) with a silicon detector having a bandpass filter that removes wavelengths below 900 nm. The other EL setup was based on an air cooled CCD camera provided by Hamamatsu Photonics (1024×1344 pixels). The camera is equipped with 

Inkjet printing of silver grid

For the purpose of reducing the series resistance of top contact in large area solar devices, a silver (Ag) grid with a defined geometry has been used in this work. Inkjet printing is considered as a common technique for controlled deposition on specific locations of a substrate. Various applications have been realized with the assistance of inkjet printing such as organic LEDs [START_REF] Tekin | Film thickness dependency of the emission colors of ppe-ppvs in inkjet printed libraries[END_REF], carbon nanotubes [START_REF] Kordás | Inkjet printing of electrically conductive patterns of carbon nanotubes[END_REF][START_REF] Beecher | Ink-jet printing of carbon nanotube thin film transistors[END_REF] and Ag contacts for electronic applications [START_REF] Lee | Inkjet printing of nanosized silver colloids[END_REF][START_REF] Noguchi | Direct inkjet printing of silver electrodes on organic semiconductors for thin-film transistors with top contact geometry[END_REF]. To examine the quality and jetting speed of the drops, a CCD camera is installed (known as drop watcher). More details regarding the ejecting mechanism can be found in Cummins et al. [START_REF] Cummins | Inkjet printing of conductive materials: a review[END_REF].

We have used AgNPs solved in tripropylene glycol mono methyl ether to print the Ag grid on our substrates. As a final step of the printing process, the substrates were annealed at 200 °C, to evaporate the solvent away and to consolidate the AgNPs as a continuous conductive line. 

Raman spectroscopy

Raman spectroscopy is a vibrational spectroscopic technique used to provide structural fingerprint where the chemical composition and structure of a sample can be identified. When monochromatic light (for instance from a laser) is delivered to a sample, an interaction occurs between the incident photons and atoms and molecules of the sample. Therefore, the photons will be either absorbed, reflected or scattered. Scattering of photons occurs elastically or inelastically. Elastic scattering commonly known as Rayleigh scattering is the the most common case and the scattered photons will have the same wavelength as the incident photons. In contrast, a small fraction of scattered photons (×10 -7 ) is generated during the interaction which is not elastic with a wavelength lower or higher than the incident photons. This process is known as a Raman effect [START_REF] Das | Raman spectroscopy: recent advancements, techniques and applications[END_REF].

At room temperature, the scattered photons can have an energy lower (longer wavelength) than the incident photons, due to the excitation of the vibrations of the sample as shown in Fig. 2.11 (a), which is known as Raman Stokes scattering. In contrast, Raman anti-Stokes scattering occurs when the scattered photons have a higher energy than the incident photons as shown in Fig. 2.11(b).

The Stokes scattering is stronger than the anti-stokes scattering, and thus it is usually observed by a Raman spectroscopy system. However, anti-Stokes can be detected for a vibrational frequencies lower than 1500 cm -1 . The energy difference between incident and scattered photon is known as the Raman shift (∆ν) and can be calculated numerically using Eq. (2.8) , and measured in wave numbers (cm -1 ).

∆ν = 1 λ incident - 1 λ scattered , (2.8) 
where the λ is the wavelength of the incident photons and the Raman scattered photons and measured in cm, respectively. 

r p r s = tan(Ψ) exp(i∆), (2.9) 
Where, the r p and r s are the complex reflection coefficients for pand slinear polarization, respectively. The p-polarized light is obtained when the polarization vector of the reflected light is parallel to the plane of incidence (also known as transversal magnetic, TM), while the s-polarized light is obtained when the polarization vector of the reflected light is perpendicular to the plane of incidence (also known as transversal electric, TE).

The data acquired by SE measurements can be put in a model to provide various properties of the thin-film, such as composition, roughness, crystallinity, thickness and many more, or directly interpreted for the purpose of the process control. A striking feature of SE is the high precision of the measurement as well as the very high thickness sensitivity better than 0.1 Å [START_REF] Fujiwara | Spectroscopic ellipsometry: principles and applications[END_REF].

Throughout this work, M-2000 spectroscopic ellipsometer from J.A. Woollam Co. [START_REF] Woollam Company | M-2000 ellipsometer[END_REF] was installed in PLASFIL reactor [see Fig. 

FTO substrates

Transparent conductive oxides (TCOs) are semiconductor materials which are commonly doped (typically n-type doping) to acquire higher conductivity [START_REF] Beyer | Transparent conducting oxide films for thin film silicon photovoltaics[END_REF]. Typically, TCO materials are transparent in the visible portion of the solar spectrum with a band gap higher than 3 eV. Up to now, the most used TCOs are n-type ZnO, indium-tin oxide (ITO) and SnO 2 . Among them, SnO 2 doped with fluorine (F) can be fabricated using different techniques such as RF magnetron sputtering [START_REF] Zhu | Transparent conductive f-doped sno2 films prepared by rf reactive magnetron sputtering at low substrate temperature[END_REF][START_REF] De Moure-Flores | Sno2: F thin films deposited by rf magnetron sputtering: effect of the snf2 amount in the target on the physical properties[END_REF],

pulsed laser deposition [START_REF] Kim | Transparent conducting f-doped sno 2 thin films grown by pulsed laser deposition[END_REF], electron beam evaporation, CVD [START_REF] Bae | Doped-fluorine on electrical and optical properties of tin oxide films grown by ozone-assisted thermal cvd[END_REF][START_REF] Remes | Optical properties of sno2: F films deposited by atmospheric pressure cvd[END_REF] and cheap chemical processes like spray pyrolysis of inexpensive raw materials such as tin chlorides [START_REF] Agashe | Structural properties of sno2:f films deposited by spray pyrolysis[END_REF][START_REF] Ren | Preparation of fluorine doped tin oxide film by ultrasonic spray pyrolysis[END_REF]. Therefore, FTO films have been used extensively in various applications including flat panel displays [START_REF] Fukano | Ionization potentials of transparent conductive indium tin oxide films covered with a single layer of fluorine-doped tin oxide nanopar-References ticles grown by spray pyrolysis deposition[END_REF],

touch screens [START_REF] Kikuchi | Electrical and mechanical properties of SnO 2 :Nb films for touch screens[END_REF], gas sensors [START_REF] Sharma | Enhanced response characteristics of SnO 2 thin film based NO 2 gas sensor integrated with nanoscaled metal oxide clusters[END_REF] and to provide electrical contacts for solar cells [START_REF] Ito | Fabrication of thin film dye sensitized solar cells with solar to electric power conversion efficiency over 10%[END_REF][START_REF] Ahn | Highly reproducible perovskite solar cells with average efficiency of 18.3% and best efficiency of 19.7% fabricated via lewis base adduct of lead (ii) iodide[END_REF].

As mentioned above, FTO has been used to provide an electrical contact for various types of solar cells [START_REF] Crandall | The future of amorphous silicon photovoltaic technology[END_REF]. However, in deposition processes which are assisted by plasma (e.g. PECVD), it has been observed that the surface of SnO 2 layer is reduced at the initial stage of the process leading to the production of Sn mono-oxide (SnO) and elemental Sn. Therefore, the interface between the deposited silicon and SnO 2 layer contains elemental Sn [START_REF] Thomas | X-ray photoelectron spectroscopy study of hydrogen plasma interactions with a tin oxide surface[END_REF][START_REF] Hamma | Low-temperature growth of thick intrinsic and ultrathin phosphorous or boron-doped microcrystalline silicon films: Optimum crystalline fractions for solar cell applications[END_REF]. This is mainly due to the presence of H 2 plasma produced during the dissociation of gases, e.g. SiH 4 , which interacts with the top surface of the FTO thin-film [START_REF] Thomas | X-ray photoelectron spectroscopy study of hydrogen plasma interactions with a tin oxide surface[END_REF][START_REF] Wallinga | Reduction of tin oxide by hydrogen radicals[END_REF]. Wallinga et al. have studied the effect of the temperature and exposure duration on FTO substrates in H 2 plasma environment. They observed a decrease in the transmission and increasing sheet resistance of FTO thin-films upon prolonged exposure to H 2 plasma (for instance at 430 °C for 10 min) [START_REF] Wallinga | Reduction of tin oxide by hydrogen radicals[END_REF]. Moreover, the thickness of Sn-rich surface layer 3.1. Previous works on radial junction Si nanowire solar cells on FTO substrates has been estimated to reach between 0.1 [START_REF] Thomas | X-ray photoelectron spectroscopy study of hydrogen plasma interactions with a tin oxide surface[END_REF] and 40 nm [START_REF] Wallinga | Reduction of tin oxide by hydrogen radicals[END_REF].

Producing elemental Sn directly from the FTO layers has been considered as an advantage, as it can eventually catalyze the SiNW growth. In the thesis work of Benedict O'Donnell at LPICM, the optimization of H 2 plasma conditions for better controlling the diameter and density of the Sn metal particles has been demonstrated [START_REF] Donnell | Plasma grown silicon nanowires catalyzed by post-transition metals and applications in radial junction solar cells[END_REF]. Moreover, he successfully managed to initiate the growth of SiNWs and to build SiNW solar cells with undoped SiNW [START_REF] Donnell | Plasma grown silicon nanowires catalyzed by post-transition metals and applications in radial junction solar cells[END_REF][START_REF] Yu | All-in-situ fabrication and characterization of silicon nanowires on tco/glass substrates for photovoltaic application[END_REF]. However, the energy conversion efficiency (η) of such devices was limited to below 1%, due to lack of doping of c-SiNWs. In have reported that the density of RJ SiNWs is increased when the initial thickness of the evaporated Sn is increased [START_REF] Misra | High efficiency and stable hydrogenated amorphous silicon radial junction solar cells built on vls-grown silicon nanowires[END_REF]. As shown in Fig. 3.1, the electrical parameters, i.e. V oc , J sc , FF and η, have This chapter is dedicated to the growth of SiNWs using Sn catalyst directly reduced from FTO thin-film layer. Moreover, a fabrication process has been demonstrated to realize RJ SiNW solar cells. In addition, the electrical performance of the devices has been discussed and compared with the results obtained by evaporating Sn catalyst. 

Production of Sn droplets directly from FTO using H 2 plasma

Commercial 1"×1" soda-lime glass (SLG) substrates covered with a 600 nm thick FTO layer have been utilized throughout this chapter. At first, the substrates were loaded into PLASFIL reactor.

After reaching a base pressure of 5 × 10 -6 mbar, the temperature was increased to 200 °C. Hydrogen plasma was ignited after introducing 100 sccm of H 2 at a pressure of 0.8 mbar with a RF power of 5 W. We have studied the impact of H 2 plasma treatment duration on the surface of FTO layer at those fixed conditions. We have prepared 5 samples by changing the treatment duration between 2 and 6 min. Within 2 min of exposing the FTO thin-film to the H 2 plasma, we have found that the diameter of the produced metallic Sn droplets was in the range of 17-35 nm and formed homogeneously on its surface [see Fig. 3.3 (a)] with a high density of around 775×10 8 /cm 2 . By increasing the duration of H 2 plasma to 3 min, the droplets diameter increased and fall within a range of 22-48 nm, leading to a decrease in droplets density to around 500×10 8 /cm 2 . After 4 min of H 2 plasma, the droplets diameters increased to reach an average size of 49 nm and further decrease in the density to about 430×10 8 /cm 2 . By increasing the treatment time to 5 and 6 min, larger droplets were formed with average diameters higher than 60 nm and the density of Sn droplets in the range of about 310×10 8 /cm 2 for both treatment durations. In all cases, we have found that droplets with diameters of about 30 nm were observed [see Fig. 3.3(e)]. Typical NW diameter is between 30 and 50 nm which is grown from droplets smaller than 50 nm [START_REF] Misra | High efficiency and stable hydrogenated amorphous silicon radial junction solar cells built on vls-grown silicon nanowires[END_REF]. Such observations indicate that with longer exposure to H 2 plasma, the distribution of Sn droplets diameters is getting broader, but still containing droplets diameter of about 30 nm. In addition, the density of the formed Sn droplets is decreasing due to the coalescence of the Sn droplets as they grow larger.

The direct reduction of FTO during the H 2 plasma treatment was also observed by in-situ spectroscopic ellipsometry (SE), previously studied in [START_REF] Drevillon | In situ investigation of the optoelectronic properties of transparent conducting oxide/amorphous silicon interfaces[END_REF][START_REF] Kumar | A real time ellipsometry study of the growth of amorphous silicon on transparent conducting oxides[END_REF]. We have traced the change in phase difference (∆) upon the exposure to the H 2 plasma for 2, 3 and 4 min at photon energy of 5.5 eV as shown in Fig. 3.4 (a). At this wavelength, the FTO thin-film has high optical absorption with low penetration depth, and therefore ∆ is highly sensitive to very surface changes [START_REF] Kumar | A real time ellipsometry study of the growth of amorphous silicon on transparent conducting oxides[END_REF]. In Fig.

3.4(a)

, the H 2 plasma start and end are marked by orange and purple circles, respectively. After 2 min, a change in ∆ suggests that the surface of the FTO thin-film is getting modified. By increasing the exposure time to 3 and 4 min, the ∆ followed the same trend, while the change in delta gets larger due to longer exposures to H 2 plasma. The final values of ∆ for 2, 3 and 4 min of H 2 plasma exposure changed from initial values by 5.4°, 7.9°and 8.6°, respectively. In addition, the new values of ∆ were maintained after stopping the H 2 plasma, showing that the surface is not modified afterwards. We have calculated the effective thickness of the Sn droplets formed by the H 2 plasma for the same durations as shown in Fig. 3.4(b). We have assumed that each Sn droplet formed a half-sphere on the sample surface and we took into account every individual droplet from selected part of SEM micrograph (large by 200×200 nm 2 ). If we define the effective thickness as a thickness of continuous Sn film of the same volume as total volume of all Sn droplets on a specific surface.

We have estimated the effective thickness to be about 2.4, 3.38 and 3.65 nm after 2, 3 and 4 min of H 2 plasma treatment, respectively. These thicknesses are very well correlated with the change in ∆, thus allowing for a better control and repeatability of the catalyst formation and density directly during the process by using in-situ data. After applying a H 2 plasma treatment on these samples, the optical transmittance has been measured using UV-Visible Perkin-Elmer Lambda 950 spectrophotometer with an integrating sphere.

The as-deposited FTO on SLG has a good transparency in the visible range (350-800 nm) of around 80 % as shown in Fig. 3.5 (a). However, the transmittance of the FTO starts to decrease gradually by increasing the plasma treatment duration. As a result, after 6 min, the transmittance has dropped below 40 % [see Fig. 3.5 (a)]. This is mainly due to the formation of large Sn droplets on the top surface of the FTO layer, which have a direct impact on the light transmittance. However, in our case, this will not create a drastic impact on the final performance of RJ SiNW solar devices because the light is shining from the top and the FTO layer is serving as a back contact. By measuring the sheet resistance on these samples, we have observed an increase in the sheet resistance with longer time of H 2 plasma treatment, from 10 Ω/ for as-deposited FTO to around 15 Ω/ after 6 min of H 2 plasma treatment as shown in Fig. 3.5(b) [START_REF] Wallinga | Reduction of tin oxide by hydrogen radicals[END_REF][START_REF] Banerjee | Hydrogen plasma degradation of sno2: F films prepared by the apcvd method[END_REF]. Therefore, for the purpose of solar cells fabrication, we have limited the H 2 plasma treatment duration to less than 4 min. 3.3 Fabrication of radial junction Si nanowire solar cells

Growth of doped Si nanowires by the VLS technique

In the previous section, Sn metal droplets have been formed directly from the surface of the FTO layer using H 2 plasma treatment. In this section, we will present the growth of SiNWs via plasmaassisted VLS method and the fabrication procedure of RJ solar cells in a single pump-down process, using Sn metal as a growth catalyst.

After the formation of Sn droplets directly from the FTO layer, the substrate temperature was increased to 400 °C to initiate the growth of SiNWs. A gas mixture containing 5 sccm of SiH 4 , 100 sccm of H 2 and 1 sccm of TMB (1% in H 2 ) was introduced at a pressure of 1.33 mbar with an RF power of 2 W for 10 min. As shown in Fig. 3.6, the length of the self-assembled grown p-type SiNWs is around 0.7-1 µm with the top and bottom diameters being ∼20 and ∼50 nm, respectively.

In addition, we have calculated the density of SiNWs to be about 18.2 ± 2 ×10 8 /cm 2 . of deposition, the grown SiNWs start to scatter the light which can be observed on the decreasing of the signal intensity at a photon energy of 5.5 eV. The interaction of light with NWs is very complex and models of initial growth have been described elsewhere [START_REF] Mrázková | In-situ mueller matrix ellipsometry of silicon nanowires grown by plasmaenhanced vapor-liquid-solid method for radial junction solar cells[END_REF]. By increasing the deposition time to 10 min, the SiNWs are getting longer, causing the increasing scattering of incident photons and leading to a further drop in the detected intensity signal close to zero at higher photon energies [START_REF] Yu | All-in-situ fabrication and characterization of silicon nanowires on tco/glass substrates for photovoltaic application[END_REF].

A typical length of 1 µm of SiNWs is obtained when the signal drops by the order of magnitude from its highest value. In contrast to the fabrication process proposed by Misra et al. [START_REF] Misra | High efficiency and stable hydrogenated amorphous silicon radial junction solar cells built on vls-grown silicon nanowires[END_REF]38,[START_REF] Misra | Single and tandem radial junction silicon thin film solar cells based on PECVD grown crystalline silicon nanowire arrays[END_REF], we were able to grow the SiNWs directly after the reduction of FTO layer using H 2 plasma treatment. The FTO layer has been used to provide the electrode and Sn catalyst simultaneously. Therefore, compared to the work of Misra et al. [START_REF] Misra | High efficiency and stable hydrogenated amorphous silicon radial junction solar cells built on vls-grown silicon nanowires[END_REF]38,[START_REF] Misra | Single and tandem radial junction silicon thin film solar cells based on PECVD grown crystalline silicon nanowire arrays[END_REF], the fabrication process discussed in this section has been reduced by one step, i.e. the thermal evaporation of Sn catalyst. [ 

Impact of H 2 plasma treatment duration on radial junction density

By keeping some of the deposition parameters constant (summarized in Table 3.1), we have studied the impact of H 2 plasma treatment duration on the density of RJ SiNWs. As shown in the previous section, the density of the fabricated RJ SiNW solar cells (obtained after changing the duration of H 2 plasma treatment between 2, 3 and 4 min) is within a narrow range, i.e. between 4.4 and 5.5 ×10 8 /cm 2 . In terms of the performance, we have found that the electrical parameters of these devices is quite similar. The measured J-V curve and the extracted electrical parameters of the performance we have obtained are shown in Fig. 3.13(a) and Table 3.2, respectively.

By comparing these values with the values obtained by Misra et al [START_REF] Misra | High efficiency and stable hydrogenated amorphous silicon radial junction solar cells built on vls-grown silicon nanowires[END_REF] for similar NW density (see Fig. 3.1), we have acquired an average V oc of 0.732 ± 0.17 V, which is higher than the obtained value within the same RJ SiNWs density range. This suggests relatively good conformality of the deposition on SiNWs grown on FTO. In addition, the FF was also higher with an average value of 60.41 ± 0.49 %.

However, the average measured value of J sc is 13.12 ± 0.54 mA/cm 2 , which is lower than the values obtained by Misra et al. [START_REF] Misra | High efficiency and stable hydrogenated amorphous silicon radial junction solar cells built on vls-grown silicon nanowires[END_REF]. The EQE response in Fig. 3.13(b) corresponds to the J-V curve presented in (a). The low response at short wavelengths (below 500 nm) suggests that the carriers collection (electrons and holes) is limited due to electronic losses, recombination in front doped a-Si:H layer and parasitic absorption in ITO [START_REF] Misra | High efficiency and stable hydrogenated amorphous silicon radial junction solar cells built on vls-grown silicon nanowires[END_REF][START_REF] Misra | Single and tandem radial junction silicon thin film solar cells based on PECVD grown crystalline silicon nanowire arrays[END_REF]. In total, the efficiency has been measured to be around 5.8 ± 0.1 %, which is similar to the efficiency obtained by Misra at the same range of the RJ SiNWs density. 

Area V oc J sc FF η (cm 2 ) (V) (mA/cm 2 ) (%) (%)
0.126 0.732 13.12 60.41 5.8 Table 3.2: Corresponding electrical parameters and conversion efficiency extracted from the J-V characteristics.

Chapter summary

In this chapter, we have carried out experiments to fabricate RJ SiNW solar cells based on plasmaassisted VLS technique using Sn as a growth catalyst directly obtained from the reduction of commercial FTO/SLG substrates. The ability to grow SiNWs directly from the reduced FTO layer provides an additional approach to realize such devices with reduced process steps as compared to the conventional Sn evaporation. In addition, the growth of SiNWs along with the deposition of intrinsic and n-type a-Si:H was obtained (in PECVD reactor) in a single pump-down process directly from FTO substrates.

To produce Sn catalyst from the FTO layer, we have carried out a study by changing the duration of H 2 plasma treatment. We have found that the size of the Sn droplets increases for longer treatment durations, due to the coalescence between the produced Sn droplets. Moreover, the FTO transmittance has dropped by almost 50 % from its initial value. In addition, the sheet resistance has increased by 50 % after 6 min of H 2 plasma treatment. While the reduced transmittance does not represent a problem as FTO forms a back contact (light passes through the top ITO contact first), increased series resistance led us to focus our studies on processes with 2 min long H 2 plasma treatments.

By introducing selected gases (H 2 , SiH 4 and TMB) with proper partial pressures, we were able to grow p-type SiNWs with a length close to 1 µm, with no observable kinking or bending of the majority of SiNWs. To finalize the pin RJs, we have deposited intrinsic and n-type a-Si:H layers on top of SiNW arrays. We have found that the density of the RJ SiNWs is within a narrow range between 4.4 and 5.5 ×10 8 /cm 2 . Thanks to in-situ spectroscopic ellipsometry, we are able to trace the growth of SiNWs as well as to control every step during the deposition of RJ SiNW solar devices. Moreover, with fast data acquisition, further studies can be performed for more detailed understanding of the NW growth mechanism in the future.

We have successfully demonstrated a 5.8 % efficient RJ SiNW solar cell with an active area of 0.126 cm 2 , with a V oc around 0.73 V and FF of 60.4 %, where the FTO layer has served as back CHAPTER 4

Characterization and optimization of laser scribing steps

In the previous chapter, the deposition of RJ SiNW solar cells has been discussed. In the next two chapters, the integration of these solar cells into mini-modules will be presented.

In order to bring the radial junction technology to the industrial stage, it is necessary to be able to fabricate sufficiently large modules while using economically feasible approaches. The performance of a single large area solar cell typically suffers reduced performance due to possible inhomogeneities or defects (decreased V oc ) and the need to drive large currents (limited FF). In practical realization of large area devices, a series connection of smaller cells is used to reduce the impact of a single defect on the performance of the large area modules, to increase voltage to more practical values and to reduce the current flowing through the module. Laser scribing represents an economical method which is currently used to fabricate monolithic thin film solar modules on glass substrates.

Radial junction Si nanowire solar cell modularization

To build mini-modules based on RJ SiNWs, 5×5 cm 2 substrates consisting of 600 nm FTO deposited For step P1, prior to loading the substrates into Plasfil reactor, laser scribing using a Q-switch nanosecond pulsed IR Nd:YAG laser (1064 nm) was conducted on the bottom FTO contact layer.

Typically, the scribing width on the FTO layer was around 120 µm. Afterwards, the substrates were The second scribing step (P2) is a selective laser ablation of the pin junction material in order to allow a connection between the top and bottom contacts. After depositing the pin RJ SiNWs, the substrates were scribed using Q-switch nanosecond pulsed Nd:YAG laser (both 532 nm and 1064 nm have been used). Finally, the substrates were loaded to a sputtering machine where a 300 nm thick (measured on flat surface) ITO contact was sputtered on top of RJ SiNWs. The area of the ITO contacts was defined using lift-off technique: at first, a paste of TiO 2 was spread on top of the RJ SiNWs with broad lines (between 450 and 550 µm) followed by the deposition of ITO. Finally the TiO 2 paste was removed using alcohol. After fabricating the RJ SiNW mini-modules, 4 isolation scribes obtained by laser have been made close to edges of the substrates. This eliminates undesired short-circuiting which could happen at the borders of mini-module. A detailed characterization of the laser scribing steps P1, P2 and of the lift-off technique is discussed in sections 4.2, 4.3 and 4.5, respectively.

The structure of all processed layers of the mini-module (including FTO, RJ SiNWs and ITO) after applying the laser scribing and deposition of SiNWs is schematically presented in Fig. 4.1.

The photo-generated current will flow through the RJs layer from one segment to another in series, leading to cumulated voltage at the external electrodes of the mini-module. The presence of the inactive area (which includes P1, P2 and P3) will slightly reduce the active area, but it is more than satisfactorily compensated by the performance of smaller devices in series. The photo of a RJ SiNW solar mini-module fabricated with the assistance of the laser scribing technique is shown in 

Bottom contact separation by P1 laser scribing

As discussed earlier, the main role of the laser scribing P1 is to ensure an electrical isolation between the individual segments, which have been obtained by a selective removal of the FTO layer using 1064 nm IR laser as shown in Fig. 4.2. As a consequence, the resistance between FTO segments is maximized (ideally) so that no electrical shunts between adjacent solar cells will be generated in the solar mini-modules. In particular, the cause of electrical shunts can be the leftover Sn within the P1 scribed area. Therefore, we have carried out a study to analyze the presence of elemental Sn after performing laser scribing on FTO layer using large substrates (5×5 cm 2 ). For the second sample, after loading it into ARCAM reactor, the temperature was increased to 200 °C, then a 100 sccm of H 2 gas was introduced inside the chamber at a pressure of 0.8 mbar.

Afterwards, the plasma was ignited with a RF power of 5 W for 2 minutes. As shown in Fig. In terms of resistance between the FTO segments, no change has been observed with a measured separation resistance higher than 500 MΩ indicating that the Sn droplets within the scribed area have no continuity between them, indicating proper electrical isolation . In the third sample, we performed a H 2 plasma treatment (similar to sample 2) followed by the deposition of p-type a-Si:H by introducing 100 sccm of H 2 , 3 sccm SiH 4 and 1 sccm of TMB with a pressure of 1.33 mbar. The plasma was ignited at a RF power of 2 W for 5 minutes at a substrate temperature of 250 °C, which can lead to SiNW growth in the presence of metallic Sn. We have indeed observed the growth of SiNWs on the samples in areas with residual FTO. To determine the material composition, we performed EDX analysis on three positions on this sample shown in Carrying out a test on different samples of FTO segments on SLG substrates has shown no significant amount of Sn metal within the scribed area of the FTO, with a separation resistance between them close to 300 MΩ. Such results suggest that laser scribing of FTO layer at a laser power of 3.45 W does ensure a sufficient electrical isolation between the FTO segments.

Laser scribing of radial junction Si nanowires (step P2)

The crucial role of laser scribing step P2 is to ensure an electrical path between the adjacent solar cells of a solar module. This path is commonly realized by a selective removal of the thin-film material, while keeping the underneath TCO contact undamaged. Therefore, proper laser scribing parameters should be obtained in order to achieve an adequate removal with minimized creation of flakes and re-solidified material at the edges of the scribed area. In addition, P2 is typically obtained besides the P1 scribes as to not short circuit the adjacent cells. As a consequence, the solar modules can be realized with minimal series resistance. The selective removal of RJ SiNWs was studied and it will be discussed in this section, in order to find the proper P2 laser scribing parameters. The process of selective removal of RJ SiNWs is simplified and shown schematically in Fig. 4.7. To conduct the study, the deposition of RJ SiNWs was performed in Plasfil reactor in a single pump-down process using the deposition parameters presented in Chapter 3. Afterwards, using both nanosecond pulsed Nd:YAG lasers (532 and 1064 nm), the selective removal of RJ SiNWs was carried out for different values of laser power as summarized in Table 4.2. As mentioned earlier, we have fixed the pulse repetition frequency (PRF) and the scanning speed of the laser at 2 kHz and 300 mm/sec for the green laser and 4 kHz and 400 mm/sec for the IR laser, respectively. After performing the scribes (two for each power and wavelength), from the RJs side, we characterized the individual craters left by the laser pulses using SEM. In addition, we can observe many cient to completely remove it. These features will be characterized in detail in the following text.

The unique geometry of RJ SiNWs, strongly enhances light scattering in comparison with planar junctions. The multiple scattering effects inside the nanowire forest lead to an effective extension of the illuminating laser beam as the light propagates from nanowire to nanowire. This extension is expected to be in tens of micrometers as the light can be scattered multiple times before it is fully absorbed. The scattering is more important for the green laser than for the IR laser due to the wavelength and Si refractive index differences and enlarges the area modified by the laser. As a result, the green laser heating results in a partial melting outside the scribed spots as shown in Fig. 4.8(d).

The radial junctions are melted together forming new structures. The presence of the underneath FTO contact after performing laser scribing on the RJ SiNWs has been firstly assessed using EDX measurements. The measurement has been carried out on a defined area of around 50×50 µm 2 located at the center of the scribed area. The corresponding EDX spectrum is shown in Fig. 4.9. A strong Sn peak was detected, which indicates that the removal of RJ SiNWs using green laser at a power of 0.38 W has not led to substantial removal of the FTO layer. On the other hand, the observed peak of Si provides uncertain assessment of how sufficient the removal of RJ SiNWs would be as it can correspond to the signal from the substrate as well as the Si left after the scribing. Therefore, it is more clear to compare the EDX spectra at different laser powers and wavelengths and observe the trends. An evolution of surface changes was observed by increasing the applied laser power for both laser setups. Using the green laser setup, melted spheres were produced in the center of the scribed spots at laser power of 0.38 W in comparison with higher values of laser power [see yellow rectangles in Fig. 4.10]. The spheres were slightly dispersed in the center by increasing the laser power to 0.42 W.

However, with further increase of the laser power (between 0.56 and 0.9 W), the amount of spheres was reduced significantly and they were found close to the edges of the scribed spots. On the other hand, using the IR laser scribing setup, few melted spheres were observed within the scribed spots at laser power of 0.6 and 0.84 W [see the yellow rectangles in Fig. 4.11]. However, almost no melted spheres were further observed at higher values of IR laser power between 1.08 and 1.44 W.

The melted and re-solidified material at the edge of the scribed spots was observed at low values of power for both laser scribing setups. In comparison with the IR laser, thicker and more important amount appears after the green laser pulses. However, this material got reduced at higher power for both laser setups. In addition, severe changes have been observed within the scribed spots for both setups at high values of the applied laser power, indicating that a possible damage is more likely to The overlapping between the obtained laser spots is indicated by the orange rectangles.

By increasing the applied laser power, the created scribed spots are getting larger. This can be observed easily in the case of performing the scribes using the IR laser setup, where the scribed spots start to overlap each other [indicated by the orange rectangles in Fig. 4.11]. Figure 4.13 shows the calculated area of the scribed spots created by both laser setups. We have compared the areas instead of diameters, because the scribed spots have non-circular shapes. The area increased from 6540 ± 32 to 12490 ± 73 µm 2 by increasing the applied power of the green laser from 0.38 to 0.9 W as shown in Fig. 4.13 (a). On the other hand, for the IR laser, we have obtained larger scribed spots and the measured area increased from 10330 ± 91 to 15250 ± 50 µm 2 as shown in Fig. 4.13(b).

In addition, the IR laser scribing setup does not create partial melting outside the scribed spots as shown in Fig. 4.14, because the laser beam penetrates through the Si material, experiencing much less scattering events, and thus is mostly absorbed by the FTO layer. For further analysis and to acquire more details regarding the presence of either Si or Sn within the scribed spots of RJ SiNWs, we have performed EDX measurements following the same procedure used to acquire the EDX spectrum shown in Fig. 4.9 (where the scanned area is around 50×50 µm 2 ). In particular, we have taken the counts of Si and Sn, and plotted them with respect to the applied laser power and wavelengths as shown in Fig. 4.15. In the case of using the green laser setup, the detected counts of Si decreased when the laser power increased from 0.38 to 0.56 W. This is mainly due the decrease of amount of the melted spheres within the scribed spots (see Fig. 4.10). However, only a slight change in the counts of Sn at these power values was detected. This indicates that the melted spheres within the scribed spots have a composition of Si material, as we will discuss them in details in the next section. By increasing the laser power (i.e. from 0.7 to 0.9 W), the detected Sn count decreased while the Si counts are increased. This suggests that the RJ SiNWs as well as the underneath FTO thin-film were removed, and the increase in the Si counts is mainly detected from the glass substrates. In the case of using the IR laser setup, the counts of Si were increased while the Sn counts were decreased when we increased the values of the laser power [see Fig. 4. 15(b)]. These measurements suggests that excessive values of laser power were applied which lead to the removal of both the RJ SiNWs and the underneath FTO layer simultaneously. As a consequence, higher Si signal from the glass substrate was detected. 

Study of material composition after P2 laser scribing using

Raman mapping

The importance of the quality of P2 scribing for the solar cell performance cannot be overstated.

The ideal P2 scribe should keep the FTO layer intact while removing all silicon material. In order to identify the best scribing conditions and optimize the laser scribing process for radial junction devices, we have further pursued a study of the detailed characteristics of the obtained P2 scribes inside individual craters. To acquire more details regarding the removal of SiNW RJs, the possibility of FTO removal, and the nature of observed features within the scribed spots, a Raman spectroscopy study has been conducted inside the scribed areas.

At first, as shown in Fig. 4.16, we compared the Raman spectrum of SLG (dark green line) and FTO thin-film on SLG (black line), highlighting the most evident differences in their vibrational fingerprint. In the bottom spectrum we can clearly notice some FTO peaks, e.g. A 1g mode at 625 cm -1

[172] (yellow box in Fig. 4.16) appearing on top of the Raman band at 555 cm -1 which is related to the Si-O-Si bending mode of the glass [START_REF] Wang | Raman spectra of soda-lime-silicate glass doped with rare earth[END_REF]. In addition, two other contributions associated to FTO have been observed, i.e., E 2g and B 2g modes at 470 cm -1 and 760 cm -1 , respectively [START_REF] Kim | Raman scattering, electrical and optical properties of fluorinedoped tin oxide thin films with (200) and (301) preferred orientation[END_REF].

In particular, the B 2g mode at 760 cm -1 covers the peak of Si-O-Si symmetric stretching at 795 cm -1 from the SLG substrate [START_REF] Wang | Raman spectra of soda-lime-silicate glass doped with rare earth[END_REF]. However, this peak gets visible when there is no FTO on the glass substrate. The glass band at 555 cm -1 also presents a small contribution, which appears in the spectrum as a shoulder in the same spectral region of FTO A 1g mode. For a better discrimination be- After performing the laser scribing on the RJ SiNWs, several positions within the scribed spots were also investigated using Raman spectroscopy. As shown in Fig. 4.17, three different positions were chosen for Raman analysis on a scribed spot obtained at IR laser power of 0.42 W. The first position was outside the scribed spot marked by the red circle in Fig. 4.17 (a). The second position was in the region of the melted and re-solidified material (the edge of the scribed spot) marked by the spot marked by the blue circles in Fig. 4.17 (a). The corresponding Raman spectra outside and on the edge of the scribed spot are presented in Fig. 4.17(b), and for the two spheres are shown in Fig.

4.18.

In the Raman measurement conducted outside the scribed area of RJ SiNWs, we have observed a broad Raman peak centered at 472 cm -1 [see Fig. 4.17(b)] that is characteristic of the transverse optical (TO) mode of a-Si thin-films [START_REF] Perez | Direct evidence for the amorphous silicon phase in visible photoluminescent porous silicon[END_REF][START_REF] Han | Raman study of thin films of amorphous-to-microcrystalline silicon prepared by hot-wire chemical vapor deposition[END_REF], which is deposited on top of the SiNWs. On the other hand, we observed a strong and sharp Raman peak at 513 cm -1 [see Fig. 4.17 The Raman spectroscopy measurements were also conducted on the scribed spots obtained at higher laser powers, where various features are observed within the scribed area [see Fig. good agreement with the obtained Raman measurements of the as-deposited FTO and SLG in Fig. 4.16, respectively. Such observations are showing that at high laser power (e.g. 1.44 and 0.9 of IR and green laser scribing setups), the FTO layer will be partially removed. Based on the previous Raman analyses at different positions within the scribed areas, we have focused on the amplitude of the FTO Raman component at 625 cm -1 (blue line in Fig. 4.16), considering as lower limit the amplitude of the glass component appearing as a shoulder in SLG Raman spectrum (dark green line in Fig. 4.16). The absence of the peak at 625 cm -1 in the spectrum will be either attributed to lack of FTO or to the Si covering the scribed spot. For each case of study, two regions within the scribed area have been selected to acquire the Raman signal maps. The first map area was set in the center of the craters within a square of 40×40 µm 2 and with a step size of 2 µm, while the second map area has been selected close to the edge of the scribed area within a rectangle of 50×20 µm 2 and with a step size of 2 µm. In the following text, the Raman maps are presented firstly on the scribed spots obtained at low values of the laser scribing power (i.e. at power of 0.84 and 0.42 W for IR and green lasers, respectively). Afterwards, the Raman maps are presented on scribed spots obtained at high values of laser scribing power (i.e. at power of 1.32 and 0.8 for IR and green lasers, respectively). The Raman mapping of the spots created using a high laser power was also performed. In addition, the Raman mapping of FTO at the spots created by the green laser at a power of 0.8 W shows that a severe damage occurs to the FTO film with mostly a complete removal of both RJ SiNWs and the underneath FTO layer. The rest of the maps at this laser power are not shown because no significant FTO Raman signals were detected. The power of the laser for the Raman measurements was 0.2 mW and the acquisition time was 10 s.

When we used the green laser, the active material was directly heated by the laser and strongly damaged, while it left traces of unremoved Si material inside. The IR laser, on the other hand, heats up the FTO layer, and the Si material on top of it was removed in a more controlled and cleaner manner. Taking into the account these results, the IR laser has shown better removal of RJ SiNWs, less left-over material within the scribed spots and less re-solidified material at the edges of the scribed spots. That makes it a better candidate for a high performance mini-modules based on RJ SiNWs. Even though the IR laser provides cleaner scribes, increasing its power can severely damage the FTO layer, which in principle could limit the performance of the final solar modules. Therefore, we have chosen the IR laser with a sufficient (but not too large) power of 1.08 W to perform the laser scribing step P2 on the RJ SiNWs.

Top contact separation by lift-off technique (step P3)

The separation of top contact in the mini-modules is generally realized using the laser scribing. Liftoff technique provides an alternative approach to perform an adequate separation of top ITO contact and achieve series connection of the individual RJ SiNW solar cells on the same substrates. The separation of top ITO contact prevents undesired shunting between the adjacent solar cells. We have carried out a study to test the lift-off separation quality. The test consists in fabricating RJ SiNW solar cells on large area substrates, where the area of the sputtered ITO contact is defined by the lift-off technique, rather than using shadow mask during the sputtering as discussed previously in In this study, 600 nm thick FTO layer on 5×5 cm 2 SLG substrates have been used. The FTO and RJ SiNWs were not scribed to provide bottom contact for the separated solar cells. After loading these substrates into Plasfil reactor, the H 2 plasma treatment followed by the growth of p-type SiNWs and the deposition of intrinsic a-Si:H absorber layer and n-type a-Si:H window layer were performed in a single-pump-down to obtain RJ SiNWs. The parameters used in each process are summarized in Table 4 cell Area V oc J sc FF η In this chapter, we have highlighted the laser scribing steps P1, P2 and lift-off (P3) required to ensure a monolithic integration of RJ SiNW solar cells which are connected to each other in series on the same glass substrate. In addition, experimental studies have been conducted on each laser scribing step either to test or to improve their functionality in the fabricated mini-modules.

[cm 2 ] [V] [mA/cm 2 ] [%] [%]
Regarding the laser scribing step P1, we have found that at a laser power of 3.45 W delivered by the IR laser setup, an adequate selective removal of the FTO layer with lateral separation width of 120 µm is obtained. As a consequence, separated FTO segments have been ensured with sufficient electrical isolation (higher than 300 MΩ) between them.

We have used two laser scribing setups (532 and 1064 nm) to optimize the laser scribing parameters of RJ SiNWs (step P2). While fixing the PRF and the scanning speed values of both setups, we have applied six values of laser power from each setup to perform a selective removal of RJ SiNWs.

The scribed spots of RJ SiNWs have been analyzed by various techniques of SEM, EDX and Raman spectroscopy. EDX analysis is a practical tool which provides a preliminarily assessment of Sn content of FTO layer within the scribed areas of RJ SiNWs. We have observed melted and re-solidified µc-Si material at the edges of the scribed area, and µc-Si spheres within the scribed areas. However, these features are getting less when the applied laser power is increased. In addition, a partial melting of RJ SiNWs outside the scribed area is observed when we use the green laser for scribing. This is occurring due to the unique geometry of the RJ SiNWs which strongly enhances light scattering in comparison with planar junctions, and thus effectively spreads out the effective area of the applied laser power. In contrast, the IR laser scribing provides no partial melting, because the IR laser beam penetrates through the Si material, experiencing less scattering events and is absorbed by the FTO layer. By increasing the value of the laser power, the surface area of the scribed spots has been increased. In addition, damage of FTO thin-film has been observed within the scribed spots along with micro-cracks on the surface of the substrates.

Raman mapping of FTO component at 625 cm -1 and Si-Si vibrational band component at 513 cm -1 has revealed valuable results regarding the continuity of the FTO film within the scribed areas.

The IR laser setup provides adequate selective removal of RJ SiNWs with a minimal damage of the underneath FTO film in comparison with the green laser setup. However, at high values of laser power from both laser scribing setups, no benefits in terms of proper laser scribing will be ensured due to the severe damage of the underneath FTO.

The sputtering of ITO contacts on top RJ SiNW solar cells with patterns defined by lift-off technique provides excellent isolation between them, which in principle should not generate any electrical losses in the fabricated RJ SiNW solar mini-modules.

CHAPTER 5

Radial junction Si nanowire solar mini-modules

Before going further in this chapter, we would like to recall in brief what has been discussed

early. We have demonstrated the fabrication of RJ SiNW solar cells deposited in a low-temperature PECVD rector in a single pump-down process. The SiNWs were grown using plasma-assisted VLS technique using Sn as a metal catalyst. The Sn catalyst has been reduced directly from the FTO layer, which is initially used to provide the contact for solar cells and modules. Moreover, the laser scribing which was used to fabricate large-area thin-film solar modules, has been characterized after each scribing step (P1 and P2) along with the lift-off technique (step P3). In particular, laser scribing step P2 was studied the most since it has the role of the series connection of the adjacent solar cells, which can be only achieved with a proper selective removal of the RJ SiNWs.

In this chapter, the demonstration of RJ SiNW solar mini-modules is presented. In addition, the optimization of the laser scribing step P2 was performed in order to improve the performance of RJ SiNW solar mini-modules.

5.1 Demonstration of first radial junction Si nanowire mini-modules

Detailed fabrication process

To fabricate RJ SiNW solar mini-modules, 5×5 cm 2 substrates of 600 nm thick FTO deposited on soda-lime glass (SLG) substrates have been used. At first, individual FTO segments (each 0.5 cm wide) have been obtained using IR laser scribing setup at a power of 3.45 W (laser scribing step P1, see Fig. 4.2). These substrates were loaded into PLASFIL reactor, where the H 2 plasma treatment followed by the growth of p-type SiNWs and deposition of 100 nm of intrinsic a-Si:H layer were performed. The parameters used at these deposition steps are summarized in Table 5.1. Afterwards, the substrates were loaded into ARCAM reactor where the window layer of the fabricated RJ SiNW mini-modules has been deposited. We have deposited an n-type doped hydrogenated micro-crystalline silicon oxide (µc-SiO x :H) layer which is a phase mixture of µc-Si:H and hydrogenated amorphous silicon oxide (a-SiO x :H). Typically, this combination of materials acts as follows: the µc-Si:H phase is affected by the n-type doping and provide the channel for the electrical conductivity, while the a-SiO x :H phase helps with the transparency of the film. As a consequence, using n-type µc-SiO x :H as a window layer results in enhancing the blue response in the external quantum efficiency (EQE), hence improves the photo-generated current (I sc ). In the field of RJ SiNW solar cells, Misra et al. have previously used this window layer on top of the SiNWs [38]. The integrated short-circuit current density (J sc ) obtained by the EQE measurement in their case was improved from To perform the laser scribing step P2 on the obtained samples, the green (532 nm) laser system has been utilized and the scribes were performed close to the FTO segments as shown in Fig. 5.1.

This has been done before the detailed study of P2 scribes, and therefore, as we will see, the performance of the first mini-module batch will be limited. Afterwards, the top ITO contact was sputtered with a thickness of 300 nm (measured on flat surface) using the sputtering machine located at Solems company, where the pattern is defined by lift-off process as discussed in the previous chapter. 6 RJ SiNW cells compared to 1.84 mA of the reference cell. However, in terms of J sc which takes in consideration the active area of the cells in the calculations, the values are smaller for the minimodule compared to J sc of 14.65 mA/cm 2 measured on the reference cell. The mini-module cells provide J sc of 6.57, 6.4 and 5.65 mA/cm 2 in series connection of 4, 5 and 6 cells, respectively. In 4 cells connection, the I sc increased by 16 % compared to 6 cells [START_REF] Al-Ghzaiwat | Large area radial junction silicon nanowire solar mini-modules[END_REF].

Moreover, this mini-module still has lower FF as compared to the reference cell and reduced η. This is due to a high series resistance of the devices. We have observed in this mini-module, the non-optimized laser scribing P2 performed by the green laser setup with insufficient removal of RJ SiNWs and various Si materials (flakes and resolidified) observed within and around the scribed spots. In addition, the EL measurements have revealed high resistive losses on the top of the ITO contact. Therefore, performance of the minimodule has been limited by large series resistance and energy conversion efficiency of 1.51 % was obtained.

In the previous section, the main factors which led to reduce the performance of the fabricated RJ SiNW solar mini-modules have been highlighted and discussed. Therefore, in this section, we will discuss a new batch of mini-modules taking into account the optimized laser scribing parameters (see sections 4.3 and 4.4) and the inkjet printing of Ag grid for further decrease of series resistance in the top ITO contact of the mini-modules. The deposition process of RJ SiNWs as well as the laser scribing are briefly discussed to describe changes in the process flow and to highlight the changes we have performed to finalize the fabrication of each mini-module.

First test of inkjet printing on mini-modules

In order to improve the mini-module performance, we have processed mini-modules as follows: at first, the process started with the scribing of the bottom FTO contact using the IR laser at a power of 3.45 W. Afterwards, the deposition of RJ SiNWs was carried out using the parameters summarized in Table 5.3. In comparison with previous mini-module (section 5.1.1), an ultra-thin shell of ptype a-Si:H was deposited with a gradient of doping on the top of the SiNWs. Misra et al. have reported an increase of the open-circuit voltage (V oc ) of the RJ SiNW solar cells using this approach before, by reducing the recombination rate at the p-i interface [38]. The p-type a-Si:H shell was deposited directly after decreasing the substrate temperature to 180 °C and introducing 10 sccm of SiH 4 and 3 sccm of TMB with a pressure of 0.18 mbar and a RF power of 1 W for 3 minutes.

Subsequently, the flow rate of TMB was decreased to 2 sccm for 1 minute and to 1 sccm for another minute. Subsequently, the process has continued with the deposition of the intrinsic a-Si:H layer.

Afterwards, we have deposited n-type a-Si:H layer to achieve the pin RJ. The parameters used for the deposition of the p-type a-Si:H shell layer are included and highlighted in the light green color in Table 5.7. It is worthy to mention that all these thin-film layers were deposited in PLASFIL reactor in a single pump-down process.

In contrast to the laser scribing P2 parameters used in the previous batch of mini-modules (section 5.1.1), we have used the IR laser with power of 1.08 W to selectively remove the RJ SiNWs, which was showing a good removal properties in a detailed study on the scribed spots obtained at different values of the applied laser power (see sections 4.3 and 4.4). After that, the ITO top contact was deposited on top of the RJ SiNWs using the sputtering machine located at Solems company to make a conductive path all the way to the bottom FTO contact. The area of the top ITO contact was defined by using the lift-off technique (step P3). Finally, hard separation scribes have been made on the top, bottom and the sides of these mini-modules. The two Ag pads per cell have a dimension of 1.1 ± 0.5 mm 2 . In total, the Ag grid on solar cell #2 covers about 22 % from the total active surface of 1.34 cm 2 . On the other hand, for each solar cell (from #3 to #9), the Ag grid covers about 11 % from its total active surface. As a consequence, the Ag grid may not function properly, since its a crucial role is delivering the photo-generated current between the adjacent solar cells.

The measured I-V characteristics of the RJ SiNW mini-module shown in Fig. 5.10. The I-V characteristics were recorded under the illumination of white LEDs with intensity comparable to one Sun. However, these results provide valuable information regarding the effect of series resistance on the performance of the mini-module. In the 

Chapter summary

In this chapter, we have demonstrated the RJ SiNW solar mini-modules on 5×5 cm 2 FTO/SLG substrates. The deposition of RJ SiNWs was performed in PECVD reactor using plasma-assisted VLS technique, with the assistance of laser scribing system to ensure the monolithic integration of RJ SiNW solar cells on the same substrate.

In the first batch of samples, the laser scribing step P2 was performed using the green laser setup.

A successful monolithic interconnection of 6 individual pin RJ SiNW cells has been realized, with an active area of 10.32 cm 2 . A high V oc of 4.5 V has been obtained, precisely six times higher than the reference cell, leading to a power generation of 13 mW. However, the non optimized laser scribing parameters of P2 and high resistive losses in the top ITO contact led to low η of 1.32 %.

In the second part, a new set of RJ SiNW mini-modules were fabricated taking into account previous studies of laser scribing process. We have used the optimized parameters of IR laser scribing to perform the selective removal of RJ SiNWs (laser power of 1.08 W). In addition, an extra p-type a-Si:H shell was deposited on top of the SiNWs for further improvement of the performance. Moreover, Ag grid were deposited on top ITO contact using inkjet printing. The design of the grid was gradually improved so that a shadowing was reduced while the Ag lines covers the whole surface for better delivering the photo-generated current through the adjacent solar cells. We have obtained a high V oc of 5.52 V, I sc of 12.46 mA and FF of 63.56 %. Therefore, 4.37 % of η was acquired with power generation of about 44 mW. The later correction of I sc using AAA solar simulator brought the η to 5 %. We have demonstrated that it is possible to fabricate large area RJ SiNW modules using industrially viable process.

CHAPTER 6 Conclusion and perspectives Conclusion

In this thesis, we presented the industrially viable approach to monolithically integrate RJ SiNW solar cells on glass substrates with the assistance of the laser scribing process.

The first part of the thesis was dedicated to fabricate RJ SiNW solar cells on commercial FTO thin-film deposited on SLG substrates. Initially, Sn catalyst droplets were formed by a direct reduction of FTO using a H 2 plasma in a PECVD reactor, thus removing one step from the previous fabrication process. The impact of the H 2 plasma on the FTO reduction has been studied using scanning electron microscopy (SEM) and in-situ spectral ellipsometry. We have found a clear correlation between the amount of Sn observed by SEM and the change in the Delta ellipsometric signal. We have also observed a clear reduction of the radial junction density with the increasing H 2 plasma treatment time. The performance of RJ solar cells on FTO/SLG substrates in single pump-down process has been studied and compared to the previous works.

In the second part, we have focused on the fabrication and study of functional monolithically integrated radial junction mini-modules. The detailed studies on each laser scribing step (P1 and P2) and lift-off process (P3) have been conducted. We have found that with a laser power of 3.45 

Perspectives

To significantly improve the performance of modules in the future, tandem RJ solar modules combining either a-Si:H and µc-Si:H or Ge based absorbers could provide sufficiently high conversion efficiencies without radically changing the radial junction fabrication or modularization processes.

In order to test RJ modules in outside environment, it is important to develop a proper encapsulation method with transparent material to protect the modules. In order to apply typical protective materials such as ethylene vinyl acetate (EVA), the cell has to withstand the application of a sufficient pressure and temperature. Rigorous test of those conditions as well as the protection provided by the encapsulation materials should be performed in the future.

The open question for now proven RJ modules is the stability and the performance characteristics under the long term day-to-day operation. In order to evaluate such behavior, it is important to install encapsulated modules on the field testing site and to analyze the long term data in the future. 
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 11 Figure 1.1: Evolution of world electricity production. (a) The shares of all primary energy sources; (b) the shares of renewable sources [green bars in Fig. 1.1(a)]. Figures adapted from [2].

  The general fabrication process is shown in Figs. 1.2(a)-(d), which starts with a dispersion of SiO 2 nanoparticles on c-Si <100> wafer using LB method. Afterwards, a desired diameter and spacing of nanoparticles is obtained by using a selective and isotropic RIE in a gas mixture of fluoroform (CHF 3 ) and oxygen (O 2 ), hence a diameter of 50-800 nm of nanoparticles were produced. Then, Si nanopillars were formed by Cl 2 based selective and anisotropic RIE of the c-Si wafer. Finally, the nanoparticles were removed by hydrofluoric (HF) acid etching.
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 12 Figure 1.2: Schematics along with SEM micrographs of the fabrication process of Si nanostructures by patterned RIE. (a) deposition of SiO 2 on top of a c-Si wafer using Langmuir-Blodgett method, (b) isotropic RIE of the spheres, (c) anisotropic RIE to produce Si nanopillars, (d) removal of residual SiO 2 by HF etching. Figure reproduced from [47].
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 13 Figure 1.3: Fabrication process of SiNWs by combining the MACE method with nanosphere lithography technique. Figure reproduced from [52].

  1.4.(a). Afterwards, with the continuous supply of Si atoms, the alloy becomes supersaturated, overcomes the nucleation barrier, and Si atoms start to precipitate leading to the growth of epitaxial c-Si NWs as shown in Fig. 1.4.(b).
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 14 Figure 1.4: Schematic illustration of SiNWs growth by VLS process: (a) formation of liquid Au-Si alloy droplet, (b) growth of SiNW with with the liquid droplet at the tip. Figure reproduced from [54].

Figure 1 . 5 .

 15 (a) shows the energy levels of metal impurities with respect to the middle of Si bandgap. Going through these metals, Ga, In, Sn, Bi, Ni, Pb, Tl, Li, Al, Sb, Te, Ti and Pt introduce shallow energy levels. In contrast, Au, Zn, Fe, Cu, Co and Cr have energy levels close to middle of the bandgap. The metals who are close to the conduction band (i.e. Sb, Li, Bi and Te) or valence band (i.e. Ga, Al and In) can provide n-type or p-type doping, respectively.

Figure 1 . 5 :

 15 Figure 1.5: (a) Energy levels for different impurities in Si with respect to the middle of the bandgap as a function of the minimum temperature required for VLS growth . (b) Schematic of Sn-Si binary phase diagram. Figures adapted from[START_REF] Schmidt | Silicon nanowires: a review on aspects of their growth and their electrical properties[END_REF] and[START_REF] Jeon | Characterization of tin-catalyzed silicon nanowires synthesized by the hydrogen radical-assisted deposition method[END_REF], respectively.
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 32 Silicon nanowire based solar cells Recently, bringing SiNWs in the field of solar cells has become an important research topic in the field of nanostructured PV. The SiNW based solar cells have advantages over the planar thin-film solar cells, where they benefit from their optical, electrical and strain relaxation properties. Moreover, they benefit from an efficient charge separation, low material consumption and compatibility with well-established industrial PECVD reactors [61, 37]. Typically, three configuration of SiNW based solar cells have been realized: radial, axial and substrate junctions which are schematically shown in Fig. 1.6.

Figure 1 . 6 :

 16 Figure 1.6: Three configurations to realize NW based solar cells: (a) radial, (b) axial, (c) substrate, with corresponding advantages and disadvantages of each one. Figure reproduced from [61].

Figure 1 . 7 :

 17 Figure 1.7: (a) Structure schematic of the HIT solar cell based on SiNW nanostructured directly from the n-type c-Si wafer. (b) J-V characteristic curve of HIT solar cell. Inset shows SEM cross-section of a fabricated device. Figures adapted from [40].

Figure 1 . 8 :

 18 Figure 1.8: Year by year evolution of the performance of plasma-assisted VLS-grown SiNW-based radial junction thin-film solar cells. Different colors are used to differentiate the laboratories working on this topic. Triangles, circles and inverted triangle represent the various low melting temperature metals (Sn, In and Bi) used to mediate the growth. Solid symbol means the intrinsic layer is a-Si:H, while the hollow symbol represents µc-Si:H. Figure reproduced from [37].

Figure 1 . 9 : 1 . 4 .

 1914 Figure 1.9: (a) Schematic illustration of the plasma-assisted VLS technique to fabricate RJ SiNW solar cells in a PECVD reactor. (b) Image of RJ SiNWs sample with active area defined by the ITO circular pads. (c) and (d) are tilted SEM micrographs of RJ SiNWs and RJ SiNWs with ITO contact, respectively. Insets show zoomed views of a single RJ SiNW. Figure reproduced from [94].

Figure 1 . 10 :

 110 Figure 1.10: Materials removal using laser scribing systems with (a) long (b) femtosecond laser pulses. Femtosecond laser provide cleaner and narrower removal with less thermal diffusion and heat-affected zone. Figure adapted from [108].

Fig. 1 .

 1 11(b). Finally, a top contact is deposited on the substrate, where a separation of this layer can be obtained by laser and it is commonly known as laser scribing step P3 as shown inFig 1.11(c).

1. 4 .Figure 1 . 11 :

 4111 Figure 1.11: Laser scribing process of thin-film solar devices: (a) Selective removal of back contact known as the laser scribing step P1, (b) selective removal of thin-film layer known as the laser scribing step P2, (c) selective removal of top contact known as the laser scribing P3.

CHAPTER 2 Description of used fabrication and characterization techniques 2 . 1

 221 Plasma-enhanced chemical vapor deposition of Si nanowires and solar cellsThroughout this work, plasma-enhanced chemical vapor deposition (PECVD) has been used to deposit various materials, including the SiNWs, a-Si:H and µc-Si:H. In this section, we will describe the basic principle of the PECVD technique, along with the reactors we have used to deposit such materials.

Figure 2 . 2 . 1 .

 221 Figure 2.1(a) shows the basic design of a PECVD reactor, which consists of two electrodes separated by a small distance and placed inside the reactor. One electrode is connected to radio frequency (RF) generator operating at 13.56 MHz and the other electrode is grounded and serves also as a substrate holder. A matching box is placed between the RF electrode and the plasma to minimize the reflected power. Different gases can be used in the reactor for various materials deposition.

Figure 2 . 1 :

 21 Figure 2.1: (a) Schematic of a PECVD reactor. (b) schematic of potential distribution in a RF discharge where the RF voltage is applied to the RF electrode and substrate is grounded. Figures

Figure 2 . 2 :

 22 Figure 2.2: (a) Front view of PLASFIL PECVD reactor. (b) Command and control screen of PLAS-FIL.

Figure 2 . 3 :

 23 Figure 2.3: (a) Open chamber of ARCAM PECVD reactor where plasma boxes, electrodes and gas pumping are shown. (b) Schematic of individual plasma box and the rotating plate lies on top of RF electrode.

Figure 2 . 4 :

 24 Figure 2.4: Schematic showing the basic components of a magnetron sputtering system, and the ejecting mechanism of the atoms from the target. Figure is adapted from[START_REF] Maurya | Recent developments in rf magnetron sputtered thin films for ph sensing applicationsan overview[END_REF] 

Figure 2 . 5 :

 25 Figure 2.5: Scheme of electron-matter interactions: An electron beam is applied and various interactions occur at different thicknesses. Figure is adapted from [131]

Figure 2 . 6 :

 26 Figure 2.6: Electrical Equivalent circuit of solar cell: (a) in ideal case, and (b) in the presence of parasitic resistances.

Figure 2 . 7 :

 27 Figure 2.7: JV curve of a solar cell under illumination. V oc and J sc are marked at the their intersection with x and y axes, respectively. The maximum power point is indicated and FF is defined inside the dashed area.

2. 8

 8 summarizes the ideal and the typical experimental EQE response measured for a radial junction solar cell.

Figure 2 . 8 :

 28 Figure 2.8: Typical EQE curve of a radial junction solar cell (black curve), and the ideal EQE curve is indicated in orange dashed curve. Possible reasons of the reduced EQE response at different wavelength regions are also indicated.

2. 6 .

 6 photographic objective having a focal length between 50 and 200 mm, where the aperture and focus are controlled manually. The camera provided by Prof. Fuyuki has a short acquisition time (less than few seconds). Therefore, many photos can be taken directly in a short period of time. However, it is more suitable for c-Si solar cells and panels, because of the higher luminescence intensity of c-Si when compared to a-Si based devices. On the other hand, the other camera (setup) provides a flexibility to set the acquisition time to almost 30 minutes. We have used both cameras throughout this work.

Figure 2 . 9 :

 29 Figure 2.9: Schematic of spatially resolved EL measurement system

Figure 2 .

 2 Figure 2.10: (a) Dimatix DMP-2831 inkjet printer. (b) Ink cartridge having a Piezo-driven jetting device with an ink reservoir

Figure 2 . 11 : 2 . 8

 21128 Figure 2.11: Energy level scale of Raman: (a) Stokes scattering, (b) anti-Stokes scattering.

  2.2(a)]. The ellipsometer has an advanced optical design, wide spectral range (between UV and IR) and fast data acquisition to acquire full spectrum in less 10 seconds. In this work, we use this ellipsometer to monitor in-situ the FTO reduction in H 2 plasma and the whole deposition process from the Sn catalyst reduction to SiNW growth and RJ deposition.CHAPTER 3 Radial junction Si nanowire solar cells on FTO substrates 3.1 Previous works on radial junction Si nanowire solar cells on

  addition, during the measurements of the performance, the light provided by the solar simulator was shining through the glass substrates. Afterwards, Benedict O'Donnell and Soumyadeep Misra have continued their work by evaporating Sn, and use it as a source of metal catalyst for SiNWs growth [166, 94]. As a consequence, B. O'Donnell managed to boost the η of RJ SiNW solar cells to 5.6 %, after growing the SiNWs to almost 3 µm in long [166]. Later on, S. Misra continued the work of B. O'Donnell to improve further the electrical performance. By evaporating different thicknesses of Sn metal on ZnO:Al/glass substrates, Misra et al.

  been measured with respect to the density of RJ SiNWs. The V oc , FF and η have reached their maximum values at density of 2.6 ×10 8 NW/cm 2 . However, these values got reduced with further increase of the density as shown in the Fig 3.1. The measured J sc has reached 15.68 mA/cm 2 at density of 3.7 ×10 8 NW/cm 2 , which has eventually dropped to 13.85 mA/cm 2 , showing a strong light trapping and better optical absorption. In summary, the highest efficiency based on this study was 8.14 % at a density of 2.6 ×10 8 NW/cm 2 .

Figure 3 . 1 :

 31 Figure 3.1: (a)-(d) Measured values of J sc , V oc , FF and η as a function of RJ SiNW density, respectively. The black curves represent the initial measured values of the electrical parameters, while the red curves represent the measured values after 120 hours of light soaking. The measurements of integrated J sc from EQE are plotted in blue curve in (a). Figure is reproduced from [39].

Figure 3 .

 3 2(a) shows a SEM micrograph of the as-deposited FTO on SLG substrates.After applying the H 2 plasma, a reduction occurs on the surface of these samples and Sn droplets are produced as shown in Fig.3.2(b-f). The corresponding diameters and density for each treatment duration are shown for different durations in Fig.3.3, note that the error bars in both figures are the standard deviation from the mean of the particle diameter and density distributions.

Figure 3 . 2 :

 32 Figure 3.2: SEM micrographs of the surface morphology of: (a) 600 nm thick polycrystalline FTO thin-film, (b-f) the evolution of Sn droplets formation after applying H 2 plasma treatment on the FTO thin-film for 2, 3, 4, 5 and 6 min, respectively.

Figure 3 . 3 :

 33 Figure 3.3: (a) Diameters and (b) density of Sn droplets obtained by direct reduction of FTO thinfilm in H 2 plasma environment as a function of treatment duration.

Figure 3 . 4 :

 34 Figure 3.4: (a) Real-time measurements of delta (∆) acquired by in-situ spectroscopic ellipsometry on Sn droplets formed for different durations of H 2 plasma treatment. The evolution of ∆ with respect to time indicates that a modification was carried out on the surface of the FTO layer. (b) Calculated effective thickness (calculated from SEM micrographs) of Sn droplets after 2, 3 and 4 min of exposing FTO layer to H 2 plasma.

Figure 3 . 5 :

 35 Figure 3.5: (a) Optical transmittance of as-deposited FTO thin-film and after applying a H 2 plasma treatment of different durations. The optical transmittance of these samples was measured using UV-Visible Perkin-Elmer Lambda 950 spectrophotometer with an integrating sphere. (b) Sheet resistance measured on these samples.

Figure 3 . 6 :

 36 Figure 3.6: SEM micrograph of p-type SiNWs grown after the production of Sn catalysts directly from the FTO layer. The inset shows a zoomed view with few NWs .

Figure 3 .

 3 Figure 3.8 shows the change in intensity of SE signal in the spectral range between 200 and1200 nm for the beginning of the deposition and after 2, 4, 8 and 10 min, respectively. We have marked 5.5 eV photon energy by the orange dashed line. After the first 2 min of deposition, the detected signal starts to decrease at the photon energy of 5.5 eV. When the deposition progresses, the measured intensity decreases and a sharp transition between lower and higher intensity spectral regions appears and moves towards the lower photon energies. This shift indicates an increased scattering by the SiNWs of increasing length[START_REF] Yu | All-in-situ fabrication and characterization of silicon nanowires on tco/glass substrates for photovoltaic application[END_REF].

Figure 3 . 7 :

 37 Figure 3.7: Real-time measurements of SE intensity signal at photon energy of 5.5 eV during the growth of SiNWs followed by the deposition of intrinsic and n-type a-Si:H layers in a single pumpdown process in PLASFIL reactor. The cooling down of the substrate holder temperature is also indicated by the green rectangle.

Figure 3 . 8 :

 38 Figure 3.8: Spectral intensity changes of the detected SE signal during the growth of SiNWs from 0 to 10 min.

Figure 3 . 9 :

 39 Figure 3.9: Schematic illustration of fabrication process of RJs deposited on plasma assisted VLS grown p-type SiNWs.

Figure 3 . 10 :

 310 Figure 3.10: Schematic showing the plasma assisted VLS grown p-type SiNW, coated with 100 nm intrinsic a-Si:H absorber layer and n-type a-Si:H layer.

Figure 3 .

 3 Figure 3.11: (a) Photograph of RJ SiNW solar cells deposited on 1"×1" FTO/SLG substrates. The active area of each solar cell is defined by a circular pads of top ITO contact of 2 mm and 4 mm. Tilted SEM micrographs of (b) RJ SiNW solar cells, and (c) top ITO contact covering the RJ SiNW solar cells.

Figure 3 . 12 (a) shows 3 . 3 .

 31233 Fabrication of radial junction Si nanowire solar cells the RJ solar cells obtained on the FTO treated by H 2 plasma for 2 min, where the density has been estimated to be around 5-5.5 ×10 8 /cm 2 , with diameters in the range of 240-270 nm. By increasing the plasma treatment duration to 3 min, the density of RJs has been decreased to about 4.7 ×10 8 /cm 2 with thicker diameters around 290-320 nm. After 4 min of exposing the FTO layer to H 2 plasma, the density dropped to about 4.4 ×10 8 /cm 2 with an average of diameters around 300-330 nm. The SEM micrographs showing the final pin RJs at different H 2 plasma treatment along with the estimated density and diameters have been shown in Fig. 3.12(a-e). The decrease in density of RJs by increasing the H 2 plasma treatment duration is very well correlated to the decrease of the Sn droplets shown early [see Fig. 3.3(b)]. Moreover, the larger density of SiNWs leads to an overall increase of the surface. A larger surface leads to slower deposition of the silicon forming RJs and to smaller final diameters as can be observed in Fig. 3.12(e). Therefore, RJ diameters increase with decreasing RJ density as shown in Figs. 3.12 (d and e).

Figure 3 .

 3 Figure 3.12: (a-c) SEM micrographs of RJ SiNW solar cells obtained after performing H 2 plasma treatment for 2, 3 and 4 min, respectively. (d) and (e) Corresponding density and diameters of RJ SiNWs with respect to the duration of H 2 plasma treatment, respectively.

Figure 3 . 50 3. 5 .

 3505 Figure 3.13: (a) J-V curve of the highest efficiency we have obtained from RJ SiNW solar cell. (b) Corresponding external quantum efficiency of RJ SiNW solar cell as a function of the incident photon wavelength.

on 2 .

 2 2 mm thick soda-lime glass (SLG) have been used. Typically, three laser scribing steps are performed to split the large cell into individual stripes: (i) P1, a selective laser scribing of the bottom contact to ensure electrical isolation between the separated TCO segments. (ii) P2, a selective laser scribing of the pin junction material to connect the top and bottom contacts. (iii) P3, a selective deposition of the top contact followed by lift-off technique (instead of laser scribing) to ensure isolation of each individual solar cell.

4. 1 .

 1 Radial junction Si nanowire solar cell modularization loaded to Plasfil reactor where the deposition of pin RJ SiNWs took a place.

Fig. 4 .

 4 Fig. 4.1(b), where the dimensions, individual solar cells and the isolation scribes are indicated.

Figure 4 . 1 :

 41 Figure 4.1: (a) Schematic showing the geometry of laser scribed mini-modules. The yellow dashed line illustrates the electrical current path through the interconnected cells. (b) RJ SiNW solar minimodule fabricated by PECVD using plasma-assisted VLS technique, with assistance of laser scribing for cells separation.

Figure 4 . 2 :

 42 Figure 4.2: Schematic showing the selective removal of FTO layer using an IR 1064 nm laser.

Figure 4 . 3 :

 43 Figure 4.3: SEM micrographs of the structure of FTO/SLG substrates after performing the laser scribing (step P1): (a) Top view of FTO/glass including the 120 µm wide scribed area, (b) zoom view at the edge of the scribed FTO area, where micro-cracks on the surface of SLG are observed and (c) the polycrystalline structure of the FTO thin-film.

4. 4

 4 (a), no major changes have been observed on the scribed area shapes. In addition, dispersed and remnant Sn droplets were observed within the scribed area of FTO as shown in Fig.4.4 (c), unlike the Sn droplets recognized after reduction of FTO layer by H 2 plasma as shown in Fig.4.4(b).

Figure 4 . 4 :

 44 Figure 4.4: SEM micrographs of the laser scribed FTO/SLG substrate after performing H 2 plasma treatment: (a) Top view of FTO/glass including the 120 µm wide scribed area, (b) FTO surface treatment and the formation Sn metal droplets, (c) Formation of disperse Sn droplets within the scribed area of FTO.

Fig. 4 . 5 ,

 45 Fig. 4.5, which are presented in Fig 4.5 as EDX 1, EDX 2 and EDX 3. EDX 1 was recorded in a zone with a better scribing, EDX 2 in the area occupied by many NWs and the position EDX 3 in the area with FTO for the reference. In EDX 1, we can observe a few SiNWs within the previously ablated area. The SiNWs grown in the insufficiently scribed area (EDX 2) have similar featuresas the ones grown directly on the non-scribed area (EDX 3). All three positions were analyzed using EDX and their spectra are shown in Fig.4.6. The main elements of SLG, which are Si, O, Mg, Ca and Na, were detected in the EDX analysis. The largest peak within P1 scribe is for Si. Moreover, the Sn peak at 3.44 keV is more pronounced in the spectrum taken at the position EDX 2 as compared to position EDX 1. This means that the removal of FTO was not complete and

Figure 4 . 6 :

 46 Figure 4.6: EDX analysis on different positions after depositing p-type a-Si:H. The red peak at 3.44 keV identifies Sn presence within the scribed area.

Figure 4 . 7 :

 47 Figure 4.7: Schematic showing the selective removal of RJ SiNWs layer with undamaged underneath FTO contact using a nanosecond pulsed laser.

Figure 4 .

 4 8(a) shows the scribed area of RJ SiNWs using a laser power of 0.38 W, where areas with removed RJ SiNWs correspond to the areas of the laser pulse impacts. A large amount of melted and re-solidified material can be observed at the edges of the scribed area as shown in Fig.4.8(b).

Figure 4 . 8 : 62 4. 3 .

 48623 Figure 4.8: SEM micrographs of RJ SiNWs selective removal using green laser at power of 0.38 W. (a) Top view of the scribed spots and (b) zoomed view on individual scribed spot where more details can be observed. (c) Melted spheres created within the center the scribed spot. (d) Melted and resolidified material at the edge of the scribed spot and the partial melting of RJ SiNWs outside the scribed spots.

Figure 4 . 9 :

 49 Figure 4.9: EDX analysis on 50×50 µm 2 area located at the center of the scribed spot of RJ SiNWs after applying a green laser power of 0.38 W.

  Fig.4.12, respectively], which indicate that the FTO layer is not a continuous film anymore. In terms of module fabrication, substantial FTO removal could generate a severe increase of the series resistance. These features will be discussed in detail in the next section.

Figure 4 . 10 :

 410 Figure 4.10: SEM micrographs of laser scribing P2 spots obtained by 532 nm green laser system at six values of the applied power, as indicated in the images. The melted spheres and the different contrast observed at high laser power are indicated by the yellow and red rectangles, respectively.

Figure 4 . 11 :

 411 Figure 4.11: SEM micrographs of laser scribing P2 spots obtained by 1064 nm IR laser system at six values of the applied power, as indicated in the images. The melted spheres and the different contrast observed at high laser power are indicated by the yellow and red rectangles, respectively.

Figure 4 .

 4 Figure 4.12: SEM micrographs within the scribed spots of RJ SiNWs after applying a laser power for: (a) 0.9 W by a green laser and (b) 1.44 W by an IR laser. Various features along with microcracks are indicated by the yellow lines and red rectangles, respectively.

Figure 4 . 13 :

 413 Figure 4.13: The area of the scribed spots with respect to the values of applied laser power of: (a) green and (b) IR laser setups.

Figure 4 . 14 :

 414 Figure 4.14: SEM micrograph at the edge of the scribed spot of RJ SiNWs after applying an IR laser power of 1.32 W. No partial melting can be observed outside the scribed spot.

Figure 4 .

 4 Figure 4.15: EDX counts of Si and Sn with respect to the values of the applied laser power of: (a) green and (b) IR laser setups.

  Fig. 4.16).

Figure 4 . 16 :

 416 Figure 4.16: Raman spectrum of FTO (black line) compared to the Raman spectrum of soda-lime glass (dark green line). Grey box encloses the spectral area with the main differences between two spectra analyzed by Lorentzian peak fitting. Red lines represent the cumulative fit, while the light green lines represent the different components of the band. The blue line indicates the A1g contribution of FTO which is used for the analysis. The power of the laser was 0.2 mW and the acquisition time was 30 s. Data are offset for a better clarity.

  (b)] at the edge of the scribed area, which corresponds to the Si-Si phonon intensity of µc-Si[START_REF] Perez | Direct evidence for the amorphous silicon phase in visible photoluminescent porous silicon[END_REF], indicating that the melting of the RJ SiNWs has occurred at that region by the laser scribing without a sufficient removal, leaving a re-solidified Si material. As shown in Fig.4.18, one of the spheres exhibiting a sharp Raman peak at 513 cm -1 similar to what we have observed at the edge of the scribed spot, while the other shows two Raman lines spectra at 513 cm -1 and at around 470 cm -1 . This indicates that the spheres are formed from recrystallized Si material having a µc-Si structure with a small contribution of a-Si.

Figure 4 .

 4 Figure 4.17: (a) Optical microscope image of the scribed area produced by the IR laser setup at a power of 0.84 W, where 3 different positions for Raman spectroscopy measurements have been highlighted: the red circle marks a zone outside of the scribed area, the black circle marks the resolidified material at the edge of the scribed area, and the blue circles mark two spheres observed within the scribed area. (b) The corresponding Raman spectra of the red and black circle showing a broad spectrum with a peak at 472 cm -1 associated to a-Si and Si-Si phonon vibrational band at 513 cm -1 of µc-Si, respectively.

  .

Figure 4 . 18 :

 418 Figure 4.18: Raman spectra acquired on two different spheres observed within the scribed area and highlighted by the blue circles in Fig.4.17(a). The red curve shows a high intensity of Raman peak centered at 513 cm -1 , while the blue curve shows two Raman lines at 513 cm -1 and at around 470 cm-1 

  4.12(a)]. As shown in Fig. 4.19, the optical microscope image shows a scribed spot after performing laser scribing with the IR laser at a power of 1.44 W. Two positions were chosen and named as a hill [the black spot in Fig. 4.19(a)] and a groove [the red spot in Fig. 4.19(a)]. Their corresponding Raman spectra are shown in Fig. 4.19(b). Interestingly, the Raman peaks of the hill and groove are in a

Figure 4 .

 4 Figure 4.19: (a) Optical microscope image of a laser spot created by the IR laser at a power of 1.44 W, where two positions have been highlighted to conduct Raman measurements: the black dot named as Hill and the red dot is named as Groove. (b) Raman spectra at the Hill and the Groove, which are inheriting the same Raman spectra of FTO and SLG discussed in Fig. 4.16, respectively.

Figures 4. 20

 20 Figures 4.20(a and b) represent optical microscope images of scribed spot created by IR laser

  Figures 4.20(a and b) represent optical microscope images of scribed spot created by IR laser power of 0.84 W, where the defined regions for Raman mapping are indicted. A continuous FTO film is observed in the center of the craters as shown in the Fig. 4.20(c). In addition, the continuity of FTO film is preserved close to the edge of the scribed area as shown in the FTO Raman mapping in Fig. 4.20(d). Few dark blue spots, where we can observe a low-intensity peak of FTO, are very well

Figure 4 . 20 :

 420 Figure 4.20: Raman mapping on IR laser spots at 0.84 W acquired at two different regions: (a) in the center of the laser spot on an area of 40×40 µm 2 and (b) at the edge of the laser spot on an area of 50×20 µm 2 as indicated in the images, (c) and (d) show the corresponding maps of the FTO Raman component at 625 cm -1 , (e) and (f) show the corresponding maps of Si-Si vibrational band of µc-Si at around 513 cm -1 . The power of the laser for the Raman measurements was 0.2 mW and the acquisition time was 10 s.

Figure 4 . 21 :

 421 Figure 4.21: Raman mapping on green laser spots at 0.42 W acquired at two different regions: (a) in the center of the laser spot on an area of 40×40 µm 2 and (b) at the edge of the laser spot on an area of 50×20 µm 2 as indicated in the images, (c) and (d) show the corresponding maps of the FTO Raman component at 625 cm -1 , (e) and (f) show the corresponding maps of Si-Si vibrational band of µc-Si at around 513 cm -1 . The power of the laser for the Raman measurements was 0.2 mW and the acquisition time was 10 s.

Figures
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 22 

  (a and b) show optical microscope images of laser spots obtained at a power of 1.32 W delivered by the IR laser scribing setup. The FTO layer lost its continuity due to the high power delivered during the laser scribing as shown in both regions in Figs.4.22(c and d). Indeed, the Si material has been completely removed in both regions as shown in Figs.4.22(e and f), while the high Raman signal of Si material at the edge of the scribed area is still preserved as shown in Fig.4.22(f).

Figure 4 . 22 :

 422 Figure 4.22: Raman mapping on IR laser spots at 1.32 W acquired at two different regions: (a) in the center of the laser spot on an area of 40×40 µm 2 and (b) at the edge of the laser spot on an area of 50×20 µm 2 as indicated in the images, (c) and (d) show the corresponding maps of the FTO Raman component at 625 cm -1 , (e) and (f) show the corresponding maps of Si-Si vibrational band of µc-Si at around 513 cm -1 . The power of the laser for the Raman measurements was 0.2 mW and the acquisition time was 10 s.

Figure 4 . 23 :

 423 Figure 4.23: Raman mapping on green laser spots at 0.8 W acquired in (a) the center of the laser spot on an area of 40×40 µm 2 . (b) The corresponding map of the FTO Raman component at 625 cm -1 .

4. 5 .

 5 Top contact separation by lift-off technique (step P3) Chapter 3.

Fig. 4 .

 4 [START_REF] Müller | Tco and light trapping in silicon thin film solar cells[END_REF].The lateral distance between the individual solar cells has been measured from the SEM micrograph in Fig.4.25(a) to be 521 ± 2 µm. It can be clearly seen that the area which was covered by the TiO 2 during the fabrication process has no ITO deposited on it as shown in Fig.4.25(b), with clear and sharp edges.

Figure 4 . 24 :

 424 Figure 4.24: Photograph of the fabricated RJ SiNWs with ITO areas defined by lift-off technique on 5×5 cm 2 FTO/SLG substrates. The schematic shows the numbering system used to identify the solar cells from each other along with their active areas.

Figure 4 .

 4 Figure 4.25: (a) SEM micrograph showing the lateral spacing of ITO made by the lift-off between the individual solar cells. (b) Tilted SEM micrograph showing the ITO sputtered on top of SiNWs along with the uncovered SiNWs marked by the yellow dashed line.

Figure 4 .

 4 Figure 4.26: J-V characteristics of several solar cells with different active areas of sample shown in Fig. 4.24.

  Finally, hard separation scribes have been made on the top, bottom and side edges of the mini-modules to eliminate any possibility of having undesired electrical shunts outside of the active area as indicated by the yellow dashed lines in Fig. 5.1.

Figure 5 . 1 :

 51 Figure 5.1: Photograph of RJ SiNW solar mini-module fabricated in PECVD reactor using plasma assisted VLS technique, with assistance of laser scribing for cells separation. The microscopic image shows P1, P2 and P3 lying close to each other along with the main dimensions used in measuring the active area of solar cells.

Figure 5 .

 5 3 shows SEM micrograph at the selective removal of RJ SiNWs (step P2) using the green laser scribing setup. At first, we can observe non-uniform shapes of the scribed area as well as large amounts of re-solidified material at the edges [see Fig. 5.3(a)]. Moreover, flakes after the laser scribing were created within the scribed area [see Fig. 5.3(b)] which could be responsible for increasing the resistance between the adjacent solar cells, where the sputtering of the top ITO contact (step P3) could be on the flakes instead of the surface of the bottom FTO contact beneath. In addition, partial melting of RJ SiNWs can be observed around the scribed (see Fig. 5.3), which has been discussed in details in the previous chapter.

Figure 5 . 3 :

 53 Figure 5.3: (a) SEM micrograph on the selective removal of RJ SiNWs acquired after obtaining the RJ SiNW mini-module. The scribed spots are obtained using green laser scribing setup. (b) SEM micrograph on the edge of a scribed spot, where large amount of re-solidified Si material and residual material within the scribed spot are observed. Partial melting of RJ SiNWs close to the edge is also observed.

Figure 5 .

 5 5(a) shows the integrated EL 5.1. Demonstration of first radial junction Si nanowire mini-modules signal image of RJ SiNW mini-module obtained by CCD camera of the EL setup developed by Prof. Takashi Fuyuki. The applied voltage through the probes placed on the Ag contacts was set at 13 V during this measurement [see Fig.5.5(a)]. In this image, each solar cell has provided EL emission, which is limited to a small portion along the active area of the solar mini-module.Another reference image was taken at the same position without applying a voltage as shown in Fig.5.5(b).To eliminate the background light for better analysis, both images were subtracted from each using ImageJ software as shown in Fig.5.5(c). We have plotted the EL intensity profile along the horizontal direction through the interconnected cells indicated by the yellow dashed line [see Fig. 5.5(c)]. The plot of measured signal along this line is shown in Fig. 5.5(d). At the injection edge of each individual cell, a high EL emission can be observed. However, the EL emission decreases very fast at the collection edge which can be attributed to the high resistive losses in the top ITO contact.

Figure 5 . 4 :

 54 Figure 5.4: I-V characteristics of mini-module based on RJ SiNWs of 4, 5 and 6 interconnected cells in comparison with a reference RJ SiNW solar cell (pink curve).

Figure 5 . 5 :

 55 Figure 5.5: (a) Integrated EL signal image obtained by CCD camera when 13 V through probes placed on the Ag contacts were applied. (b) Optical image taken at the same position of (a). (c) EL image obtained after removing the background light using ImageJ software. (d) EL profile along the yellow dashed line in (c). The lowering of EL intensity away from the injecting side indicates high resistive losses due to ITO.

Figure 5 . 6 :

 56 Figure 5.6: EL image acquired using CCD camera at high focal length. The integrated EL image was merged with the optical image taken at the same position for better comparison. The EL signal got totally disappeared away from the injecting side.

Figure 5 .

 5 Figure 5.7 shows the fabricated 5×5 cm 2 RJ SiNW solar mini-module. The individual solar cells are numbered from left to right with a total number of 10 cells. To measure the active area of the individual solar cells, the corresponding optical microscope image was taken at the top of the mini-module. The top and bottom parts along with the area covered by the TiO 2 paste during the lift-off (step P3) deduct a hight of 0.6 cm each (see Fig. 5.7). The width of the active cells is measured to be 0.376 cm (see Fig. 5.7) and therefore the active area of each individual solar cell is around 1.34 cm 2 . In comparison with the mini-module shown in section 5.1.1, the active area of these cells is smaller due to the shift of the top and bottom separation scribes.

Figure 5 . 7 :

 57 Figure 5.7: 5×5 RJ SiNW solar mini-module deposited in PLASFIL reactor with assistance of IR laser scribing setup at a power of 1.08 W for cells separation. The Ag grid deposited on the top ITO contact using inkjet printing. Optical microscope image taken at the top part of the mini-module where different dimensions are included and used for calculating the active area of the individual solar cells.

Figure 5 .

 5 Figure 5.8(a) shows the printed line composed of AgNPs (after annealing to remove the solvent) on the top of RJ SiNWs (taken on another sample) where the border of the printed AgNPs is indicted by the yellow dashed line. The AgNPs have a wide range of sizes between 70 and 150 nm [see Fig.5.8(b)]. The conglomeration of AgNPs is clearly observed at the sharp borders with few AgNPs observed as individual ones close to the borders. At far distances from the conglomeration, the AgNPs were not observed. This implies that inkjet printing provides an accurate and well-defined deposition of materials and adequate separation between several printed lines. At the center of the conglomeration, the RJ SiNWs were completely covered by the AgNWs. However, the tips of few RJ SiNWs are clearly observed close to the border. This might have occurred due to the diffusion of the AgNPs between the RJ SiNWs. Fortunately, thicker or several printed lines on top each other improve the RJ SiNWs coverage.

Figure 5 . 8 : 2 ±

 582 Figure 5.8: (a) SEM micrograph of AgNPs deposited on top of the RJ SiNWs, where the borders are indicted by the yellow dashed line. (b) zoom view of the AgNPs conglomeration on RJ SiNWs. Several tips of RJ SiNWs are not well covered.

Figure 5 . 9 :

 59 Figure 5.9: Optical microscope images taken at different positions of mini-module shown in Fig. 5.7. (a) Zoom view shows the two different Ag grids printed on the top ITO contact. (b) Thick Ag lines. (c) and (d) Noncontinuous thin Ag lines at different zoom views.

Figure 5 .

 5 10, three I-V curves acquired by connecting several cells are shown with the extracted electrical parameters summarized in Table 5.4. At first, we placed the two measuring probes at the cells #5 and #9, and therefore 4 adjacent solar cells have contributed to the I-V characteristics. Notation 2-9 and 3-9 indicate where the measuring probes were placed. The connected active cells are mentioned in the Table 5.4.

Figure 5 .

 5 Figure 5.10: I-V characteristics of mini-module based on RJ SiNWs of 4, 6 and 7 interconnected cells with the printed Ag grid on the top ITO contact.

2 100 5 . 2 .

 252 Figure 5.11: (a) 5×5 RJ SiNW solar mini-module deposited in PLASFIL in a single pump-down process with the assistance of the laser scribing system for cells separation. The laser scribing step P2 was performed at an IR laser power of 1.08 W. A new design of Ag grid deposited on the top ITO contact using inkjet printing. (b) Optical microscope image of the connected ITO contact of two solar cells by vertical line of Ag as indicated by black circles. (c) Optical microscope image on the bottom part of the active cells showing accurate Ag printing on the active cells.

Figure 5 .Table 5 . 6 :

 556 Figure 5.12: I-V characteristics of mini-module based on RJ SiNWs of 2 and 3 interconnected cells with the optimized design of printed Ag grid on the top ITO contact.

Figure 5 .

 5 Figure 5.14: (a) SEM micrograph taken at the top part of the solar cells of the mini-module shown in Fig. 5.13. Hard separation and P1 scribes are indicated by the white rectangles. (b) Zoom view on the laser scribing P2, which shows a clean removal of RJ SiNWs, with small amount of re-solidified spheres at the edges of the scribed spots. (c) Zoom view on the AgNPs which are completely covering the RJ SiNWs and with sharp borders.

Figure 5 .

 5 Figure 5.[START_REF] Stuckelberger | Progress in solar cells from hydrogenated amorphous silicon[END_REF] shows the I-V curve measured on the RJ SiNW mini-module composed of 7 cells connected in series. The I-V characteristics were recorded under the illumination of white LEDs with a light intensity adjusted according to a certified a-Si:H-like solar cell [Konica Minolta optics (model AK-100)] to match the certified value of I sc at intensity of 100 mW/cm 2 . We have obtained a V oc of 5.52 V from 7 RJ SiNW solar cells connected in series on the same substrate. The V oc per cell has been improved to 0.79 V, mainly due to the optimized ultra-thin shell of p-type a-Si:H with the gradient doping deposited on the top of the p-type SiNWs. The series resistance of the mini-module has been largely reduced as well (Rs = 49.9 ). In comparison with the previous two mini-modules discussed in subsections 5.2.1 and 5.2.2, the series resistance per cell was reduced by 78.7 and 60.8 %, respectively. Therefore, it has largely improved the FF and the general shape of the measured curve. In addition, the measured FF of 63.56 % indicates that the pin RJ solar cells are functioning properly and the interconnection between them is very good. As a result, the I sc has been improved to 12.46 mA, which is mainly due to the improved current collection by the Ag grid and the better current flow through the improved laser scribed P2. Overall, the energy conversion efficiency has reached 4.37 %, with the generated power of 44 mW. Later on, the I sc value has been re-measured using AAA Class solar simulator with certified 5×5 cm 2 illumination homogeneity (details in subsection 2.5.1) and the value of 14.2 mA has been obtained. If we consider this value, the energy conversion efficiency corresponds to 5.0 %.

Figure 5 .

 5 Figure 5.15: I-V characteristics of the SiNW RJ mini-module consisting of 7 interconnected cells of total active area of 10 cm 2 , with improved Ag grid design printed on the top ITO contact.

W

  delivered by the IR (1064 nm) laser scribing setup, a proper electric separation of FTO segments (P1) was ensured. In addition, it was confirmed that the lift-off process (P3) provides an adequate electrical isolation between the top ITO contacts. Step P2 has a crucial role since it ensures the electrical connection of the top ITO contact of one cell and bottom FTO contact of the next cell, and therefore, the flow of the photo-generated current through the adjacent solar cells. Two different laser scribing setups with green (532 nm) and IR (1064 nm) lasers were used with different values of delivered power. The formed spots were analyzed using different characterization tools, including SEM, EDX and Raman spectroscopy to identify the geometry and material composition inside the scribes. We have found that the green laser light strongly interacts with RJ SiNWs and causes partial melting outside of the scribes. In contrast, the IR laser scribing provides no partial melting outside of the scribes, due to much less scattering by RJs and absorption by the FTO layer. In addition, we have observed that with increasing the values of the laser power, more RJ SiNW materials were removed with eventual damage to the bottom FTO thin-film. Raman mapping has revealed more detailed composition of materials within the scribed spots. Based on this study, we have chosen a proper IR laser scribing power for an adequate removal of RJ SiNWs and further fabrication of mini-modules.Finally, we have fabricated mini-modules based on RJ SiNW solar cells on 5×5 cm 2 FTO/SLG substrates. The first batch of samples fabricated with assistance of the green laser scribing setup achieved a large open circuit voltage (V oc ) of 4.5 V on the active area of 10 cm 2 , but with high series resistance, which limited the performance of the mini-modules. To reduce the mini-module series resistance, we have performed the laser scribing P2 by using the IR laser at optimized power and studied the impact of the Ag grid inkjet printed on the surface of the top ITO contact on the module performance. With optimized laser scribing, an extra p-type a-Si:H shell deposited on top of the SiNWs for higher V oc , and improved inkjet printed Ag grid, we achieved a final mini-module energy conversion efficiency of 4.37 %. The active area of the mini-module was 10 cm 2 (without excluding the active area covered by Ag) with total V oc of 5.52 V and FF of 63.5 %. This result demonstrates the viability of scientifically interesting NW based solar cells for a low cost industrial production.

  Fig. 5.7. (a) Zoom view shows the two different Ag grids printed on the top ITO contact. (b) Thick Ag lines. (c) and (d) Noncontinuous thin Ag lines at different zoom views. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.10 I-V characteristics of mini-module based on RJ SiNWs of 4, 6 and 7 interconnected cells with the printed Ag grid on the top ITO contact. . . . . . . . . . . . . . . . . 5.11 (a) 5×5 RJ SiNW solar mini-module deposited in PLASFIL in a single pump-down process with the assistance of the laser scribing system for cells separation. The laser scribing step P2 was performed at an IR laser power of 1.08 W. A new design of Ag grid deposited on the top ITO contact using inkjet printing. (b) Optical microscope image of the connected ITO contact of two solar cells by vertical line of Ag as indicated by black circles. (c) Optical microscope image on the bottom part of the active cells showing accurate Ag printing on the active cells. . . . . . . . . . . . . 5.12 I-V characteristics of mini-module based on RJ SiNWs of 2 and 3 interconnected cells with the optimized design of printed Ag grid on the top ITO contact. . . . . . 5.13 (a) 5×5 RJ SiNW solar mini-module deposited in PLASFIL in a single pump-down process with assistance of laser scribing system for cells separation. The laser scribing step P2 was performed at an IR laser power of 1.08 W. A Ag grid deposited on the top ITO contact using inkjet printing. (b) zoomed optical microscope image on top part of the mini-module showing the Ag grids on the top ITO contacts with adequate separation between them. . . . . . . . . . . . . . . . . . . . . . . . . . 5.14 (a) SEM micrograph taken at the top part of the solar cells of the mini-module shown in Fig. 5.13. Hard separation and P1 scribes are indicated by the white rectangles. (b) Zoom view on the laser scribing P2, which shows a clean removal of RJ SiNWs, with small amount of re-solidified spheres at the edges of the scribed spots. (c) Zoom view on the AgNPs which are completely covering the RJ SiNWs and with sharp borders. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

  

  

  

  

  During this work, PLASFIL PECVD reactor has been used to grow SiNWs. It is a home-made PECVD reactor at LPICM, and it is in operation since October 2007[START_REF] Alet | Hybrid thin-film solar cells based on nano-structured silicon and semiconducting polymer[END_REF]. PLASFIL reactor has been designed with the substrate holder below the RF electrode. The samples are loaded inside the reactor through an automatic opening of the bottom part by an air jack.PLASFIL is a capacitively coupled radio frequency (13.56 MHz) PECVD reactor. It is operated at a base pressure of 5×10 -6 mbar and available gases include Argon (Ar), H 2 , SiH 4 , trimethylborane [(CH 3 ) 3 B] diluted in H 2 (1% in H 2 ), known also as TMB for p-type doping, phosphine (PH 3 ) diluted in H 2 (1% in H 2 ) for n-type doping, nitrogen trifluoride (NF 3 ) used in plasma environment for cleaning the walls, bottom and top electrodes without dismounting them. PLASFIL has sev-

eral optical ports to monitor the deposition and for future upgrades. In addition, PLASFIL was recently equipped with M-2000 spectroscopic ellipsometer from J.A. Woollam Co. to perform insitu measurements with acquisition times of less than 10 second per spectrum, which extend from near-infrared (NIR) to ultraviolet (UV) (wavelengths of 193-1690 nm). The inter-electrode distance can be varied between 10-40 mm, but we have kept the distance constant throughout this work to 28 mm. Both RF electrode and substrate holder are heated at nominal temperatures of 200 and 600

  Raman spectroscopy acids and water-based. Typically, silver nanoparticles (AgNPs), CNTs and polymers have to be diluted in a liquid, so that it can be used with the printer.The ink cartridge shown in Fig.2.10(b) has a reservoir for the filled ink and 16 nozzles spaced by 245 µm from each other. The printer employs a piezo-driven jetting device used to deliver an electrical current through the nozzles. Therefore, droplets of sizes of 10 pL (calibrated) are ejected out from the nozzle. This process is controlled by a predefined digital waveform. The waveform delivers electrical signals that are required to form a drop and eject it from the nozzle onto a substrate.

Throughout this work, we have used a Dimatix DMP-2831 inkjet printer [Fig.

2

.10(a)], to print Ag contacts on the top of RJ SiNW solar mini-modules. The maximum printable area is 210 × 315 mm with a thickness range of the substrates between 0.5 to 25 mm. The plate can be heated at maximum temperature of 60 °C. The printer is working with various types of inks such as solvents, 2.7.

Table 3 .

 3 

		sccm]	[W]	[mbar]	[°C]	[min]
	H 2 plasma treatment 100 of H 2	5	0.8	200	2,3 and 4
	p-type SiNWs	100 of H 2 , 5 of SiH 4 ,	2	1.33	420	10
		1 of TMB				
	intrinsic a-Si:H	10 of SiH 4	1	0.16	180	46
	n-type a-Si:H	10 of SiH 4 , 5 of PH 3	1	0.43	180	5
		(1 % diluted in H 2 )				

1: Deposition parameters at each process step of fabrication of RJ SiNWs in PLASFIL reactor on FTO/SLG substrates.

Table 4 .

 4 2: P2 laser scribing parameters used for the selective removal of RJ SiNWs.

	Green laser 532 nm, PRF = 2 KHz, scanning speed = 300 mm/sec
	Laser power [W] 0.38 0.42 0.56 0.7 0.8	0.9
	IR laser 1064 nm, PRF = 4 KHz, scanning speed = 400 mm/sec
	Laser power [W] 0.6 0.84 1.08 1.2 1.32	1.44

Table 4 .

 4 .3. It is worth to mention that in this study, the deposition parameters of the n-layer were adapted due to a change of the dilution concentration of PH 3 in H 2 from 1 to 0.1 %. 3: Deposition parameters at each process step of fabrication of RJ SiNWs in Plasfil reactor on 5×5 cm 2 FTO/SLG substrates. After the deposition of RJ SiNWs, the area of the top ITO contact was defined by lift-off technique as shown in Fig 4.24, followed by a sputtering of 300 nm thick ITO on top of the RJ SiNWs. In total, 25 solar cells with different dimensions have been obtained [see schematics in

		Gas flow rate	RF power Pressure Temperature Duration
		[sccm]	[W]	[mbar]	[°C]	[min]
	H 2 plasma treatment 100 of H 2	5	0.8	200	2
	p-type SiNWs	100 of H 2 , 5 of SiH 4 ,	2	1.33	420	10
		1 of TMB				
	intrinsic a-Si:H	10 of SiH 4	1	0.16	180	46
	n-type a-Si:H	3 of SiH 4 ,10 of PH 3	1	0.43	180	5
		(0.1 % diluted in H 2 )				

Table 5 .

 5 14.2 to 15.2 mA/cm 2 leading to energy conversion efficiency (η) of 9.2 %[38].To deposit the n-type µc-SiO x :H in ARCAM reactor, a mix of gases consists of SiH 4 , H 2 , PH 3(1 % diluted in H 2 ) and CO 2 were introduced with a pressure of 3.2 mbar. The deposition duration was set for 25 minutes at a RF power of 16 W and substrate temperature of 150 °C. The parameters are summarized in Table5.1. 1: Deposition parameters at each process step of fabrication of RJ SiNW solar mini-modules in PECVD reactors on 5×5 cm 2 FTO/SLG substrates.

		Gas flow rate	RF power Pressure Temperature Duration PECVD
		[sccm]	[W]	[mbar]	[°C]	[min]	reactor
	H 2 plasma treatment 100 of H 2	5	0.8	200	4	
	p-type SiNWs	100 of H 2 , 5 of SiH 4 ,	2	1.33	420	10	PLASFIL
		1 of TMB					
	intrinsic a-Si:H	10 of SiH 4	1	0.16	180	46	
	n-type µc-SiO x :H	400 of H 2 , 1.5 of	16	3.2	150	25	ARCAM
		SiH 4 , 10 of PH 3 , 1.6					
		of CO 2					

  ).

		Area V oc	I sc	FF	η	Series resistance
		[cm 2 ] [V] [mA] [%]	[%]	Ω
	Reference 0.126 0.75 1.84 58.11 6.32	46.4
	4 cells	6.88 3.00 11.30 27.80 1.37	210.5
	5 cells	8.60 3.73 11.00 31.55 1.51	226.4
	6 cells	10.32 4.50 9.72 31.14 1.32	318
	Table 5.2: Corresponding electrical parameters and conversion efficiency extracted from the I-V
	characteristics.				

Table 5 .

 5 3: Deposition parameters at each process step of fabrication of RJ SiNW solar mini-modules in PLASFIL reactor on 5×5 cm 2 FTO/SLG substrates in a single pump-down process. The deposition parameters of extra p-type a-Si:H shell are highlighted in the green color.

		[sccm]	[W]	[mbar]	[°C]	[min]	reactor
	H 2 plasma treatment 100 of H 2	5	0.8	200	2
	p-type SiNWs	100 of H 2 , 5 of SiH 4 ,	2	1.33	420	10
		1 of TMB				
	p-type a-Si:H shell 10 of SiH 4 , 3 sccm of	1	0.18	180	3 min at 3 sccm, 1
		TMB				min at 2 sccm and 1 min at 1sccm	PLASFIL
	intrinsic a-Si:H	10 of SiH 4	1	0.16	180	46
	n-type a-Si:H	10 of SiH 4 , 5 of PH 3	1	0.43	180	5
		(1 % diluted in H 2 )				

Table 5 .

 5 Due to optimized laser scribing parameters of RJ SiNWs and the printed Ag grid on top of the ITO contact, we have obtained FF of37.50, 35.16 and 35.88 % for the connection of 4,6 and 7 cells in series, respectively. The similar measured I sc of around 14 mA obtained for all 3 measured configurations indicating that the connected solar cells are governed by the same cell with the lowest generated current.5.2.2 Improved design of inkjet printed Ag gridIn order to fabricate the following RJ SiNW mini-module, we have carried out the deposition of RJ SiNWs in a single pump-down process in PLASFIL reactor, where the deposition parameters are summarized in Table5.5. In particular, the deposition parameters of n-type layer were adapted, in comparison with the previous mini-modules, due to a change of the dilution concentration of PH 3 in H 2 from 1 to 0.1 %. No changes were made on the laser scribing steps (P1 and P2) and the sputtering of top ITO contact defined by lift-off process (step P3), and we have followed the same processes discussed in the previous subsection. 5: Deposition parameters at each process step of fabrication of RJ SiNWs in PLASFIL reactor on 5×5 cm 2 FTO/SLG substrates in a single pump-down process.

	Connected cells Number of Area V oc	I sc	FF	Series resistance
		cells	[cm 2 ] [V] [mA] [%]	[Ω]
	5-9	4	5.72 2.97 13.95 37.50	128.3
	3-9	6	8.58 4.45 14.2 35.2	206.1
	2-9	7	10.01 5.19 14.05 35.88	237.5
	Table 5.4: Corresponding electrical parameters and series resistance extracted from the I-V charac-
	teristics.			
	After conducting the I-V measurements, we have obtained V oc of 2.97, 4,45 and 5.19 V from 4,
	6 and 7 cells connected in series, respectively. The average V oc acquired by individual solar cells
	is around 0.74 V, which indicates a proper interconnection between the cells. The series resistance
	is further decreased, in comparison with the previous mini-module, to 128.3, 206.1 and 237.5 Ω for

the series connection of 4,6 and 7 cells, respectively. For instance, in the case of 6 cells connected in series, a reduction of about 35 % in series resistance was obtained (from 318 to 206.1 Ω) in comparison with previous mini-module (section 5.1.1).

Table 5 .

 5 7: Corresponding electrical parameters and conversion efficiency extracted from the I-V characteristics.

	5.3. Chapter summary				
	Connected cells Number of Area V oc	I sc	FF	η	Series resistance
		cells	[cm 2 ] [V] [mA] [%]	[%]	[Ω]
	2-9	7	10.0 5.52 12.46 63.56 4.37	49.9

For the purpose of this study, 3 samples of 5×5 cm 2 with 600 nm thick FTO deposited on 2.2 mm thick SLG substrates have been used as listed in Table 4.1. The scribing of these samples was obtained by a nanosecond pulsed IR Nd:YAG laser with a power of 3.45 W. The first sample was examined after performing the laser scribing, while the second and third samples were examined after H 2 plasma treatment and H 2 plasma treatment followed by the deposition of a p-type a-Si:H layer for 2 minutes in ARCAM reactor, respectively. The parameters of each process are listed in The first sample was used as a reference to acquire a preliminarily assessment of laser scribing of FTO/SLG substrates. The SEM micrograph of the scribed FTO is shown in Fig. 4.3 (a), while the as-deposited FTO layer is shown in 4.3(c). The uniformity of FTO removal indicates the accuracy of laser beam intensity. A continuous scribed line has been obtained by moving the laser head to ensure a proper electrical isolation between the FTO segments, with a measured separation resistance between them higher than 500 MΩ (maximum measurable value for used multimeter). The scribed width of FTO is about 120 µm. Micro-cracks have been observed within the scribed area of FTO, which are mainly created on the surface of the SLG substrate as shown in 4.3(b). Such cracks are mainly created by the excessive heat during the scribing of the FTO layer. However, they should not generate any electrical losses in the mini-modules because they are created within the dead area.

it explains the growth of SiNWs in those areas. The measured resistance, between the separated segments, after the deposition of a-Si:H has been decreased from over 500 to around 300 MΩ. 

Device performance

A reference RJ SiNW solar cell has been fabricated to compare its performance with that of the fabricated mini-modules. We have used the same substrates (5×5 cm 2 ) without using P2 and P3 The mini-module shown in Fig. 5.1 has 10 active cells connected electrically in series. In order to measure I-V characteristics of a group of RJ SiNW cells, we select area of one cell to act as a back contact and we select n+1 th cell area as a front contact. E.g. for 4, 5 and 6 cells groups we took front contact on 4 th , 5 th and 6 th cells next to our back contact cell area. The Ag contacts were painted by hand using liquid Ag paste on the surface of the front and back contact cells, to improve the photo-generated current collection along the cells (see Fig. 5.1).

The measured I-V characteristics of the fabricated SiNW solar mini-module is shown in Fig. 5.4, and the extracted parameters are listed in Table 5.2. The active areas of the 4, 5 and 6 interconnected cells with dimensions of 4.3×0.4 cm 2 are 6.88, 8.60 and 10.32 cm 2 , respectively. After measuring I-V under the solar simulator, the results show a high V oc of 3.00, 3.73 and 4.50 V (∼0.75 V per individual cell), respectively. This indicates a satisfactory V oc of the individual cells. In addition, the V oc for each cell is in a good agreement with the reference sample that has been discussed 5.11(c)] while the second one slightly reduced the active area. In addition, two Ag pads have been printed on each cell to facilitate the opto-electrical measurement and I-V characteristics.

The 43 thin horizontal lines are 55.5 ± 6.8 µm thick, the 12 enforced horizontal lines printed using three drops next to each other have thicknesses of 115.2 ± 12.6 µm and the thick vertical lines made of 6 drops are 195.8 ± 48.5 µm thick. The two Ag pads per cell have a dimension of (1.36 ± 0.04) mm 2 . In total, the Ag grid covers about 17 % of the total active area. This is still a large value, but our primary goal was to eliminate the detrimental effects of the high series resistance of the top contact.

ries resistance

The deposition of RJ SiNWs of the following mini-module was performed at parameters summarized in Table 5.3. The laser scribing step P2 of RJ SiNWs was performed using the IR laser scribing setup at power of 1.08 W (similar to the previous mini-modules in subsections 5.2.1 and 5.2.2). In addition, no change on process parameters of laser scribing step P1 and lift-off (P3), i.e. we have followed the same procedure as in the previous subsection. Note that this mini-module has been chosen because of the high V oc measured even before printing the Ag grid. The fabricated RJ SiNW solar mini-module is shown in Fig. 5.13.

The active area of each solar cell is 1.43 cm 2 . Using the Inkjet printing, we printed Ag grid on the active solar cells. As shown in Fig. 5.13(a), we have followed the same design discussed in the previous subsection (see Fig. We have used fluorine-doped tin oxide (FTO) deposited on soda-lime glass substrates (SLG) as a back contact as well as the source of the Sn catalyst which was formed by a direct reduction of FTO using a H2 plasma. Subsequently, p-type SiNWs were grown using plasma-assisted vapor liquid solid (VLS) process, followed by the deposition of intrinsic a-Si:H and ntype µc-SiOx:H layers to achieve pin radial junction solar cells. We have obtained an energy conversion efficiency of 6.3 % with an active area of solar cells of 0.126 cm 2 , which is to our knowledge, the highest efficiency obtained based on FTO layers as a source of Sn catalyst. Laser scribing was used to perform a selective removal of thin-film materials in order to fabricate minimodules. With laser scribing, a monolithic series connection between adjacent RJ SiNW solar cells on the same glass substrate was achieved. In particular, the laser scribing system has been used to perform selective removal of FTO thin-film and RJ SiNWs, which are commonly known as step P1 and P2, respectively, and to perform a final scribe to isolate the active region from the rest of the substrate. The transparent top ITO contact was sputtered and cell stripes were defined using the lift-off technique (step P3). Finally, the optimized 10 cm 2 RJ SiNW mini-module has reached an energy conversion efficiency of 4.37 % with power generation of 44 mW, thanks to the improved P2 laser scribing and the dense Ag grid printed using the ink-jet method. This performance represents, to the best of our knowledge, the highest reported power generation for silicon NW-based solar modules on glass substrates.