General introduction General introduction General introduction General introduction

Almost 180 years ago, in 1839, for the first time in history, a 19 years old French scientist Alexandre Edmond Becquerel observed the photovoltaic effect. Soon after, in 1883, Charles Fritts, an American inventor described the first solar cell, made of selenium and gold, with a conversion efficiency around 1%. In 1888, the first US patent mentioning a solar cell is deposited by Edward Weston. However, it is only in 1954 that the Bell labs showed the first high power silicon PV cell, with 6% efficiency. The New-York Times wrote that it "may mark the beginning of a new era, leading eventually to the realization of one of mankind's most cherished dreams-the harnessing of the almost limitless energy of the sun for the uses of civilization". Nowadays, the photovoltaic energy is a growing part in the energy landscape.

World record conversion efficiencies of both solar cells and modules are broken at least once a year and historical technologies, such as silicon solar cells, have now reached efficiencies of more than 25%.

The rapid development of photovoltaic emphasizes the need to develop technologies that can be sustainable and "green" at a large scale, and this in their manufacturing processes as well as final module design. Today, a solar panel is designed to work for 20-30 years. Thus, material supply and consumption have become key parameters. In fact, the materials used in the system will be immobilized for a long time and production have to be able to manufacture panels at a large scale, during 30 years, before recycling allows the industry to re-use those materials. Our approach to contribute to this global effort is to increase the performances of the technology while lowering the environmental impact.

Therefore, we developed micro-photovoltaic devices with increased efficiency using less rare semiconductor materials. In order to do so, the concentrating approach was applied to micronscale Cu(In,Ga)Se2 thin film devices, allowing to save rare materials. Low dimensionality devices were chosen to take advantage of scale effects, in order to limit the overheating and high spreading resistances. Thus we fabricated devices where the active area is miniaturized, in the range of 50µm.

In this thesis we investigated the design, prototyping and characterization of microconcentrated photovoltaic systems based on Cu(In,Ga)Se2 solar cells. Taking advantage of the scale effect, the final system should be compact and lightweight. The approach is to create the simplest and most effective system that can be done at this scale, minimizing the costs of fabrication and assembly. This manuscript is organized around five chapters, describing the numerical and experimental studies performed on different types of concentrating systems. An organization scheme is presented on Figure 1.

Chapter I presents the general context of energy and photovoltaic in the world and introduce the main photovoltaic technologies, with a larger focus on the Cu(In,Ga)Se2 and the concentrating techniques.

Chapter II is the numerical study of concentrating systems using imaging optical elements. The purpose is to design a system, using a ray-tracing software, with a concentration ratio that allow to achieve an angular tolerance high enough to be able to use low-cost tracking systems.

Chapter III is the experimental study of the systems designed in Chapter II. We developed and optimized fabrication processes to create a prototype. Characterizations have been performed to evaluate the performances and understand the failures of the system.

Chapter IV presents numerical and experimental analysis of non-imaging concentrating systems, the Luminescent Solar Concentrators (LSC) and Compound Parabolic Concentrators (CPC).

Chapter V evaluates the relevance of micro-CPV systems with a code developed at IRDEP to calculate yearly production of different designs. The results gives us information about the relevance of technological choices as well as future applications and perspectives of the project. The first chapter of this PhD dissertation aims to describe the context and the motivations of this study.

In the first part, the place of the renewable energies, especially the photovoltaic energy, in the production landscape will be discussed.

In the second part, we will present the flat-plate PV technologies that are commonly used, and particularly the Cu(In,Ga)Se2 technology that is at the center of this study.

The third part describes the concentrated photovoltaic technology, its benefits and disadvantages, as well as the main commercial systems.

The effects of miniaturization of a concentrating system and several systems developed by different research teams will be described in the fourth part.

Finally, the motivations to the use of Cu(In,Ga)Se2 as a concentrating material will be explained, and considered solutions in the frame work of this thesis will be described.

A For more than a decade, the energy production landscape has been changing, with renewable energies taking a more and more prominent place. In 2004, the global renewable power capacity was 800 GW (see Figure 2), including hydro power, while in 2015, it achieved an amount of 1849 GW. The wind and solar are the two energies, excluding hydro power, that have had the greater increase with capacities pushed up respectively from 48 and 2.6 GW to 433 and 227 GW between 2004 and 2015. Nowadays, the renewable energy production is around 19% of the world energy consumption or 23.7% of the electricity production (see Figure 3) [START_REF]10 years of Renewable energy progress[END_REF], [START_REF]Renewable 2016: Global status report[END_REF]. In 2015, 173 countries had renewable policy targets while they were only 48 in 2004. This led to a very strong increase of the investments dedicated to renewable energies from 39.5 billion USD to 285.9 billion USD between 2004 and 2015. 

Photovoltaic energy Photovoltaic energy Photovoltaic energy Photovoltaic energy

Photovoltaic is a growing part of the renewable energies mix. In 2015, the total capacity installed represented 1 % of the global electricity production with more than 200 GWp. This technology has been developed principally in the past 15 years, there was indeed only 1 GW of PV installed worldwide at the beginning of 2000. In 2015, around 55 GWp of new solar capacity have been installed (see Figure 4) and the total PV capacity is expected to go beyond 500 GWp in 2020 [START_REF]Renewable Energy Medium-Term Market Report 2014[END_REF].

We can see on Figure 4that for the last 35 years, each time the cumulative production doubles, the price of the modules is decreased by almost 20%. This is the so-called "learning curve",

showing the cost reduction induced by the increase of volume production. Thus, it makes this technology more and more affordable and facilitates a larger deployment. 

Solar resource Solar resource Solar resource Solar resource

This part aims to present shortly the solar resource on Earth and the main parameters used.

a) Definitions

The two parameters used to describe the solar energy are:

• Irradiance: the parameter which describes the incident power flux. It is measured in W/m². • Irradiation: the incident energy flux received per area. It is an irradiance integrated on a period of time. It is measured in J/m² or Wh/m². These two quantities depends on the wavelength of the light but can be measured broadband, which means that an average value is calculated over the whole solar spectrum.

b) Energy and spectrum

The sun emits light in the infrared, visible and ultraviolet. Its spectrum is similar to the emission spectrum of a black body at 5778K. When the light passes through the Earth's atmosphere, it is absorbed and scattered by air and dust, which reduces the overall power and creates two components of the light (see Figure 5):

• The direct illumination coming from the sun disk with an angle of +/-0.26°.

• The diffuse illumination, which is the scattered and the ground reflected light. The solar power is measured using meteorological ground stations or satellite based estimation [5]. They measure:

• The broadband global ground solar irradiation on a horizontal surface (GHI).

• The Diffuse Horizontal Irradiation (DHI), using a Shadow band pyranometer.

• Special systems can be used to measure the Direct Normal Irradiance (DNI).

The systems used to measure the DNI have an angular acceptance around +/-3°, which is larger than the field of view of the sun disk. Therefore, the circumsolar radiations have been defined

as the portion of the DNI that is not coming from the sun disk but included in the DNI measurements. Many Concentrating Photovoltaic Systems (CPV) have much smaller acceptance angle than 3°. Thus, most of the circumsolar radiation is lost in these systems [START_REF] Gueymard | Spectral circumsolar radiation contribution to CPV[END_REF].

More detailed about CPV systems are given later in this Chapter.

To characterize the sunlight spectrum on Earth, the Air Mass (AM) coefficient has been defined.

It is the ratio of the path length that the light takes through the atmosphere, over the shortest possible path length, the atmosphere thickness. It quantifies the reduction in the power of light:

• AM0 is the extraterrestrial solar spectrum.

• AM1 is the spectrum when the sun is perpendicular to the Earth's surface.

• AM1.5 is the spectrum when the sun is at an angle of 48.2° from the perpendicular position.

The ASTM G-173-03 is a document that describes the two standard terrestrial spectral irradiance distributions. They are the AM1.5G for the global radiation, normalized at 1kW/m², and the AM1.5D for the direct (and circumsolar) radiation, normalized at 900W/m². The receiving surface is a 37° tilted plane, facing the sun. The atmospheric conditions are:

• The 1976 U.S. Standard Atmosphere b with temperature, pressure, aerosol density (rural aerosol loading), air density, molecular species density specified in 33 layers. • A total column water equivalent of 14.2 mm.

• A total column ozone equivalent of 3.4 mm.

• An angstrom turbidity at 500nm of 0.084.

• A surface spectral albedo (reflectivity) of Light Soil as documented in the Jet Propulsion Laboratory ASTER Spectral Reflectance Database. Photovoltaic energy is produced by solar panels which are composed of solar cells. A solar cell is a device that converts the energy of light into electricity, thanks to the photovoltaic effect.

There are three main steps in the process:

• Photon absorption and creation of an electron-hole pair

• Charge carriers separation

• Extraction of the charges in an external circuit

To satisfy these requirements, the solar cell must have the following characteristics:

• Absorb the maximum amount of light

• Electrons and holes must be separated to avoid recombination

• Electrons and holes must be extracted, avoiding contact losses More details about physics of solar cells can be found in [START_REF] Würfel | Physics of Solar Cells: From Basic Principles to Advanced Concepts[END_REF].

b) Characteristics

The main characteristic that describe a solar cell is its Current-Voltage curve (see Figure 8). It describes the relationship between the generated current and the voltage of the solar cell. It allows to calculate the maximum electrical power (P=I*V) that a solar cell can produce under a certain irradiation. Specific points have to be defined:

• Isc is the short circuit current. It is the current generated by the solar cell, when a zero voltage is applied. Jsc is the short current density, linked to the surface of the solar cell. Isc and Voc are the maximum point of current and voltage in the generating quadrant, but at these points, the power produced, is zero. The fill factor (FF) is the parameter which illustrates the squareness of the I-V curve. It characterizes the maximum power of a solar cell compared to an ideal cell with a rectangular I-V curve passing through Isc and Voc. It is calculated as follow:

Based on these specific points, we can calculate the efficiency of the solar cell using the following equation: * * I-2.

With Pin the incident power of light.

The normalized certification (STC: Standard Testing Condition) of solar cells are done at a normal incidence with a solar spectrum AM1.5G, the cell being kept at 25°C. 

Flat plate technologies Flat plate technologies Flat plate technologies Flat plate technologies

Flat plate technologies are the most common PV panels, they are composed of an arrangement of solar cells or materials mounted on a rigid flat surface with cells exposed freely to incoming sunlight.

In 2016, the PV market is dominated by silicon panels, which represents 93 % of the installed capacity. The others 7 % are thin film panels (CdTe, CIGS, a-Si) [START_REF]6 Tracking system Global horizontal PVSyst Matlab Code Difference (%) References[END_REF]. 

a) Crystalline Silicon

Crystalline silicon technologies are based on wafers that are converted into solar cells before being assembled, with electrical interconnections and encapsulation, in a module. Silicon panels can be based either on a mono crystal (mono c-Si) or on multi-crystalline wafers (multi c-Si). The multi c-Si is the most installed silicon technology with 69 % of total production. The world record efficiency of a mono c-Si cell is hold by Panasonic, which achieved 25.6 % efficiency [START_REF] Green | Solar cell efficiency tables (version 48): Solar cell efficiency tables (version 48)[END_REF]. Trina Solar has the world record of a multi c-Si with 21.3 % [START_REF] Green | Solar cell efficiency tables (version 48): Solar cell efficiency tables (version 48)[END_REF]. A comparison between best lab cells and modules is presented on Figure 10.

The silicon is the material the most used in the electronic devices. Therefore, the PV panels based on silicon also benefit from the advances of research coming from the electronic industry.

3.
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Thin films technologies Thin films technologies Thin films technologies Thin films technologies a) Presentation

The thin films technologies are not based on an assembly of wafers but on coating deposition techniques. Using sputtering, evaporation or printing, the thin films solar cells can be fabricated on large areas and does not require to be assembled. Moreover, they facilitate the fabrication of solar cells on flexible substrates, such as polyimide.

They are represented by three types of active material: the CdTe, with a world record at 21.5 % efficiency by First Solar, the Cu(In,Ga)Se2, with a world record at 22.6 % by Solar Frontier and the amorphous silicon (a-Si), with a record at 13.6 % efficiency [START_REF] Green | Solar cell efficiency tables (version 48): Solar cell efficiency tables (version 48)[END_REF]. A comparison between best lab cells and modules is presented on Figure 10. b) Cu(In,Ga)Se2

Nowadays, the Cu(In,Ga)Se2 solar cells are the most efficient thin film solar cells. Their structure (see Figure 11) is composed by the following layers:

• Substrate: generally 3 mm soda-lime glass, can also be flexible substrate such as polymer or flexible Molybdenum. • A Molybdenum layer, forming the metallic back contact of the cell, is deposited by sputtering with a thickness around 700 nm. The Mo is widely used because it allows the formation of a MoSe2 layer during the next steps that favors ohmic contacts [START_REF] Abou-Ras | Formation and characterisation of MoSe2 for Cu(In,Ga)Se2 based solar cells[END_REF].

• The Cu(In,Ga)Se2 layer is a p-type semiconductor that can be considered as an alloy of CuInSe2 and CuGaSe2, with respective band gap of 1.02 eV and 1.68 eV. It can be deposited using variety of techniques, from co-evaporation to electrodeposition and annealing. Usually, this layer is 2 µm thick. More details about the structure of the Cu(In,Ga)Se2 layer can be found in [10].

• On top of the Cu(In,Ga)Se2, a very thin coating, around 50 nm, of CdS is deposited by Chemical Bath Deposition. It is the n-doped part of the heterojunction. However, due to the toxicity and the low band gap (2.4 eV) of the CdS, people tends to change it by using ZnS (3.6 eV) [START_REF] Naghavi | Buffer layers and transparent conducting oxides for chalcopyrite Cu(In,Ga)(S,Se)2 based thin film photovoltaics: present status and current developments[END_REF].

• Then, a layer of ZnO is deposited, by sputtering. This layer is called the window layer and should be transparent to increase absorption and conductive to avoid resistive losses. It is composed of a thin layer (50nm) of intrinsic ZnO and a thicker layer (350 nm) of aluminum doped ZnO to find the good match between transparency and conductivity.

• The solar cell fabrication can be completed by an anti-reflective coating, MgF2 for example, has been deposited, to decrease optical losses due to reflections. III III III III----V sola V sola V sola V solar cells r cells r cells r cells III-V solar cells are the most efficient solar cells but also the most expensive, with complex fabrication processes. The most know, GaAs solar cells have a theoretical bandgap of 1.42 eV that allows GaAs solar cells to reach a maximum theoretical efficiency around 30%, based on Shockley-Queisser limit [START_REF] Shockley | Detailed Balance Limit of Efficiency of p-n Junction Solar Cells[END_REF]. Experimentally, an efficiency of 28.8% has been achieved [START_REF] Green | Solar cell efficiency tables (version 48): Solar cell efficiency tables (version 48)[END_REF],

which is the world record for a single p-n junction.

III-V material can also be used to create multi-junction solar cells and overpass Shockley-Queisser's limit. These solar cells are composed of multiple solar cells that are connected in series and each of them has a bandgap adapted to a portion of the solar spectrum. These type of cells are used for space applications, where the ratio Power/Weight is very important, and terrestrial applications, under concentrated light (see Chapter I.C.4).

In 2014, the world record multi-junction solar cell, with four junctions, achieved 46% efficiency under 508 suns [START_REF] Green | Solar cell efficiency tables (version 48): Solar cell efficiency tables (version 48)[END_REF]. The cell is composed of GaInP/GaAs//GaInAsP/GaInAs, more details can be found in [START_REF] Dimroth | Wafer bonded four-junction GaInP/GaAs//GaInAsP/GaInAs concentrator solar cells with 44.7% efficiency: Wafer bonded four-junction concentrator solar cells with 44.7% efficiency[END_REF]. An efficiency beyond 50% is expected in a near future.

5.

5. 5. 5. Organic and perovskite solar cells Organic and perovskite solar cells Organic and perovskite solar cells Organic and perovskite solar cells Organic solar cells have been studied since the 1990's with the development of Dye Sensitized Solar Cells (DSSC) that achieved a record of 11.9% by Sharp [START_REF] Green | Solar cell efficiency tables (version 48): Solar cell efficiency tables (version 48)[END_REF]. In 2013, based on this technology, a hybrid organic/inorganic system has been developed, the perovskite solar cells.

In only three years, their efficiency increased from 13% to more than 20% [START_REF] Green | Solar cell efficiency tables (version 48): Solar cell efficiency tables (version 48)[END_REF].

C. C. C. C. Photovoltaic systems Photovoltaic systems Photovoltaic systems Photovoltaic systems

Once solar cells have been developed, they need to be embedded in a mounting system to be used. This mounting system is different, depending on the technology of the solar cells and their applications (utility, commercial or residential).

1.

1. 1.

Utility scale Utility scale Utility scale Utility scale

The utilities, or photovoltaic farms, aim to produce a maximum amount of energy. They can be composed of fixed panel or panel mounted on 1-axis tracker to minimize the angle with the sun (see Figure 12). The biggest utility in Europe is in Bordeaux (France), with a capacity of 300 MW.

Figure 12: Left, utility scale with fixed panels. Right utility scale with panels mounted on 1-axis tracker.

Residential & commercial rooftop integration Residential & commercial rooftop integration Residential & commercial rooftop integration Residential & commercial rooftop integration

Photovoltaic panels can also be mounted on rooftop, for residential or commercial buildings.

They are usually fixed on the roof or integrated in it. A standard residential rooftop residential installation has a capacity around 3 kWc.

3.

3. 3.

Building Integrated Photovoltaic Building Integrated Photovoltaic Building Integrated Photovoltaic Building Integrated Photovoltaic

Facades of buildings are also an important surface to use. A growing number of projects concerning photovoltaic elements dedicated to buildings appeared in the last few years. This domain is known as the Building Integrated Photovoltaic (BIPV). One of the main topic is the PV windows, as they represent a very large cumulated area. Companies like Onyx Solar or Crosslux are developing transparent photovoltaic glass to create such a product. The concentrated photovoltaic (CPV) consists in using a large optical system to redirect and guide the light onto a smaller surface, covered by a solar cell. Generally, the CPV modules are composed of lenses or parabolic mirrors.

This domain is divided in three categories: the low concentration systems (LCPV), with a concentration factor from 2 to 100 suns, the medium concentration systems (MCPV), from 100 to 300 suns, and the high concentration systems (HCPV), concentrating the sunlight more than 300 times [START_REF] Philipps | Current status of concentrator photovoltaic (CPV) technology[END_REF]. 

b) Advantages

Increase of the efficiency

A significant advantage of concentrating photovoltaic is that concentrating the light on a solar cell can result in an increase of the efficiency of the system. In fact, the efficiency of the solar cell varies with the logarithm of the concentration factor, on a defined range (see Chapter 3).

Material saving

Another advantage is that concentrating the light allows to save material as the solar cell covers only a fraction of the module area. The amount of material saved can be estimated by the concentration factor of the system. This is particularly adapted to very expansive materials such as triple junction solar cells which cost is around 50 000 $/m².

Energy production

The energy production of a standard PV panel without tracker is not constant. However, the use of a tracking system helps to obtain a loading curve with a rectangular shape (see Figure 14), which facilitates the integration of PV power plants in the energy grid. 

c) Disadvantages

Despite the increase of the efficiency and the material savings, these concentrating systems have strong disadvantages [START_REF] Philipps | Current status of concentrator photovoltaic (CPV) technology[END_REF].

Thickness and tracking systems

They include an optical part to concentrate the light, which makes them thicker and heavier than a standard flat panel, up to 30 cm instead of few centimeters. Moreover, as it will be explained in Chapter 2, the addition of an optical system involves the use of a tracking system to follow the sun during the day. Nowadays, these two parameters make the CPV unsuitable for a rooftop integration.

Diffuse energy

Because an optical system have an angular acceptance, almost only the direct part of the light can be collected. Thus, the diffuse part of the light is lost. As a consequence, the use of a concentrating system depends strongly of the amount of direct light available.

Temperature

Because the light is concentrated, the power density reaching the solar cell is increased. A part of this power is converted into electricity but a greater part is converted into heat. Usually, a standard silicon solar cell on a sunny day can operate around 45 °C but a solar cell under concentrated light can reach 400 °C. Therefore, cooling systems, passive or active (with fluid)

have been developed to reduce the temperature of the solar cell and avoid damaging them and reducing their performances.

In some cases, companies decided to use this overheating to create CPV-Thermal systems (CPV/T), as the sunflower project from Airlight Energy and IBM. It concentrates the light 2000 times and converts 80 % of it to generate 20 kW of heat and 12 kW of electricity on a sunny day.

Figure 15: IBM -Airlight Energy Sunflower (from [START_REF]IBM -United States[END_REF]).

d) High concentration systems

The HCPV is the dominant commercial CPV market as it reaches very high efficiencies using multiple junction solar cells, with a world record at 46 %, by Soitec [START_REF] Green | Solar cell efficiency tables (version 48): Solar cell efficiency tables (version 48)[END_REF]. The world record module achieved 38.9 % efficiency, also by Soitec, and a mini-module reaches 43.4% efficiency, by the Fraunhofer ISE [START_REF] Green | Solar cell efficiency tables (version 48): Solar cell efficiency tables (version 48)[END_REF].

It is largely deployed and represents 90 % of the concentrating systems for a total of 360 MWp in 2015 [START_REF] Philipps | Current status of concentrator photovoltaic (CPV) technology[END_REF].

The HCPV uses III-V multi junction solar cells and the concentrating system usually concentrates the light around 1000 times, which requires a tracking precision around 1°.

These systems are almost all based on the same structure, using a Fresnel lens to concentrate the light on a secondary optical element which makes a uniform irradiance on the solar cell.

However, new systems such as Sun Simba by Morgan Solar, use a waveguide system and allow them to reduce the thickness to approximately that of a standard silicon PV module.

Figure 16: CPV SunSimba, by Morgan Solar (from [START_REF][END_REF]).

e) Low and middle concentration systems

The LCPV is dominated by Si solar cells, adapting flat plate technologies to a use under concentrated light, and has seen several commercial systems being released, such as the Sunpower C7 Tracker (see Figure 17). It consists in a string of Si PV cells and a parabolic mirror that concentrates the light seven times.

Building Integrated Concentrated Photovoltaic (BICPV) solutions also start to appear, such as the Stellaris window (see Figure 17). The system is composed by arrays of 1D concentrators with Si solar cells fixed at the bottom of each concentrator.

Figure 17: Left, Sunpower C7 (from [START_REF] Sunpower | SunPower US Home Page[END_REF]). Right, Stellaris window (from [START_REF]Stellaris -The Future of Cleantech is Clear[END_REF]).

However, the CPV industry is facing a severe crisis. Indeed, Soitec announced in 2015 that it will not produce CPV module anymore and Suncore (140 MWp in Goldmund, China) also stopped the CPV module production to redefine their strategy in 2016, toward a combined heat and power system (Z10 system).

D. D. D. D. Micro Micro Micro Micro--- -CPV concept CPV concept CPV concept CPV concept
Because the light concentration needs large optical systems and induces an increase of the temperature of the solar cell, the CPV systems are bulky. In order to reduce this overthickness and overheating, the system can be miniaturized to benefit from a scale effect. This new type of micro-CPV system, combined the advantages of CPV with the thickness and weight of a standard flat panel, with the goal of a broad deployment of this promising technology. Reducing the size induces a reduction of volume of the system by a factor X 3 . However, the entry aperture is reduced by a factor X². Therefore, to maintain the same area of collection, the number of elements has to be increased by X².

The volume of one element is decreased by X 3 but the number of elements needed is increase by X². Thus, the efficient gain of volume/mass and thickness of the system is a factor X. This can be useful for Building Integrated Photovoltaic (BIPV) integration where the mass of the system is very critical and limited around 4 kg.m -2 for commercial rooftop installation. 

b) Thermal management

We saw previously that concentrating the light on a solar cell increases its temperature and leads to the addition of a passive or active cooling system to dissipate the heat.

Another advantage of the miniaturization is that reducing the size of an element increases its surface/volume ratio, leading to a more efficient heat dissipation and a limited increase of the temperature of the solar cell, with a linear relation between the temperature and the radius of the cell [START_REF] Algora | Strategic options for a LED-like approach in III-V concentrator photovoltaics[END_REF]. Thus, decreasing enough the size of a system can avoid the use of an active cooling system [START_REF] Furman | A high concentration photovoltaic module utilizing micro-transfer printing and surface mount technology[END_REF].

c) Angular tolerance

The use of micro-elements and reduced concentration factors allows new optical designs that can achieve higher acceptance angles for concentrating optics [START_REF] Nielson | Leveraging scale effects to create next-generation photovoltaic systems through micro-and nanotechnologies[END_REF]. Agrawal et al showed that for concentrating ratio around 100x, increasing the angular tolerance, which is the ability of the system to collect the light with larger incident angle, of the system from 2° to 5° can enhance the annual energy produced from 0.4 to 2.3%, depending on the location and atmospheric conditions. This study takes into account the angular and spectra distribution of the aerosol scattered light, but not the effect of cloudiness [START_REF] Agrawal | Performance improvements in microsystems enabled photovoltaics with wider acceptance angles[END_REF].

d) Electrical optimization: interconnections

The increase by X² of the number of electrical elements in the system allows to create more optimized configuration with a better current matching and voltage summing. A study based on a multi-junction optimized configuration can be found in [START_REF] Lentine | Enhanced efficiency for voltage matched stacked multi-junction cells: Optimization with yearly temperature and spectra variations[END_REF]. However, the number of electrical connections to create can be very costly if all the connections need to be done one by one. Since 2008, the number of scientific papers published, concerning the micro-concentrated photovoltaic, and the number of their citations increases each year (see Figure 19). More and more research teams are interested in all the benefits that can come from the miniaturization of these devices. This interest is now strong enough so that in 2015, the national US organism [START_REF] Sweatt | Microoptics for highefficiency optical performance and simplified tracking for concentrated photovoltaics (CPV)[END_REF]. This concept has been investigated in a technical and economical approach but has been limited to wafer based solar cells only.

Concerning the technical approach, they designed a 100x geometric ratio optical system with an angular acceptance of 2.5°. They created a prototype based on a 250 µm diameter multijunction solar cells, which showed a total transmission of 87% [START_REF] Jared | Microoptic fabrication for microsystems-enabled photovoltaics[END_REF]- [START_REF] Agrawal | Performance characterization of a small form-factor 100X micro-optic concentrator[END_REF]. A hybrid CPV/PV architecture (III-V/Si) has also been considered technically and economically [START_REF] Haney | Hybrid micro-scale CPV/PV architecture[END_REF].

A cost analysis of flat plate concentrators employing microscale photovoltaic cells has been performed in 2013 [START_REF] Paap | Cost analysis for flat-plate concentrators employing microscale photovoltaic cells[END_REF]. This study aims to introduce tools and techniques that allow to estimate the Levelized Cost Of Electricity (LCOE) of such a system, comprising the PV cells, the optics, installation, etc. The relation between the size of the cells, the suitable concentration and the needed efficiency has been studied. The colormap on Figure 20 presents the calculated price, in $/Wp for different configurations. 

b) Other systems

In 2009, Karp et al proposed a system that combines lenses array and a waveguide [START_REF] Karp | Planar micro-optic solar concentration using multiple imaging lenses into a common slab waveguide[END_REF]. This device uses the lenses to concentrate the light onto a reflective pattern that deflects the light to trap it into a waveguide, based on total internal reflection. A 300x system showed a simulated optical efficiency of 81%. A fabrication process, based on the roll to roll technique, has been developed and prototypes have been realized, with different configurations [START_REF] Karp | Planar micro-optic solar concentration using multiple imaging lenses into a common slab waveguide[END_REF]- [START_REF] Karp | Orthogonal and secondary concentration in planar micro-optic solar collectors[END_REF]. Then, suitable tracking solutions have been investigated, such as translation displacements [START_REF] Hallas | Two-axis solar tracking accomplished through small lateral translations[END_REF] and reactive material [START_REF] Baker | Reactive self-tracking solar concentrators: concept, design, and initial materials characterization[END_REF].

In 2008, Yoon et al [START_REF] Yoon | Ultrathin silicon solar microcells for semitransparent, mechanically flexible and microconcentrator module designs[END_REF] published a paper showing a prototype of micro Si solar cells under a lenticular lens array that increases the output current density 2.5 times. In 2011, Yoon published another paper concerning micro silicon solar cells embedded in a flexible luminescent concentrator [START_REF] Yoon | Flexible concentrator photovoltaics based on microscale silicon solar cells embedded in luminescent waveguides[END_REF].

In 2014, Zagolla et al developed a self-tracking solar concentrator with an angular tolerance of 32°. The system is also based on a lenses array and a waveguide but does not need mechanical displacements to track the sun [START_REF] Zagolla | Proof of principle demonstration of a self-tracking concentrator[END_REF], [START_REF] Zagolla | Self-tracking solar concentrator with an acceptance angle of 32°[END_REF]. It uses the infrared light to heat a paraffin wax that expands and allows to deflect the light that will be coupled into the waveguide, to finally reach a solar cell (see Figure 21). From [START_REF] Zagolla | Self-tracking solar concentrator with an acceptance angle of 32°[END_REF].

In the same way, Glint Photonics, a company funded by the MOSAIC project, is working on a material that changes its reflectivity in response to heat, generated by the concentrated light. A beam of light, concentrated by lenses, hits this material, which becomes transparent under the effect of heat, the material remains reflective where there is no concentrated light. This technology allows to trap the light inside a glass sheet and guide it until it reaches a solar cell (as it is done in Figure 21).

In 2015, Price also proposed a lateral moving tracking system, which achieved a concentration ratio over 200x and an acceptance angle of +/-60° [START_REF] Price | Wide-angle planar microtracking for quasi-static microcell concentrating photovoltaics[END_REF]. This system is based on the displacement of the solar cell inside an optical system that has been designed to generate a flat Petzval's surface (see Figure 22).

All these systems are efficient solutions to concentrate the light and/or track the sun during the day. However they all use wafer-based solar cells that has an intrinsic limitation, their fabrication process, requiring a pick and place step. As seen previously, concentrated applications are classically limited to crystalline III-V or Si cells. These wafer-based solar cells need to be cut, picked and placed on the final substrate to create a module. However, the number of cells increases as the system is more and more miniaturized, which requires advanced and costly techniques to align them all [START_REF] Maeda | Micro chiplet printer for micro-scale photovoltaic system assembly[END_REF].

Therefore, our approach is to create a micro-CPV system based on a well-known thin film technology, the chalcogenide Cu(In,Ga)Se2. Thin films can be deposited by vacuum techniques, (evaporation, sputtering), or wet techniques, such as electrodeposition or impression. Wet techniques are more interesting for our project as they allow a localized growth or deposition of material. Therefore, to create an array of solar cells, only one step is needed as they can all be created together, there is no need for pick and place. Concerning the electrical connections, all cells can be connected in one step of deposition while wafer based cells require individual connections.

Moreover, the use of a thin film module using concentrated light is a possibility for thin films to lower drastically rare material usage. Indeed tellurium is needed for the CdTe technology, indium and gallium for Cu(In,Ga)Se2 panels for example. These three elements have limited reserves on Earth. Thus, the dependence on rare materials is critical in the perspective of sustainable deployment of the technology to the terawatt level, as both the total reserve and yearly production are limited [START_REF] Redlinger | Evaluating the availability of gallium, indium, and tellurium from recycled photovoltaic modules[END_REF]- [START_REF] Duan | Rethinking China's strategic mineral policy on indium: implication for the flat screens and photovoltaic industries: Rethinking China's strategic mineral policy on indium[END_REF].

Considering a 2 µm thick Cu(In,Ga)Se2 cell, with a ratio Ga/(Ga+In) = 0.3, under concentrated light, the indium resources needed for 1 GW deployment can be calculated, depending on the efficiency and the concentration ratio, with a solar radiation of 1000 W/m². Results are presented in Table 1. The issue of In consumption is the subject of numerous researches in CIGS community.

Research is being conducted on ultra-thin CIGS layer devices that already achieved 13.5% efficiency for a CIGS layer of 385nm [START_REF] Vermang | Employing Si solar cell technology to increase efficiency of ultrathin Cu(In,Ga)Se2 solar cells: Employing Si solar cell technology[END_REF]. Moreover, studies on rare free thin film material, the Cu2(Zn,Sn)S4, are in progress, with a world record at 12.6% by IBM [START_REF] Green | Solar cell efficiency tables (version 48): Solar cell efficiency tables (version 48)[END_REF].

In this thesis we will present only prototypes with Cu(In,Ga)Se2 solar cells but each technology that can be deposited locally and can work under concentrated light, such as CdTe [START_REF] Aguirre | Selective Growth of CdTe on Nano-patterned CdS via Close-Space Sublimation[END_REF], [START_REF] Li | CdTe solar cell performance under high-intensity light irradiance[END_REF] can be used. shown theoretically that the thermal and electrical behavior of these cells benefit well from the miniaturization, with an increased heat dissipation and reduced resistive losses. Then, a process has been developed to fabricate these microcells based on coevaporated CIGS (described in Chapter 3), which have been characterized under concentrated light and confirmed the theoretical data ([52]- [START_REF] Paire | Highly efficient solar cells in low dimensionality based on Cu([END_REF]). These experiments led to a record 50 µm diameter cell with an efficiency increased from 16.3 % to 21.3 % at 475 suns. More generally, an increase of the efficiency of +2% absolute has been observed for each decade of concentration factor [START_REF] Paire | Cu(In, Ga)Se2 microcells: High efficiency and low material consumption[END_REF].

Further experiments have been performed on electrodeposited CIGS [START_REF] Paire | Characterization of CIGS ED and coevaporated devices by means of concentrated illumination[END_REF] as it appears to be the best solution for localized deposition. Nowadays, the IRDEP laboratory is working on material saving fabrication processes. A second generation of microcells has been created using chemical etching techniques, to create mesa diodes with a localized absorber, which allowed to study the influence of edge recombination.

It was shown that no efficiency decrease could be seen on Cu(In,Ga)Se2 microcells originating from surface recombination. This is an advantage compared to wafer based microcells [START_REF] Paire | Cu(In,Ga)Se2 mesa diodes for the study of edge recombination[END_REF].

The third generation of microcells aims to grow locally the absorber with a lamellar shape, using an electrodeposition process. This process lead to a record efficiency of 7.6 % on 1 mm width solar cell and 5.3 % on 100 µm width solar cell, both achieved in 2016.

Other groups, such as the Helmholtz-Zentrum Berlin (HZB) have recently launched research projects on thin film CPV. They are working for example on lamellar shape devices, created by laser patterning [START_REF] Reinhold | Monolithically interconnected lamellar Cu(In,Ga)Se2 micro solar cells under full white light concentration[END_REF].

In conclusion, a lot of studies have been performed to understand, fabricate and characterize Cu(In,Ga)Se2 microcells. However, none had investigated the entire thin film micro-CPV system yet. After the studies on the microcell, there was a need to design and create an adapted an integrated optical system to be used to concentrate the light on these microcells. For this project, we want to combine PV and CPV approaches to create a flat-plate CPV system. Therefore, our system needs to be compared to both PV and CPV.

In one hand, the Cu(In,Ga)Se2 solar cells are almost two times less efficient than the multijunction solar cells (22,3% vs 35%, without concentration). Thus, the use of a very precise and expensive tracking system is not affordable for a CPV-system using Cu(In,Ga)Se2 solar cells, as it will not produce as much energy as a multi junction CPV system.

In another hand, the additional cost of manufacturing and assembly of our system, compared to standard PV, has to be compensated by the economic gain of material saving and increased efficiency. Considering the actual costs of Copper, Indium, Gallium and Selenium, this additional cost shouldn't be larger than ≈ 5 €/m² [START_REF] Horowitz | Cost and potential of monolithic CIGS photovoltaic modules[END_REF]. However, a product combining multiple functions such as energy production and transparency for example could be a "premium product" where a higher cost could be acceptable.

Finally, we need to design an optical system adapted to the concentration on this thin film technology. Depending on the chosen future applications, very different systems and solutions can be imagined to concentrate the light on our microcells. These solutions and their general characteristics are presented on Figure 25.

a) Standard concentration system

The first solution to concentrate the light on our microcells is to use a classical concentrating system based on lenses. This system has the advantage to allow material saving but it requires a precise tracking and a high DNI to be efficient. This solution will be described in Chapter 2 and 3.

b) Luminescent solar concentrator

The second solution is to use luminescent concentrators on top of the microcells. These concentrators absorb the light and reemit it, so it allows to concentrate both the direct and diffuse light (more detailed explanations are given in Chapter 4). Thus no tracking system is needed. Moreover, the system is colored and can also be transparent. A patent has been deposited on this technology [START_REF] Paire | Photovoltaic device and associated manufacturing process[END_REF]. However, these types of system are limited to small concentration ranges. This solution will be described in Chapter 4.

c)

A "Diffuse/Concentrated" system

The third solution would be to create a system composed by an alternation of concentrated and non-concentrated solar cells, all made of Cu(In,Ga)Se2 to minimize the production costs. This solution does not save material, compared to standard concentration system, but it allows to collect the diffuse light too, making it suitable for locations where the DNI is not very high.

Moreover, this type of system should produce more than a standard flat panel but requires a more complex electrical interconnections design as the currents produced by the concentrated and non-concentrated cells are different. A patent has been deposited on this system [START_REF] Paire | Method for fabricating a photovoltaic system with light concentration[END_REF]. This solution won't be described technically but its benefits on energy production will be presented on Chapter V. 

G. G. G. G. Conclusion Conclusion Conclusion Conclusion

In this chapter we presented the context in which this PhD has been conducted, a world where the energy production based on renewable energies is strongly increasing each year. The solar technologies are numerous and take a more and more important place in that context, with advanced technologies that have performed an increase the efficiency of the solar panels while decreasing their costs.

The combination of both PV and CPV technologies, and miniaturization seems to be a very promising solution as it combines the advantages of the two systems, the flatness, the increase efficiency and the use less material. This solution is also developed by many research teams and supported by the Advanced Research Projects Agency -Energy (ARPA-E) in the United States.

Our solution uses a non-common material for concentrating applications but well known in flatplate applications, the thin film chalcogenide Cu(In,Ga)Se2. This technology has proved to be an effective material for miniaturization and concentrating applications.

The next chapters will describe the numerical and experimental studies that has been performed to design, fabricate and characterize the micro-concentrating system that have been imagined.

II. II. II.

II. Design of a concentrating system based on imaging Design of a concentrating system based on imaging Design of a concentrating system based on imaging Design of a concentrating system based on imaging

elements elements elements elements

In this chapter, after an introduction which describes few optical principles useful for this study, we will first define the general parameters of the optical system, such as the number of optics and their type, refractive or reflective, and the material that will be used for the simulations.

The multiple choices in the design, made in this chapter, were influenced by our ability to fabricate a prototype of the system with the equipment available at the IRDEP laboratory. Thus, there was a necessary feedback between the design process (Chapter II) and the fabrication process (Chapter III).

Then, we will study the optimal design for a concentrator with a 2D geometry, based on a circular shape. The influence of the radii of curvature of the lenses and the total thickness will be investigated. The same study will be presented for a concentrator with a 1D geometry, based on a linear shape. We will show how a small change in the shape of the concentrator can improve the maximum achievable concentration.

Finally, as a concentrating system modifies the distribution of light, we will study the influence of a non-homogeneous illumination on the electrical behavior of the solar cell, depending on the concentration factor, the resistance of the Transparent Conducting Oxide (TCO), and the size of the cell.

A This part aims to provide definitions and basic notions of geometrical optics that will be necessary to understand the parameters of a CPV systems and the relative issues.

1.

1. 1. 1.

Definitions Definitions Definitions Definitions

In this work, we will describe the systems by their Geometrical ratio, Optical efficiency, Concentration factor and Acceptance angle. These terms are defined as follow:

• The Geometrical ratio Cgeo is the ratio of surfaces between an aperture surface S1 and an exit surface S2 (see Figure 26).

II-3.

• The Optical efficiency ηopt is defined as the ratio between the output Pout and input optical power Pin of the system. It can be calculated at one wavelength or on a spectrum.

II-4.

• The Concentration factor C is defined as the ratio between the optical power density on the cell and the optical power density on the aperture area. It is equal to the product of the Geometrical ratio Cgeo and the Optical efficiency ηopt. * ⁄ ⁄ II-5.

• The Acceptance angle is defined as the maximum incident angle of the light rays that enable them to hit the output surface. Experimentally, the acceptance angle is defined as the half angle of incident light in which the optical efficiency is above 90% of its maximum.

Etendue Etendue Etendue

Etendue, maximum concentration and acceptance angle , maximum concentration and acceptance angle , maximum concentration and acceptance angle , maximum concentration and acceptance angle a) Definition

In optics, the Etendue, G, describes how the light spreads from an optical system, with a certain angle and area, to a detector [START_REF] Winston | Nonimaging optics[END_REF], [START_REF] Chaves | Introduction to nonimaging optics[END_REF]:

cos # Ω II-6.
Where S is the surface of the detector immersed in a medium of refractive index n. The light is emitted or received by the surface S in a solid angle Ω, with an angle θ from the normal nS.

For a perfect optical system, with no loss at each reflective or refractive interfaces, the Etendue is always conserved.

b) Maximum concentration

For concentrated solar applications, the maximum concentration factor of the sun light achievable is defined using the rules of conservation of the Etendue. For a light cone of semiangle α passing through an infinitesimal surface dS, in a medium with a refractive index n the Etendue is:

% cos # Ω % % cos # sin # # ( ) * + * II-7.
, sin -II-8.

Considering a perfect optical system (described on Figure 26) with an aperture S1 and an acceptance angle α, concentrating the light, with an angle β, on a receiver made of a surface S2 in a medium n, the Etendue of the incident light from air (n=1) is :

, sin -II-9.

The Etendue reaching the receiver is:

, sin . II-10.

Considering no loss, the concentration factor, C, is equal to the ratio between the exit aperture and the entrance aperture of a system: sin . sin -II-11.

Then, the maximum concentration is achieved if sin² β=1, which means β=π/2. Thus, the maximum concentration achievable is:

sin - II-12.
In the case of a concentrator filled with air (n=1), and a beam with a divergence of 0,266° (divergence of light rays coming from the sun), it means a maximum concentration factor around 46 000 suns. This maximum concentration can be theoretically achieved using nonimaging concentrators such as the Compound Parabolic Concentrators, described for the first time by Baranov (1966) and presented on Figure 26. This structure will be more precisely studied in Ch. IV. Compared to a 2D system that requires a 2-axis tracking system, a 1D system only needs a 1axis tracker to follow the sun all day long. It has several advantages, it is easier to track the sun and it is cheaper, but the concentration ratio achievable is strongly reduced. Based on the Etendue, the maximum achievable concentration with a 1D system, using a medium with a refractive index n, is:

/112 sin -3 /212 II-13.

3.

3. 3.

Aberrations Aberrations Aberrations Aberrations

In optics there are many phenomena that can deform the image passing through an optical system. They are called aberrations. They are observed when the rays of light coming from one point of an object do not converge to a single point after the optical system. Thus, they limit the performances of the optical system, decreasing the optical efficiency and deforming the image.

In this part we will focus only on two types of aberrations that can have a strong impact on the efficiency of our system.

a) Spherical aberrations

Spherical aberrations are geometrical aberrations that occur when the light strikes an optical system, based on a spherical shape (lens or mirror), near its edges. The rays are more refracted (or reflected) than predicted and thus the rays coming from the edges and from the center have no longer the same focal point. This effect is enhanced when using short focal lenses and leads to a fuzzy picture of the object. These aberrations can be corrected using multiple spherical lenses or using an aspherical lens. 

b) Chromatic aberrations

Chromatic aberrations are due to the dispersion law, described by Cauchy's formula. The refractive index is a function of the wavelength and thus, all rays are not refracted in the same way. In the visible spectrum, this behavior is characterized by the Abbe number υd. The more the Abbe number of a material is important, the less it disperses the light [START_REF] Pérez | Optique: Fondements et applications[END_REF]. With, nd, nF, nC respectively the refractive indices at 589.3 nm, 486.1 nm and 656.3 nm.

For example, Crown glasses have an Abbe number around 60 and present a low dispersion.

Among them, the most used is the glass BK7. In opposite, the Flint glasses, historically based on lead (II) oxide, have an Abbe number below 50 and have a high dispersion.

The combined use of a Flint and a Crown glass allows to create an achromatic doublet that strongly reduces the chromatic aberrations. 

Objectives Objectives Objectives Objectives

The first objective when designing our system, is to transfer the maximum amount of light from an entrance aperture to an exit aperture. The transmission of power is taken into account regardless of the image forming at the end of the system, in the opposite of an imaging system.

Indeed, the optical efficiency has to be as high as possible.

The second objective is to have the greatest angular tolerance, which depends on the acceptance angle of the optical system, as it defines the required precision of positioning of the tracking system (see Chapter I). With a bigger acceptance angle, the system is less sensitive to a change of the angle of the incident rays and thus needs a less precise sun-tracking system.

Because we want a compact and lightweight system, the third objective is to maintain a very small thickness for the entire system, defined as the distance H between the substrate of the primary lens and the microcell (see Figure 30). 2. 2.

Materials Materials Materials Materials

The materials used to create refractive optics have different refractive index, dispersion and transmittance, depending on the wavelength. The choice of these materials depends on the application for which they will be used. For our application, the most important requirement is having a match between the solar spectrum AM1.5D, the transmission spectrum, T, of the material and the External Quantum Efficiency (EQE) of the absorbing material of the solar cell.

Because the Cu(In,Ga)Se2 has a bandgap around 1150nm and the solar cell an EQE starting around 380 nm (see Figure 31), the material that will be chosen has to have a very high transmittance and no major absorption picks in the range 380-1150 nm. Thus, we can calculate the maximum current generated, Jsc, as follow: Such properties can be found in glass materials like N-BK7, used by standard optical elements manufacturers, such as Thorlabs or Edmund optics. However, these materials need a very high temperature to be molded and a polishing step. It is not adapted to the fabrication of many microstructures, such as the microlenses, on large areas.

: % ; < = /
The Fresnel lenses usually used to concentrate the light in CPV applications are made of PMMA or Silicone on Glass (SoG) [START_REF] Khamooshi | A Review of Solar Photovoltaic Concentrators[END_REF]. It exists other adapted materials commonly used in optics such as the Polycarbonate (PC) and the PolyEthylene Terephtalate (PET-PETg). These materials have the advantage that they can be shaped by cheap techniques on large areas, such as thermoforming or injection molding.

To design our optical system, we chose to use the material with the highest refractive index, the Polycarbonate (see Table 2 [START_REF] Kasarova | Refractive characteristics of thin polymer films[END_REF]). It has almost the same transmission profile and refractive index as the material we planned to use for rapid prototyping, the photoresist AZ 40XT-11D

from Microchemicals (more detailed characteristics and process in Ch. III.). It is known that the PC can become yellow with ageing but this can be reduced with anti-UV coatings [START_REF] Ho | Effects of time and temperature on physical aging of polycarbonate[END_REF]. In this thesis we will focus on refractive optical elements and especially on spherical lenses.

Despite that they suffer from strong spherical aberrations for a short focal length (II.A.3.a), these lenses are very easy to fabricate on large areas. In fact, a spherical shape is a natural shape that minimize surface energies and allow self-assembled and auto-alignment process as it is described in Ch. III.

The volume of spherical lenses can be very important, especially for small radius of curvature and large diameter, leading to a significant weight. Historically, this is the reason why Fresnel lenses have been used in lighthouse instead of spherical lenses. We saw in chapter I that reducing the size of a system by a factor X and creating X² systems, instead of one, decreased the overall volume and mass (see Chapter I). Because our system is at the micron scale, the factor X is very important and thus the gain of mass will be so important that the overall mass of the optical system will not be a problem. As an example, a half-sphere of 500 µm diameter has a height of 250 µm. A polycarbonate layer layer (ρpc = 1.2 g.cm -3 ) of 250 µm thickness weight around 300 g, which is negligible comparing to a 3 mm glass substrate (ρglas s= 2.53 g.cm -3 ) which weight 7.59 kg. Replacing the glass plate by a polycarbonate plate could also reduce the mass to 3.6 kg.

4.

4. 4.

Geometr Geometr Geometr Geometry y y y

The geometry of the concentrator defines the type of tracking system that is needed. So, we can define two types of geometry:

• 1D: Long linear shape systems which need a 1-axis tracker.

• 2D: Circular, square or hexagonal shape systems which need a 2-axis tracker.

Both of these systems will be studied in Chapter II.C and II.D. It should be noted that different concentration factors will be investigated as the exit area is larger for a 1D system than a 2D, thus generally.

C. C. C.

C. Modeling 2D concentrating system Modeling 2D concentrating system Modeling 2D concentrating system Modeling 2D concentrating system

In order to model a system with minimum indium consumption, we first focused the study on two dimensions systems.

1.

1. 1.

Parameters Parameters Parameters Parameters

In this part, we will develop an optical system with a 2D geometry that will need a 2-axis tracking system to follow the sun all day long. Because we want a tolerant tracking system, we decided to fix the geometrical ratio at 100x, which can be considered as the upper limit of the low concentration and compatible with low cost tracking system [START_REF] Paap | Cost analysis for flat-plate concentrators employing microscale photovoltaic cells[END_REF]. Moreover, with a concentration ratio of 100x, we can expect an increase of the absolute efficiency of the solar cell of 4%, based on Paire et al [START_REF] Paire | Cu(In, Ga)Se2 microcells: High efficiency and low material consumption[END_REF].

To create this system, we decided to use a solar cell with a circular shape of a diameter of 50 µm, which electrical and thermal behavior benefits well from the miniaturization [START_REF] Paire | Cu(In, Ga)Se2 microcells: High efficiency and low material consumption[END_REF]. The entrance aperture of the system will be also designed with a circular shape. This shape allows a fill factor around 90% but the base can be easily converted to a square or hexagonal shape to reach 100% fill factor on a surface.

A 50 µm diameter microcell under a 100x geometric concentration system means an aperture of the optical system of 500 µm in diameter. To find the best system using an entrance aperture of 500 µm, we studied the influence of the following parameters:

o The number of optical elements in the system.

o The radius of curvature of the optical elements.

o The thickness H These parameters are evaluated by calculating the optical efficiency and the angular tolerance of different systems.

Zemax OpticStudio Zemax OpticStudio Zemax OpticStudio Zemax OpticStudio

The following design of the optical system has been performed using the ray-tracing software Zemax OpticStudio.

Concerning the design process, the Fresnel losses have been taken into account but the Fresnel reflected rays have been cancelled as their contribution was too small to increase the optical efficiency.

Finally, the numerical study has been realized using an AM1.5D spectrum (see Chapter I), between 380 and 1100 nm to measure the optical efficiencies, unless it is mentioned otherwise.

3.

3. 3.

Number of elements Number of elements Number of elements Number of elements a) Study

The first step in the design process was to choose the number of optical elements that we need to concentrate the light on a microcell. Increasing the number of optical elements helps to increase the angular tolerance of the system but it increases also the number of interfaces and then decrease the optical efficiency, which is the most important parameter of our system, because of Fresnel reflection losses.

Fresnel losses are calculated for one interface from a medium of refractive index n1 to a medium of refractive index n2. Considering an incident angle θi and transmitted angle θt, the reflection R is:

K L cos # 7 cos # cos # + cos # L II-16.
Each PC-air interface (nair=1 and nPC=1.59) reflects around 5.19% of the incident power, at 0°, due to Fresnel reflections. Anti-reflective coatings, such as MgF2, can be used to minimize these losses. However, none have been applied on the optical elements in this study, unless it is specified.

In HCPV, where the angular tolerance is very low and the uniformity of the illumination is very important, it is well known that the use of a secondary optic improves the system by enhancing the angular acceptance and making a more uniform irradiance on the solar cell [START_REF] Victoria | Comparative analysis of different secondary optical elements for aspheric primary lenses[END_REF].

Considering our system, the use of a secondary optic will introduce another step of fabrication and alignment which can be difficult at the micron scale. So, we need first to evaluate how important is a secondary optic to improve the system, to estimate its relevance.

We evaluated the number of elements in the system using the following parameters:

o A thickness of the system between 600 and 1000 µm o A single or two optics

The optimized radius of curvature of the mono-optic system has been determined by an optimization algorithm in Zemax OpticStudio, maximizing the output power on the microcell.

The optimized radius of curvature of the bi-optics system has been found using efficiency maps presented in II.C.4.

A third optical element in the system will not be considered here because of the difficulties of fabrication and alignment, but the addition of another interface will be studied in the case of a 1D concentrator (see Chapter II.E).

b) Results

With a system of 600 µm thickness composed of only one optical element (Configuration a. on Figure 32 and green curve on Figure 33) we can observe a maximum optical efficiency under 60% at 0° incident angle, due to strong spherical aberrations. The angular tolerance of the system is very low for the same reasons.

With a system of 600 µm thickness composed of two optical elements (Configuration b. on

Figure 32 and green curve on Figure 33) the spherical aberrations are still present but they are not a very limiting factor as the optical efficiency is around 84% at 0° incident angle. So, the 16% losses are mainly due to the three PC-Air interfaces. At a 4° incident angle, the optical efficiency is still above 76% but decrease rapidly after. The angular acceptance is +/-4°.

Considering a system with a thickness of 1000 µm and one optical element (Configuration c.

on Figure 32 and green curve on Figure 33) the optical efficiency reaches 89%. The 11% losses are due to the two PC-Air interfaces. The acceptance angle of this system is very low, equal to +/-0.5°.

A system composed of two optical elements and a thickness of 1000 µm (Configuration d. on

Figure 32 and green curve on Figure 33) shows an optical efficiency of 85%. Compared to a system with a thickness of 600 µm, the 2% difference at a normal incidence are due to the elimination of spherical aberrations. Concerning the angular tolerance, the optical efficiency of this system is still 77% at 3.5° incident angle but drops strongly for higher angles. Figure 33: Analysis of the optical efficiency of the system, depending on the incident angle and the configuration of the system. Green) 600µm thickness and 1 optical element. Orange) 600µm thickness and 2 optical elements. Blue) 1000µm thickness and 1 optical element. Purple) 1000µm thickness and 2 optical element.

c) Discussion

Despite the fact that the fabrication will be more difficult, the addition of a secondary element in the system has a very beneficial effect on the angular tolerance of the system, with an increase of the acceptance angle from 0.5 to 4° for the systems above. An acceptance angle of 0.5° needs a very precise tracking system and therefore it is not compatible with low-cost tracking systems.

Moreover, it is important to notice that such a big acceptance angle not only improve the angular tolerance of the system but also contribute to collect a part of the diffuse light coming onto the panel.

This secondary element will be also designed as a spherical lens. Moreover, it will be always considered as a sphere or an association of a spacer and a half-sphere each of the same height.

In fact, as it is explained in details in Chapter III, the use of spheres can be a way to easily selfalign this secondary optic and avoid costly manufacturing steps. In this part, based on the previously chosen parameters, we will determine the best design by searching the best couple of radii of curvature of the primary and secondary lenses that will give the maximum optical efficiency and the maximum acceptance angle.

a) Maps of optical efficiency

To find the most efficient optical system, we generated 2D optical efficiency maps depending on the radius of curvature of the lenses, the thickness H of the system and the incident angle of the light.

We know before testing that some configurations will not work but is easier to test all the configuration as a matrix, as it can be automatized with a simple macro in Zemax language.

Each map is made by testing each configuration with 1 000 000 light rays. 

b) Analysis

First, we analyzed the maximum optical efficiency obtained for each thickness and incident angle. Results are presented in Table 3. Figure 36 presents maps where the optical efficiency is over 84%, depending on the incident angle, the thickness and the radii of curvature of the two lenses. It should be noted that the maximum optical efficiency is 85.5%.

For an incident light between 0° and 3°, the maximum optical efficiency is always above 84.4%, with a maximum value at 85.19%. The combinations of radii of curvature corresponding to each maximum optical efficiency value are different, even for the same thickness. It means that the best solution at 0° is not the best solution at 1° or 2°. However, we can see on Figure 36 that increasing the incident angle reduces the area of possibilities but a point of maximum optical efficiency at 3° is a solution for an almost maximum efficiency point at 0°. The small differences in optical efficiency in a same zone are mainly due to the different radii of curvature which modify the amount of reflection at the different interfaces, following Fresnel losses equation.

Finally, we can see on Figure 37 that 4° is the limit of incident angle for this type of system. In fact, the focal spot reaches the side of the solar cell and the optical efficiency starts to drop. As a consequence, there is no configuration above 80% of optical efficiency. For a thickness of 1100 µm, there is even no solution above 65%. At 600, 700 and 800 µm, we can still find an area of optical efficiency above 75%, with a maximum at 79.35%. At 600 µm we have found only two solutions above 79%. Thus, we chose not to run other efficiency maps at 5°. Further incident angle will be investigated when calculating the global angular tolerance of the optimal system (see Figure 38). A point of maximum optical efficiency at 4° is a solution for an almost maximum efficiency point at 0°.

We also tested a system with a thickness of 500 µm. However the number of solutions is very limited and presents no solution above 80% for an incident angle of 3°. Thus this system is not relevant. ) and the thickness of the system H, 600 µm (red), 800 µm (orange), 1000 µm (blue) and 1100 µm (green).

Figure 37: Zones of optical efficiency above 65% and 75% for different radii of curvature of the primary and secondary lenses, depending on the thickness of the system H, 600 µm (red), 800 µm (orange), 1000 µm (blue) and 1100 µm (green), for an incident angle of 4°.

c) Discussion

Reducing the thickness from 1100 to 600 µm results in a shift of the area of solutions to a bigger secondary radius of curvature and a smaller primary radius of curvature. Usually, for HCPV system, the secondary optic is very small in comparison to the primary optic and it is a little bit bigger than the solar cell. Here, the ratio between the diameter of the secondary optic and the primary optic is smaller than the ratio between the secondary optic and the solar cell. These ratio are more and more important when the thickness of the system decrease. We can consider that the secondary optic acts like a concentrating optic here and the primary optic acts like the angular tolerance element. This is an uncommon characteristic of our system.

d) Final optimal system

Based on the Table 3, we have chosen the systems with 600 and 700 µm thickness and the radii of curvature corresponding to the respective best optical efficiency at 4°. As they have almost the same optical efficiency at 4°, it was necessary to investigate further incident angle to determine which system has the larger incident angle.

We can observe on Figure 38 that the angular tolerance of the system with a thickness of 600 µm is slightly better for angles higher than 4.5°. Therefore, we can consider it as the optimal system (parameters in Table 4). 

e) Final system to be prototyped

Finally, these maps allowed us to find an optical system with a geometrical ratio of 100x and an acceptance angle of 4° within a thickness of only 600 µm. Unfortunately, the technique that will be used to create a prototype of a micro-CPV system, the thermal reflow process, is not compatible with this design, and especially the size of the secondary optic (more details in Ch.

III).

We estimate that the maximum radius of curvature of the secondary lens that we can fabricate with our process is equal to 150 µm. As there was no solution above 84% at 3°, we studied the efficiency above 80% at 3° (see Figure 39). We can find multiple solutions with a thickness between 800 and 1100 µm. The highest optical efficiency at 3° is 83%, for a system with a thickness of 1000 µm and radii of curvature of respectively 900 and 150 µm for the primary and the secondary lenses. This is the system that we have chosen to fabricate (see Table 4).

At 4°, there are slightly more efficient configurations but they require a smaller thickness that would have been more difficult to fabricate and characterize.

Finally, the chosen design chosen to be prototyped has a similar primary radius of curvature compared to the optimal one but it has a smaller secondary radius of curvature and a larger thickness. Results are presented in Table 4.

Figure 39: Zones of optical efficiency above 80%, at 3° incident angle, for different radii of curvature of the primary and secondary lenses, and a thickness of the system of 600 µm (red), 800 µm (orange), 1000 µm (blue) and 1100 µm (green).

Table 4: Characteristics of the optimal and the chosen systems. Dimensions in microns.

Optimal system Chosen system

Primary radius of curvature 880 900

Secondary radius of curvature 210 150

Thickness H 600 1000

Max optical efficiency at 3,5°

82.9% 78%

Max optical efficiency at 4° 79.35% 60.7% 5. 5. 5.

Tolerances Tolerances Tolerances Tolerances

In order to have more insight for the fabrication part, we decided to have a look at tolerance values.

a) Shape of lenses

The radius of curvature of a lens defines its focal length. Thus the fabrication process used to create these lenses have to be very precise. However, our fabrication process (described in Chapter III) is based on a reflow step, which is dependent on the surface energy of the substrate and can suffer from losses of volume. Consequently we need to design a system with a tolerance on the radius of curvature high enough to be able to compensate the manufacturing variability.

Another way to look at the efficiency maps is to consider that they define the manufacturing tolerances on the radius of curvature of the lenses, for the same or very close diameter. Indeed, for one good configuration, if configurations with small changes are also good, we can say that the system is tolerant (see blue dashed circle on Figure 39).

Our previously designed systems are tolerant enough to maintain a high optical efficiency with few tens of microns of variation of both primary and secondary radius of curvature.

b) Misalignment secondary

The secondary optic will be sealed to the microcell and thus, once it has been fixed it cannot be moved. For this reason, it is necessary to study the influence of a misalignment between the microcell axis and the optical axis of the lens (see Figure 40). The Figure 41 presents the effect of a misalignment of the secondary optic on the angular tolerance of the system. We can see that the two systems, the optimal and the one to be prototyped, have different responses to this misalignment.

Concerning the optimal system, each 5 microns of misalignment, the angular tolerance is shifted by almost 1° and the loss of optical efficiency can be estimated around 3% from 10 microns.

The plateau of the curve keeps the same width with a very small decrease but the form factor, the rectangular shape, is comparable. The maximum misalignment allowed can be defined by the maximum optical efficiency loss allowed.

Concerning the system to be prototyped, the angular tolerance is shifted in the same way as the optimal system but the loss of optical efficiency and the loss of form factor are different. The maximum optical efficiency is maintained up to 20 microns of misalignment but the form factor of the curve is strongly degraded. Moreover, the loss of optical efficiency becomes more and more important with the increase of the misalignment.

Considering a limit of 80% of optical efficiency, the maximum misalignment allowed for the optimal design is 15 microns. Considering the loss of form factor, the maximum misalignment allowed for the future prototype is 10 microns.

Therefore, the alignment process has to be very precise in order to have a perfect match between the microcell and the optical axes of the secondary lens. These values are extremely small if they are considered as absolute values but they represent respectively 20 and 30% of the size of the microcell.

Figure 41: Influence of the misalignment on the angular tolerance. Left, optimal system, Right, system to be prototyped.

6.

6. 6.

Conclusion Conclusion Conclusion Conclusion

In this first study, multiple optical and geometrical configurations have been studied using efficiency maps. Finally, we developed two 2D-optical systems to concentrate the light on a 50 µm microcell. Each has a geometrical ratio of 100 and is based on a combination of two spherical lenses. The first one is an optimal system, very thin, with a thickness of 600 µm and an angular tolerance of 4°. The second one has been chosen as it is optimized for our process of fabrication, presented in chapter III, with a thickness of 1000 µm and an angular tolerance of 3.5°.

The tolerances on the shape of the lenses and on the misalignment of the secondary optic have been investigated. They appear to be in agreement with the requirement of the fabrication process described in chapter III.

D. D. D. D.

Modeling 1D concentrating s Modeling 1D concentrating s Modeling 1D concentrating s Modeling 1D concentrating system ystem ystem ystem

In this part, the optical elements will be based on a cylindrical shape. First, we will consider a system whose section of the secondary optic is still circular. Second, we will introduce another interface to increase the maximum efficiency achievable.

1. 1. 1. 1.
Transfer from 2D to 1D Transfer from 2D to 1D Transfer from 2D to 1D Transfer from 2D to 1D

Based on the previous study, a simple conversion of the system from 2D to 1D, with a translation symmetry of the section instead of a rotation (see Figure 42), would lead to a system composed by cylindrical lenses (that can also be self-aligned in a fabrication process) or lenticulars (composed by a lens and a spacer), with the same optical characteristics of transmission and tolerances, but a concentration factor of 10x. In fact, for a converted design we have:

N 3 N II-17.
Based on Paire et al [START_REF] Paire | Cu(In, Ga)Se2 microcells: High efficiency and low material consumption[END_REF], a concentration factor of 10x would lead to an increase of the efficiency of the solar cell of an absolute 2%. With a concentration factor of 35x, the gain of efficiency would be around 3%.

One way to go beyond 10x is to reduce the angular acceptance of the system. To design the 1D system, we changed the method we used previously. For the 2D design, we fixed the geometrical ratio and looked for the best angular acceptance. Now, for the 1D design, we fix the angular acceptance at 1.5° and investigate the maximum geometrical ratio achievable. 

Method Method Method Method

To find the maximum concentration ratio achievable we generated efficiency map as previously shown. However this time, the map has 3 axis instead of two, the thickness is included (see Figure 43). Because there are many configurations to be tested we decided to reduce the number of rays launched to evaluate each configuration. To estimate the relevant number of rays needed we simulated few configurations with a different number of rays launched each time. Each simulation has been tested 100 times. Results of one configuration are presented in Table 5. We can see that the ratio σ/M is always inferior to 1%, which is reasonable and allows to have a good representation of the system. Based on these results, we decided to limit the number of rays to 2 000. This is a small value in comparison to the 1 000 000 used for the 2D model but the standard deviation represents only 0.28% of the mean value. As each configuration is tested only once, it is necessary to specify that the values have been found in a range of +/-0.7% absolute. This precision allows us to identify a domain of validity for each geometrical ratio and more precise simulations will have to be done to know exactly the optical efficiency of one system. It appears on Figure 43 that many calculated solutions present a secondary lens radius of curvature bigger than half the diameter of the primary lens (defined by the geometrical factor).

At first glance, this makes no sense because that prevents a fill factor of primary lenses of 100%.

Because the primary lens is a convergent lens, the surface of the secondary lens hit by the light has a smaller diameter than the primary lens. Thus it is possible to create this secondary optic by combining a spacer and a lens with the right radius of curvature, instead of using a sphere.

3.

3. 3.

Maximum concentration achievable Maximum concentration achievable Maximum concentration achievable Maximum concentration achievable

To compare each system we decided to calculate the number of solutions for optical efficiencies above 75, 80 and 84%, for the same sampling of geometrical parameters (see Figure 44).

Maximum efficiencies obtained at each geometrical ratio are presented in Table 6.

At 0° the number of solutions is a minimum value as there are many configurations available beyond the sampling. At 1.5°, for geometrical ratio below 16, there are some configurations available, but as these solutions are not valid anymore for higher geometrical ratio, they haven't been studied.

We can observe that the number of solutions decreases dramatically once the incident light is entering in the system with an incident angle of 1.5°. 

Introduction of a TIR final interface Introduction of a TIR final interface Introduction of a TIR final interface Introduction of a TIR final interface

The maximum concentration ratio is limited by the displacement of the focal spot out of the microcell. Thus we needed to find a way to redirect the light onto the microcell without introducing a completely new optical element.

To do this, we have chosen to change the bottom part of the secondary optic by introducing an air-gap to promote a Total Internal Reflection (TIR) at the last interface to redirect light (see Figure 45). The global height of the secondary optic will still be considered as two times the radius of curvature of the secondary lens. Based on Snell-Descartes laws, a TIR occurs at a PC-air interface when the light hits the surface with an angle above 39.3°. So there is an angle of 50.7° where the TIR is allowed. The angle θ of the tilted surface defines how this angular zone of TIR is oriented. On Figure 46, the cone of light represents an example of the light coming through the primary and secondary lens with an initial incident angle of 1.5° and hitting the interface. If θ is too small, the left part of the cone of light will not be in TIR, and the reflection angle at the interface can be too small (based on the normal to the tilted surface), so the light is reflected on the left part, out of the cell. If θ is too large, the right part of the cone will not enter in the system and benefit of the TIR.

The shape and position of this cone of light depends on the geometrical parameters of the optical system. Therefore, the optimal tilt angle θ of the interface must be adapted to each configuration.

For this study, the tilt angle of the TIR interface has been fixed to θ=67°. We performed few tests to finally decide that it seemed to be a good general solution for a first study of the concept.

This angle will have to be optimized in a further study, not performed yet.

We have chosen to design the TIR interface with a conic section but other sections such as parabola or compound parabolic concentrator are possible and could be studied. However, they are much more difficult to fabricate at this micron scale. As previously, we evaluated the number of solutions available and compared it to the standard system with the same sample rate too (see Figure 47), at 1.5°. We can observe that thanks to this final interface, the number of solution for each geometrical ratio is strongly enhanced.

There are many more solutions for this new system and the number of solutions presented is a minimum as all the space of solutions has not been studied.

Figure 47: Number of solutions available, at 1.5°, for an optical efficiency larger than 75% (blue), 80% (red) and 84% (green), using a standard system (dashed line) and a TIR final interface system (full line).

This structure shows a very good optical behavior and allows an increase of the geometrical ratio up to 32 with an optical efficiency maintained above 80%, with a maximum at 82%. For the same optical efficiency this represent an increase of 50% of the maximum geometrical ratio achievable with a standard structure. Figure 48 is a 3D-map that contains the entire domain of validity for a system with a geometrical ratio of 32 and an efficiency above 80%. We can see that this domain contains very different types of geometries in a large range of values:

• Thickness between 2 and 5 mm

• Primary radius of curvature between 3000 and 4500 µm

• Secondary radius of curvature between 500 and 1300 µm If two parameters are fixed, the third is imposed. The tolerances on the radii of curvature and the thickness are defined by the width of the solution plane.

Considering only the analysis of the optical efficiency, there are many geometries available to create our system. Therefore, choosing one requires to find another merit factor.

6. 6. 6.

Tolerances Tolerances Tolerances Tolerances

To fabricate this type of secondary optic by injection molding, embossing or another commonly used technique for shaping plastics, the two parts of the mold have to be structured. Therefore, the tolerance of the positioning of the two parts, the matching between the two optical axes, can be our merit factor to evaluate which type of system we need to choose. This study has not been performed yet but we know with previous analysis that the tolerance will be very small (~µm).

Moreover, this tolerance will be closely linked to the choice of the tilt angle θ.

A solution to increase the absolute value of the tolerance is to increase the entire size of the system, including the size of the microcell. Another system is being studied in the same way with a microcell of 100 µm diameter.

Moreover, the angular analysis (not presented here) of the 20x and 30x systems showed that the systems have an acceptance angle of 1.75°.

7.

7. 7.

Conclusion Conclusion Conclusion Conclusion

In this part, we studied the maximum concentration ratio achievable with a 1D system. In order to increase the concentration ratio, we first reduced the limit of acceptance angle at 1.5°. The best system found had a concentration ratio of 20 with an optical efficiency around 82%. Then, we introduced a final TIR interface to finally increase the maximum concentration ratio achievable to 32 with also an optical efficiency around 82%. This is an increase of more than 50%, which could lead to a final 1D system able to increase the efficiency of the solar cell by 3% absolute.

E. E. E. E. Influence of a non Influence of a non Influence of a non Influence of a non----homogeneous illumination homogeneous illumination homogeneous illumination homogeneous illumination

The use of an optical system to concentrate the light modifies the illumination profile on the solar cell. The causes and effects of this non-uniform illumination have been studied on both single and multi-junction solar cells ([71]- [START_REF] Baig | Non-uniform illumination in concentrating solar cells[END_REF]). It generates more heat locally, which reduces the performances of the cell. It also increases the resistive losses by generating very high local current densities. In case of multi-junction solar cells, it can lead to current mismatch inside the cell. Generally, non-uniform illumination decreases the overall efficiency of the solar cells. We saw in Chapter I that a Cu(In,Ga)Se2 solar cell has a window layer made of a Transparent

Conductive Oxide (TCO), the ZnO:Al layer (conductivity in the order of 10 -5 Ω.m). In our case, a non-uniform illumination, and thus a local high current density, could enhance the resistive losses in this window layer.

Figure 49 shows the illumination profile depending on the incident angle of the light, using the system designed to be prototyped. We can see that a spot much smaller than the solar cell is created (violet disk). Its area is around 1/100 of the size of the cell. Thus, our system provides a strong non-homogeneous illumination.

Therefore, this part aims to study the influence of a non-homogeneous illumination on the electrical behavior of a Cu(In,Ga)Se2 microcell, depending on the concentration factor, the resistance of the TCO and the size of the solar cell. The calculations have been made for a ratio of illumination IRnh, the cell area over the spot area, of 1, 16, 25, 64, 100, 400, 2500, 10000, with a rectangular function.

Figure 49: Illustration of the spot size and intensity at 0° and 3° incident angle, on a 50µm microcell, using the design to be prototyped.

1.

1. 1.

Method and case study Method and case study Method and case study Method and case study

To study the influence of this non-homogeneous illumination we used a MATLAB program developed at IRDEP to generate J-V curves. This algorithm is based on the work of Convers et al [START_REF] Wyeth | Sheet resistance component of series resistance on a solar cell as a function of grid geometry[END_REF] and the adaptation to the geometry of our system (see Figure 50) is described in the thesis of M. Paire [START_REF] Paire | Highly efficient solar cells in low dimensionality based on Cu([END_REF]. This code solves the following equation, in cylindrical coordinates:

∂ S ∂T + 1 T ∂ψ ∂r + K □ X: J 7 : * Xexp X FS \]; ^7 1^7 S K J ^ 0 II-18.
Where ψ is the potential, r is the position on the cell, R□ is the TCO sheet resistance, Jph is the photocurrent density, J0 is the diode saturation current density, q is the elementary charge, A is the diode ideality factor, kT/q is the thermal voltage and Rsh is the shunt resistance.

The electrical parameters of the cell used in this study correspond to a CIGS record cell of 19.9% efficiency described by the NREL in 2008 [START_REF] Repins | 19•9%-efficient ZnO/CdS/CuInGaSe2 solar cell with 81• 2% fill factor[END_REF], presented in Table 7. The electrical configuration of the system that has been studied is presented on Figure 50. The photocurrent Jph is modified by the concentration ratio C and the illumination ratio IRnh :

: J /`ab a2 : J /1ab 2 * * J II-19.

Resistance Resistance Resistance Resistance

The influence of the non-homogeneous illumination depending on the sheet resistance of the TCO has been investigated at a concentration of 100x, considered as the upper limit of our system, on a microcell with a diameter of 50 µm.

We can see on Figure 51 that a non-homogeneous illumination, with very different illumination ratios, has no influence on the electrical behavior of the microcell, even with a strong sheet resistance of 1000 ohms/sq. On a microcell with a very resistant TCO layer, 10 000 ohms/sq, we can observe an influence of an inhomogeneous illumination. The higher the illumination ratio is, the more the I-V curve is degraded, the FF decreases.

We can also observe a decrease of the Voc at very high sheet resistance, depending on the illumination ratio. It may seem illogical as there is no external current flow at the open circuit voltage. However, with a non-uniform illumination, a part of the current flows from the illuminated to the shadowed region. As a consequence, it leads to a voltage drop across the series resistance to finally reduce the open circuit voltage of the cell. This phenomenon has been described numerically and experimentally by Cuevas et al [START_REF] Cuevas | The combined effect of non-uniform illumination and series resistance on the open-circuit voltage of solar cells[END_REF]. They showed that:
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With Fill is the fraction of the cell illuminated, C the concentration ratio, Jph the photo-generated current density, Rs the equivalent series resistance and A the area of the solar cell.

A standard thin film solar cell has a TCO layer with a sheet resistance between 10 and 50 ohms/sq. We can conclude that within that range, the non-illumination profile will not be an issue in our system. 

Concentration Concentration Concentration Concentration

Though the upper limit of the concentration ratio of our system has been fixed around 100x, we investigated the influence of this concentration ratio on a microcell of 50 µm diameter and a resistance of 10 ohms/sq.

First, this study has been performed with a concentration ratio between 100x and 8 000x. We haven't seen any combined influence of the concentration ratio and the non-homogeneous illumination. Therefore we studied the influence at a concentration ratio of 46 000x and observed a small decrease of the fill factor of the solar cell. An example is presented on Figure 52.

We can tell that a non-homogeneous illumination will not have an impact on the performances of our system, with a standard concentration ratio. 

Size Size Size Size

Because we saw that one way to increase the absolute tolerances of a system is to increase its size, the influence of the size of the cell has been investigated at a concentration of 100x and a resistance of the TCO of 10 ohms/sq. We studied the influence of the size of the microcell with a radius between 25 and 500 µm.

We can see on Figure 53 that the FF of the J-V curve is modified when the size of the cell increases. The phenomenon is enhanced when the illumination ratio increases. Moreover, we observe again a decrease of the Voc at high illumination ratio, for the same reasons as mentioned previously.

We can tell that a non-homogeneous illumination on a small solar cell will not have an impact on the performances of our system.

Figure 53: Influence of the non-homogeneous illumination depending on the radius of the microcell, with a resistance of 10 ohms/sq, at C=100x. Left, ratio of illumination is 1. Right, ratio of illumination is 400.

5.

5. 5.

Conclusion Conclusion Conclusion Conclusion

Based on these simulations we observed that the non-homogeneous illumination can impact the electrical behavior of the cell if one of the parameter reaches its limit:

• The resistance is around 10 000 ohms/sq or above.

• The concentration ratio is equal to 40 000 suns or above

• The size of the cell is bigger than 1mm

All these parameters are very extreme in comparison to the ones that will be used in our system.

Therefore, we can say that a non-homogeneous illumination has no effect on the electrical behavior of the microcell.

Nonetheless, other sources of resistive losses, such as the multiple interfaces and the quality of the electrical contacts, have not been considered. Therefore, experimentally, the effect of a nonhomogeneous illumination should appear earlier than the estimated values of sheet resistance, size and concentration factor.

F. F. F. F. Conclusion Conclusion Conclusion Conclusion

In this chapter we chose the concentrating elements of our system to be spherical lenses, for their ease of fabrication at the micron scale, made of polycarbonate, a commonly used material in optics. We decided to study systems in 1D and 2D.

The study of 2D systems led to the design of two systems with a geometrical ratio of 100x. The first one is the optimal system, with a thickness of 600 µm and an acceptance angle of 4°.

Unfortunately we couldn't fabricate this system with our lab equipment. Therefore, we identified a system which was compatible with our fabrication process. This system has a thickness of 1mm and an acceptance angle of 3.5°.

The study of 1D systems showed the limit of concentration of this kind of systems and the need to adapt the design to increase this factor. The acceptance angle has been fixed to 1.5° and we searched the maximum concentration ratio achievable, based on the same method used for the 2D system. A final interface has been added to promote the total internal reflection and bring back the slightly deviated rays of light. This interface allowed us to show that it increases the maximum concentration ratio achievable by 50%. More precise studies, especially on the tolerances, need to be done to design a final system.

Finally, as an optic system modifies the irradiance uniformity, it was necessary to study the influence of a non-homogeneous illumination on the solar cell. This illumination has been combined to various concentration ratio, size of the cell and sheet resistance of the transparent conducting oxide to finally show that the electrical behavior of our system will not be influenced by a non-homogeneous illumination.

Now that we designed an efficient optical system adapted to 50µm microcell and compatible with the manufacturing equipment in our lab, the next chapter will describe the different steps of prototyping, from the conception and tuning of the fabrication process to the final characterization of the prototypes.

III. III. III. III. Pro Pro Pro

Prototyping of a micro totyping of a micro totyping of a micro totyping of a micro----CPV system CPV system CPV system CPV system

In this chapter, we will first describe the fabrication processes that have been chosen to fabricate the optical systems and the micro-CPV prototypes, such as the photolithography and the thermal reflow process. Alternatives techniques will also be presented and discussed.

Then, the optimization steps to create the three elements composing the optical system will be described and explained, as well as the necessary optical design adjustments of the system.

The fabrication and characterization of the microcells arrays will be presented as it is major part of the prototype.

Next, the structure of the prototype, the assembly of all the elements and the characterization process performed to evaluate the efficiency of the complete system will be presented. Analysis of 2D and 1D prototypes will be presented and their performances discussed.

A 

A. A. A. A. Choice of fabrication pro Choice of fabrication pro Choice of fabrication pro Choice of fabrication processes cesses cesses cesses

The prototype that we wanted to fabricate was composed of thousands of micron-scale elements and required a high precision positioning. Thus, we needed a technique that allows to create all these elements at once with a high accuracy. We will present two different techniques: the photolithography, mainly used in this study, and the self-assembled processes, only preliminary studied.

1.

1. 1.

Photolithography Photolithography Photolithography Photolithography

The photolithography is a micro-fabrication technique used to pattern a substrate with a resolution smaller than one micron [START_REF] Mack | Fundamental Principles of Optical Lithography[END_REF]. It transfers a geometric shape into a light-sensitive polymer coated on a substrate, called photoresist, using a mask and an UV source. Then, further treatments can selectively etch or deposit material into the patterned substrate.

There are two types of photoresists:

• Positive photoresist: its solubility is increased (scission in the polymer chains) when exposed to UV-light. • Negative photoresist: its solubility is decreased (cross-linking in the polymer chains). A photolithography process is composed of 6 major steps: substrate preparation, coating, softbake, alignment and exposure, post-bake, development.

a) Substrate preparation

The first step in a lithography process is the preparation of the substrate. It is cleaned to remove any possible contamination and dry to evaporate water that can be on the surface. An optional step of vapor or liquid deposition of Hexamethyldisilazan (HMDS) can be done to reduce the surface energies and improve the adhesion of the photoresist [START_REF] Mack | Fundamental Principles of Optical Lithography[END_REF].

b) Coating process

The main technique used to deposit the photoresist, at a laboratory scale, on a substrate is the spin-coating technique. A drop of photoresist is dispensed on the substrate which is then rotated at speed between 1000 and 5000 rpm.

The spin speed ω, acceleration and time are the parameters that defines the thickness and the homogeneity of the deposited layer (thickness ∝ 1//ω2 1/2 2. They are closely linked to the viscosity of the photoresist as it defines how fast it spreads on the substrate.

Other deposition techniques can be found, such as blade coating or dip-coating techniques.

c) Soft-Bake

The soft-bake, generally around 100°C for few minutes, aims to reduce the solvent content in the photoresist. It helps to reduce the formation of bubbles during the next steps, increase the adhesion of the film and its uniformity. A too hot or too long soft-bake can burn the resin and increase the development rate, leading to a high dark erosion (development of the less soluble zone). It can also reduce the adhesion of the resin.

d) Alignment and exposure

First, it requires the use of a mask, which is a fused quartz substrate covered with a thin layer of chromium defining the pattern to be transferred.

Then, this step consists in aligning the mask (with the pattern) and the substrate that can be already structured (for multiple step of lithography for example). Once they are aligned, the UV-light activates the UV-sensitive contents of the photoresist. The time of exposure and the power of the UV lamp can be monitored to control the UV dose delivered to the photoresist.

e) Post-exposure bake

The post-exposure bake is an optional step in the process, depending on the photoresist used.

This bake completes the cross-linking or the chain scission initiated during the exposure.

f) Development

The development is the step that consists in selectively dissolving the photoresist. It is done by using a developer in which the exposed photoresist is soluble. The concentration of the developer can be controlled. The duration of the development needs to be adjusted precisely to avoid dark erosion, defined as the development of unwanted areas.

The photolithography technique allows to create cylinders of photoresist. However, we need to form spherical shape to create lenses. Thus, we decided to use a thermal reflow process.

Thermal reflow process Thermal reflow process Thermal reflow process Thermal reflow process a) Principles

The thermal reflow process, or melting photoresist process, described in 1988 by Popovic et al [START_REF] Popovic | Technique for monolithic fabrication of microlens arrays[END_REF], consists of creating cylinders of photoresist using a photolithography process, and melting them in a stove or on a hot plate. Due to the minimization of surface energies, the process results in the creation of a spherical lens. An illustration of the process is presented on Figure 55.

Hsieh et al used this technique to create a microlenses array that was used to fabricate a mold for replication [START_REF] Hsieh | Design and fabrication of long focal length microlens arrays[END_REF]. The fabricated microlenses, made of SU-8 (properties are described later in this chapter), with diameters from 50 to 240 µm and focal length respectively from 0.3 to 2.1 mm. They measured a maximum variation of 11% of the spot size and focal length, which shows a good repeatability of the process.

b) From a cylinder to a plano-spherical lens

In order to know the initial volume of photoresist required to create a lens, we made the following assumptions:

• The structures made by photolithography are cylindrical, with a volume Vi= πx²H

• The height H and radius, x, of the cylinders are known.

• The lens have the same diameter than the initial cylinder, x=r.

• There is no loss of material in the reflow process, Vi=Vf.

• The lenses are spherical.

Based on these assumptions, we can calculate the relation between the cylinder parameters, radius, x, and height, H, and the final parameters of the lens, radius, r, and radius of curvature, R: As it has been described in Chapter I, miniaturizing a system increases the number of elements of which it is composed. Therefore, to avoid costly mechanical alignment at the micro scale, self-aligned and self-assembled process can be used. One of them consists in creating a pattern of hydrophilic zones (with a small surface energy) on a hydrophobic surfaces (with a high surface energy) that allow a selective deposition of material. This solution has been proposed as an industrial solution by Xerox [START_REF] Maeda | Micro chiplet printer for micro-scale photovoltaic system assembly[END_REF].
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Hartmann et al [80][81] proposed such a way by coating a substrate with a hydrophobic layer and etch zones to create a contrast. Then, the substrate is dip coated in a monomer solution and the self-assembled microlenses are cured. The manufactured structures have a diameter from 2 to 500 µm. The microlenses arrays have a fill factor up to 90%. Lenses of 100 µm diameter have been fabricated with a focal length approximately between 200 and 1000 µm.

In 2012 Wei et al [START_REF] Wei | Using Hydrophilic Effect to Fabricate Self-Assembled Microlens Array by UV/Ozone Modification[END_REF], [START_REF] Wei | Fabrication of a transparent and self-assembled microlens array using hydrophilic effect and electric field pulling[END_REF] proposed a technique consisting of self-assembled SU-8 photoresist by dip-coating on a SU-8 based layer previously exposed to a UV/Ozone treatment. The microlenses realized have a numerical aperture between 0.06 and 0.19 and a focal length between 0.06 mm and 2.78 mm for diameter of 50, 100 and 200 µm.

b)

The case of Zinc Oxide

The Zinc Oxide (ZnO) is known to have tunable wetting properties that can be modified using UV exposure [START_REF] Khranovskyy | Surface morphology effects on the light-controlled wettability of ZnO nanostructures[END_REF]. Moreover, this phenomenon can be enhanced, depending on the topography of the ZnO layer, for example composed with nanostructures, as it can be described using Wenzel and Cassie-Baxter models [START_REF] De Gennes | Gouttes, bulles, perles et ondes[END_REF]. A ZnO sample showed contact angles varying from 124° to 5° after irradiation.

The window layer of a Cu(In,Ga)Se2 solar cell is made of ZnO doped with aluminium, boron or chlorine, depending on the fabrication process. Therefore, this window layer could be used and locally exposed to UV light to generate a pattern composed of hydrophilic and hydrophobic zones in order to create lenses directly on the microcells. A patent has been deposited by IRDEP on this technique [START_REF] Paire | Method for fabricating a photosensitive device[END_REF].

Unfortunately, these techniques allow only the fabrication of relatively flat lenses that are not suitable for the geometry of the secondary optic that we designed.

Conclusion Conclusion Conclusion Conclusion

The photolithography process associated to a thermal reflow to obtain a large array of planospherical lenses, placed with a high precision, seems to be very suitable. The radius of curvature of the lenses can be easily tuned, which is very interesting in rapid prototyping. The fabrication of the prototype has been done using this technique.

We have seen that other techniques can also be used to create microlenses array. Preliminary experiments on the hydrophobic contrasts have been performed but they are not presented in this thesis.

B. B. B. B.

Optical system: fabrication and characterization Optical system: fabrication and characterization Optical system: fabrication and characterization Optical system: fabrication and characterization

In this part, we present the fabrication steps and optimization processes to create the optical elements. The prototype we chose to fabricate was described in chapter 2, an illustration is presented on Figure 57. It consists in the association of a microcells array, a secondary lenses array and a primary lenses array. The secondary lenses are spheres, their fabrication has been decomposed in two steps, a lens array, which is a half-sphere, and a spacer with a thickness equal to the radius of curvature of the sphere. Therefore, the fabrication of the optical system is composed of 3 steps:

• Fabrication of the primary lens on a 1 mm glass substrate

• Fabrication of the spacer on the microcells array

• Fabrication of the secondary lens on the spacer There exist many different photoresists used in photolithography, each with a specific range of thickness, transparency, hardness, etc. For our purpose, we need photoresists with very different range of thicknesses. In fact, the sag lens of the primary lens is 35 µm while the sag lens of the secondary lens and the height of the spacer is 150 µm. However all of them need to have the maximum transparency to minimize the optical losses.

a) AZ 40XT-11D

To fabricate the lenses according to the numerical study, we needed a photoresist with a refractive index and a transmission spectrum close to those of polycarbonate (PC). We found the positive photoresist AZ 40XT-11D, from Microchemicals, very suitable. It can be coated in a range of thickness from 15 to 60 µm in a single coat. Moreover, we can see on Figure 57 that the optical parameters are very similar. The transmission measurements of the AZ 40XT have been performed on a glass substrate which lead to a small anti-reflective effect that increases slightly the transmission curve of the photoresist. Thus, the PC and AZ 40XT have a very similar transmission curve in the range 400-1100nm. Finally, this photoresist is known to be easily melted (examples are presented on Microchemicals website).

b) SU-8

The SU-8 photoresist is a commonly used photoresist in the fabrication process of microsystems like MEMS [START_REF] Dey | Microstructuring of SU-8 resist for MEMS and bio-applications[END_REF]. It can be coated from few microns to more than 1mm. It is a very resistant resin with a modulus of elasticity of 4,02Gpa [START_REF] Lorenz | Mechanical characterization of a new high-aspectratio near UV-photoresist[END_REF] and a degradation temperature of 380°C [START_REF] Labianca | High-aspect-ratio resist for thick-film applications[END_REF],

which makes it an almost permanent resin. It is also very transparent which makes it very suitable for our optical system. However, it is known to be a resin with a lot of residual stress [START_REF] Hong | Characterization of lowtemperature SU-8 photoresist processing for MEMS applications[END_REF], which will lead to several issues presented later in the chapter. The photolithography processes given by the manufacturers are established using wafer substrates. However, we use 3 mm soda-lime or 1 mm borosilicate glass substrates. Thus, we needed to adapt the processes and especially the baking times of the different steps. All the photolithography processes presented in this chapter have been developed and optimized during this thesis.

c) PDMS

The PolyDiMethylSiloxane (PDMS) is a commonly used silicone that can also be a good candidate. This material has a very good transmission but a smaller refractive index n≈1.4 (see Figure 57). It can easily be coated by spin coating in a range from a ten to several hundreds of microns. However, it is not a photoresist and has no UV sensitivity to be used in a photolithography process. This material will be used as an alternative spacer.

Primary optic Primary optic Primary optic Primary optic a) Fabrication

Based on the conservation of volume during the reflow process (see III.A.2.b), the thickness needed to fabricate the primary lenses, with 500 µm diameter and a radius of curvature of 900µm, is 17.8 µm. Using the data provided by Microchemals for the AZ 40XT, the spin speed required to obtain this thickness is around 4000 rpm and corresponds to the upper limit to obtain a uniform coating (early drying or turbulences can appear with higher spin speed). The optimization has been done on a 1mm borosilicate glass substrate.

Spincoating

First, we observed a variation of +/-10% of the thickness of the layer for a same imposed spin speed at different period of time. This non-repeatability can be explained in different ways:

• We are at the upper limit to spin coat the photoresist, which can lead to non-uniformities.

• The temperature of the room, variations of +/-2.5°C have been recorded, which lead to a change in the viscosity of the photoresist and thus in the thickness for a constant spin speed.

Based on manufacturer' specifications, spin speed variation should be less than 50 rpm, which cannot explain the thickness variations.

This uncertainty results in a variation of the radius of curvature of the primary lens between 800 and 1000 µm (see Figure 58). The efficiency map at 3° presented on the chapter 2 shows that we are still in the tolerance limit of the system.

Reflow

Next, we needed to validate the assumption we made that the diameter of the lens remains the same that the initial cylinder (III.A.2.b). We only observed small variations between, 500 and 504 µm, which represents a change of 2.6% of the surface area. Thus, this hypothesis was validated.

We also observed a loss of volume between 15 and 20% during the reflow process. The height of the lens was not the height expected by the calculations. A reverse calculation allowed us to determine the loss of volume. This loss can be due to a residual solvent content in the resin or a small sublimation of the resin. Therefore, we corrected the required thickness taking into account this phenomenon. The new thickness was 22 µm.

Finally, the reflow of a very thin layer was not as easy as expected. We observed that if the reflow is not hot and long enough, the cylinder does not reflow completely and tends to create flat or an annular shape instead of a lens. This can be described as "heavy drop" where the radius of curvature is bigger than the capillarity length. The influence of gravity for these drops becomes not negligible [START_REF] De Gennes | Gouttes, bulles, perles et ondes[END_REF]. With optimized parameters, we succeeded to fabricate these lenses. The final process is presented on Figure 59. 

b) Characterization

Geometrical characterizations are performed on the microlenses using an optical microscope to measure the diameter after the reflow process and a profilometer to measure its height. SEM observations are done to evaluate their smoothness. Due to the uncertainty on the spin coating process, the primary lenses created had a radius of curvature between 800 µm and 1000 µm.

Optical set-up such as digital holographic microscopy [START_REF] Charrière | Characterization of microlenses by digital holographic microscopy[END_REF] or interferometers [START_REF] Gomez | Micro-optic reflection and transmission interferometer for complete microlens characterization[END_REF]- [START_REF] Kim | Small-size microlens characterization by multiwavelength high-resolution interference microscopy[END_REF] can be used to further characterize the optical behavior of the lens, the focal length, the size of the focal spot, wavefront analysis, etc. An interferometer set-up has been considered but not yet realized.

Finally, on a 2500 microlenses substrate, based on optical microscope observations, we can estimate that more than 98% of the lenses have no major defect that could lead to optical losses. 

3.

3. 3.

Secondary optic Secondary optic Secondary optic Secondary optic

The secondary lens is a half-sphere, the theoretical necessary thickness to create it is 100 µm (Equation III-2). Taking into account the 20% volume loss observed during the reflow process, the real thickness needed is around 120 µm. This thickness cannot be deposited uniformly in one step. Thus, we developed a 2-steps coating process. A first coating is applied and slightly baked to be hard enough to support a second coating step before a final and longer soft-bake step. Process is presented on Figure 60.

Using a high viscosity resin on a small substrate can lead to a poor uniformity and the formation of edge beads. This overthickness at the edges will create an air gap between the photolithography mask and the substrate. This air gap makes diffraction effects appear which deform the desired exposed structure. However, the AZ 40XT viscosity and the use of a 2-step process limit the edge beads effect and allow a good uniformity of the film.

The optimization of the process has been done on a 3 mm glass substrate coated with a very thin layer of SU-8 2002 as it is the first material selected for the spacer. For the first experiments, the parameters have been adapted from the Microchemicals' recommendations [START_REF]AZ 40XT-11D data sheet[END_REF]. It showed a very poor adhesion of the photoresist to the substrate, we observed a lift of the cylinders during the development step. Moreover, a lot of bubbles appeared during the different baking steps.

We found that the critical parameter to optimize was the soft bake to limit the formation of bubbles in such a thick layer. More precisely, the temperature ramps during the soft-bake are critical. Moreover, we observed that a too long bake at 125°C decreased drastically the adhesion of the layer. Therefore, we have chosen to increase the baking time between 85 and 105°C and decrease the baking time between 105 and 125°C, process is described on Figure 60.

We also observed a small variation of the diameter between the cylinder and the lens, from 290 to 310 µm. This phenomenon happened randomly and is probably due to modifications of the surface energy of different substrates.

If the volume is more important than expected and the diameter is unchanged, the theory says that the contact angle of the lens would be higher than 90°. We could also expect an enlargement of the diameter of the contact zone between the substrate and the lens, to maintain a contact angle below 90°. Practically, we observed angles higher than 90°, confirming that the photoresist does not spread across the surface during the reflow process. The characterization of the spherical profile of the lenses has been confirmed using a camera on a contact angle measurement set-up (see Figure 61). To create the 150 µm thick spacer, the SU-8 2150, which theoretically allows to deposit 150 µm in a single coat, seemed to be very suitable. However, this is a very viscous resin which would have formed very large edge beads, as described previously. Therefore, we decided to use the SU-8 2075 and we developed another 2-steps process instead. The optimization has been done on a 5x5 cm² and 3 mm thickness soda-lime glass substrate coated with Mo (700nm).

The first structures tested were squares of 0.5x0.5 mm² and 1x1 mm² and then 5x5 cm². The use of smaller surfaces at first is due to lower residual stress generation. 

Observations: 0,5*0,5mm² X X X X X X Observations: 1*1mm² +++ +++ X ++ X X

Uniformity

The first experiments showed a layer with a very bad uniformity, difference of thickness over 20 µm have been observed in the same layer. To increase the uniformity of the SU-8 film we chose to introduce a speed ramp in the spin-coating process. The soft-bake, after the second coating, has been also increased from 3' to 5' at 65°C and from 9' to 15' at 95°C.

The use of a coating process in two steps, as described previously, resulted also in very strong edge beads during the soft-bake. Therefore, based on Mata et al [START_REF] Mata | Fabrication of multi-layer SU-8 microstructures[END_REF], we choose to use a process composed by two entire photolithography processes, each process creates a 75 µm layer. This is feasible because the SU-8 is a permanent photoresist and does not suffer from dark erosion. This choice allowed us to limit the edge beads to a contour of 0.5 cm wide.

Adhesion -Method

At first, we systematically observed that the film peeled off the substrate after the Post Exposure Bake (PEB) or even before, during or after the Development step, for a single 75 µm layer. The bigger the surface is, the larger is the peeling. We can see on the SEM picture on Figure 62 that there is photoresist remaining on the substrate after the lift of the structure. It looks like the mechanical stresses pulled out the structure. Based on Lorenz et al [START_REF] Lorenz | Mechanical characterization of a new high-aspectratio near UV-photoresist[END_REF] we know that the SU-8 can have very strong residual stress (16-19

MPa), that can lead to delamination [START_REF] Hong | Characterization of lowtemperature SU-8 photoresist processing for MEMS applications[END_REF] . This residual stress is due to a fast and brutal crosslinking. To reduce and relax the mechanical stresses generated, we identified several possibilities:

• Decrease the UV exposure.

• Decrease the PEB temperature and increase the PEB time, to slow down the crosslinking.

• Gradual cooling after PEB to release residual stresses.

First, we decided to decrease the PEB temperature at 65°C for 30' and to introduce a 3h gradual cooling in a stove from 65 to 25°C. We observed no more detachment of the 0.5x0.5 mm² structures. However, the 1mm² structures were still not stable. The influence of the dose and a gradual cooling have been investigated, results are presented in Table 8.

Adhesion -Results & Discussion

Between samples 1 and 2, the dose has been changed from 450 to 300 mJ.cm -2 . We observed no major differences between the samples, the 1mm² were still unstable.

Between samples 2 and 3 the gradual cooling has been increase from 3h to 15h (from 5pm to 8am the day after). A long cooling time includes a stage of rest of the sample once it is back to room temperature. This stage can also help to relax the residual stresses. We observed no more peeling of the 1 mm² structures with this process.

The UV dose has been slightly increased for the sample 4 but it results in a peeling of the structure. The PEB time has been decreased for the sample 5, which had no major effect.

Then, the process 5 has been used on a 4x4 cm² surface of 75 µm thickness, without structures the film was stable. The same process has been used for a second step, it results in a stable photoresist layer of 150 +/-3 µm. Finally the UV dose has been decrease to 240 mJ.cm -2 .

We can conclude that the gradual cooling is the most important step in the process as it allows to generate less stress and relax the residual stress. The process has been optimized from a 0.25 mm² unstable surface to a 16 cm² stable surface.

The addition of the second 75 µm layer to achieve the 150 µm thickness needed have not added any issue, which shows the stability of the process.

Adaptation to the microcell substrate

The optimization process has been done on a glass/Mo substrate. Transferring the process to create this 150 µm thick transparent layer on our CIGS substrate resulted in an unexpected behavior of the substrate: a lift of the CIGS layer. More precisely, the CIGS covered by the SU-8 layer is lifted while the adjacent CIGS, not under the SU-8 layer, remains on the substrate (see Figure 63). This lift off is strong enough to make a sound when cracking.

We observed that the SU-8 layer is always stable after deposition on the CIGS substrate, by the optimized process. However, we noticed that a lift always happens during the fabrication step of the secondary lenses, and especially during the baking steps. In fact, as presented in Figure 60, the process to create the secondary lenses has many baking steps and especially a flash step at 130°C to reflow the photoresist. The lift happens mainly during the cooling step, after the reflow.

It is known that the MoSe2 interface has a lamellar structure, which is favorable for CIGS liftoff [START_REF] Fleutot | GaSe Formation at the Cu(In,Ga)Se2 /Mo Interface-A Novel Approach for Flexible Solar Cells by Easy Mechanical Lift-Off[END_REF]. We think that the expansion/contraction of the SU-8 layer induced by the baking steps of the secondary lens process weaken the MoSe2 interface to finally make it crack. In fact MoSe2 has been detected using XRD analysis on the substrate after lift-off. A similar phenomenon is used to create very thin wafers of Silicon, the Stress induced Lift-off Method (SLiM-Cut process) [START_REF] Vaes | SLiM-cut thin silicon wafering with enhanced crack and stress control[END_REF].

We tried to optimize again the layer by lowering the temperature, increasing the baking time, reducing the UV dose and deposing 4 zones of 4 cm² instead of 1 zone of 16 cm² to reduce the stress. We tried solutions on a dozen of samples but none of which have led to a satisfying result. Moreover, it consumed a lot of CIGS substrates. Thus, we rapidly decided to move to another transparent material, the PolyDiMethylSiloxane (PDMS). 

b) Spacer PDMS

Based on the previous results, we decided to change the material we used for the spacer and use the PolyDiMethylSiloxane (PDMS).

Refractive index & Design adjustments

Because the PDMS has a refractive index nPDMS=1.4, lower than the refractive index of the polycarbonate nPC=1.59, optical designs need to be adapted. An adjustment of the thickness of the spacer has been calculated using optimization algorithm in Zemax OpticStudio, by maximizing the output power, with an incident angle of the light of 0 and 3° (see Figure 64).

We can see that a thinner spacer is needed, from 150 to 120 µm. This adjustment allows to maintain an efficiency around 84% at 3°. 

Fabrication process

The PDMS is very simple to fabricate, we used a sylgard 184 silicone elastomer kit which provides the silicone and the curing agent. The mixture is done with a 1:10 ratio (silicone/curing agent). It requires a resting time around 45 minutes under vacuum to eliminate bubbles before coating. To obtain a thickness around 120 µm, the PDMS is spin-coated at 535 rpm. Then, it is baked in a stove at 80°C for 20 minutes.

The fabrication process of the PDMS is much easier and simple than the fabrication process for the SU-8. It takes two hours instead of two days (see Table 9). However, before coating the AZ 40XT to create the secondary lenses, it is necessary to do a short Argon plasma treatment on the PDMS surface to increase its surface energy and reduce its hydrophobicity [START_REF] Hong | Hydrophilic Surface Modification of PDMS Using Atmospheric RF Plasma[END_REF]. Otherwise, the photoresist is coated non-uniformly and has a bad adhesion which results in a peeling of the cylinders.

The PDMS is not photo-sensitive, thus it cannot be structured by a photolithography process.

Therefore, to remove it from different part of the substrate, we used a doctor blade. 

Conclusion Conclusion Conclusion Conclusion

In this part we developed and optimized three different processes to fabricate the upper part of the optical system, the primary lens array, and the bottom part, the spacer and secondary lens array. However, the primary lens array still suffers from lack of repeatability.

Geometrical characterizations have been realized to know the exact shape of the lenses but optical characterization such as spot size and focal length still would be interesting in the future.

Using these processes, we built different prototypes with a dot shape (2D) and a linear shape (1D), presented in the next parts. From an entire CIGS substrate, by structuring the window layer, this technique allows us to obtain an array of microcells. The cells are surrounded by gold to have a better conductivity.

The active area of the array is defined as the sum of all surfaces of microcells.

Using a mask with 50 µm diameter dots, we observed that this process always tended to create 54 µm diameter microcells. All the current density presented for the microcells samples have been calculated using the experimental area of 54 µm diameter microcells (active area of one cell is equal to 2.29 x10 -5 cm²).

Electrical front contacts can be made by a welding on the ZnO:Al layer or they can be improved with evaporated metallic pads made of Ni/Al around the microcells array. Electrical back contacts are done by an indium welding on Molybdenum. This fabrication process does not save materials but it is the easiest way to fabricate microcells today. Other processes are being developed in parallel at IRDEP to create microcells with a localized absorber, such as chemical etching to create mesa diodes [START_REF] Paire | Cu(In,Ga)Se2 mesa diodes for the study of edge recombination[END_REF] or a localized electrodeposition of the absorber, but they have not been used in this study. More information about them can also be found in [START_REF] Paire | Highly efficient solar cells in low dimensionality based on Cu([END_REF].

Characterization Characterization Characterization Characterization

Previous studies realized by Paire et al [START_REF] Paire | Highly efficient solar cells in low dimensionality based on Cu([END_REF]- [START_REF] Paire | Characterization of CIGS ED and coevaporated devices by means of concentrated illumination[END_REF], [START_REF] Paire | Cu(In,Ga)Se2 mesa diodes for the study of edge recombination[END_REF] were about single microcells, electrically isolated from each other. We present in this part characterizations of arrays of microcells, with I-V and electroluminescence measurements.

a) Reference cells

The substrates used to create the microcells samples was provided by Nexcis, a solar panel manufacturer [START_REF] Romanyuk | All Solution-Processed Chalcogenide Solar Cells -from Single Functional Layers Towards a 13.8% Efficient CIGS Device[END_REF], the ZnO:Al layer has been made at IRDEP. First, a reference has been realized on 24 cells of 0.1 cm² with a standard Cu(In,Ga)Se2 electrodeposition fabrication process [START_REF] Lincot | Chalcopyrite thin film solar cells by electrodeposition[END_REF]. The cells showed a good uniformity in Jsc, Voc, FF and so in efficiency, see 

b) Microcells substrates and I-V measurements

We created 12 samples of 5x5 cm² all coming from the same panel for an easier comparison.

Each sample has 2500 microcells connected in parallel. We performed I-V measurements on each substrate, results are presented on Figure 67.

Concerning the Jsc, we can see that 10 samples are between 32 and 40 mA.cm -2 and two are above 50 mA.cm -2 . The two samples with Jsc higher than 50 mA.cm -2 suffer from bad electric isolation from the unstructured part of the substrate that contribute to generate current. For the others, the process used to create the microcells (Chapter III.C.1) is known to create parasitic cells and thus increase artificially the Jsc [START_REF] Paire | Highly efficient solar cells in low dimensionality based on Cu([END_REF]. This phenomenon can explain why there are 10 samples with Jsc values higher than the reference, 30.6 mA.cm -2 . However, their influence will decrease once the system is under concentrated light: a part of them will be shadowed and their relative contribution to the overall current will be strongly reduced to become negligible. Thus, we choose to use the average value of the Jsc of the reference cells, 30.6 mA.cm -2 , to be the reference value for the concentration ratio calculation of each substrate.

Concerning the Voc, samples 2, 4, 7, 8 and 12 have a very low Voc, under 300 mV. They suffer from a high shunt resistance, which is confirmed by their very low FF. Some of these samples have been divided in 4 zones of 625 microcells to isolate the shunts and create efficient arrays but they won't be used to create prototypes.

Samples 1, 3, 5, 9, 10 and 11 have a Voc high enough to be able to be used for prototyping.

Unfortunately, samples 3, 9 and 10 could not be tested with an optical system as they suffered from the lift described previously (see Chapter III.B.4.a). 

c) Electroluminescence measurements

Electroluminescence imaging is a characterization method based on the radiative recombination of an electron-hole pair in a material when a voltage is applied. It provides spatially resolved informations on electrical and optical parameters. These informations are directly linked to the electrical performances and loss mechanisms of a solar cell.

Under a forward bias, according to the reciprocity theorem [START_REF] Rau | Reciprocity relation between photovoltaic quantum efficiency and electroluminescent emission of solar cells[END_REF], the electroluminescence intensity Φem can be described by the following equation [START_REF] Helbig | Electroluminescence analysis of Cu(In,Ga)Se2 thin film modules[END_REF]:

Φ /?, o2 @ /?, o2Φ pp /?2qfr X F /o2 ]; ^ III-23.

Where r is the position on the surface, kT/q is the thermal voltage, V(r) is the internal junction voltage, E is the photon energy, Qe(E,r) is the local external quantum efficiency and Φbb is the spectral photon density of a black body.

Thus, if spatial variations of Φem are observed, either the quantum efficiency, Qe, is different due to recombination or optical issues, or the internal voltage, V, is varying due to resistance issues.

Electroluminescence measurements have already been performed on Cu(In,Ga)Se2 solar cells and modules [START_REF] Helbig | Electroluminescence analysis of Cu(In,Ga)Se2 thin film modules[END_REF], as well as on microcells by Delamarre et al [START_REF] Delamarre | Quantitative luminescence mapping of Cu(In, Ga)Se2 thin-film solar cells: Quantitative luminescence mapping of CIGS thin-film solar cells[END_REF].

In this part, we studied the electroluminescence on a single microcell from an array. We can see on Figure 68 that the emission width corresponds to the diameter of the microcell. Then, same measurements have been realized on a 625 sub-array to verify the uniformity of the light intensity on the array.

We have measured a standard deviation of the luminescence of 12% for the 625 microcells subarray. This shows a good uniformity for the electrical behavior of the array, as this value is in line with what is usually observed on standard CIGS solar cell [START_REF] Delamarre | Quantitative luminescence mapping of Cu(In, Ga)Se2 thin-film solar cells: Quantitative luminescence mapping of CIGS thin-film solar cells[END_REF]. Thus the variation is similar to that one would observe on our samples without the microcells array fabrication process. 

Non homogeneous illumination analysis Non homogeneous illumination analysis Non homogeneous illumination analysis Non homogeneous illumination analysis

To experimentally study the influence of a non-homogeneous illumination, we studied the influence of the position of the illumination spot on the cell, at different concentration factors.

The experiments have been done using a 532nm laser. The laser power corresponding to a 1 sun illumination has been defined as the power at which the cell deliver the same current density as it does under AM1.5G illumination. This methodology was verified by Paire et al [START_REF] Paire | Microscale Thin Film Solar Cells: A Concept for Ultra-High Solar Concentration[END_REF].

As the spot moves along the cell when the incident angle of light varies (see Chapter II), we decided to evaluate the electrical behavior of the cell, depending on the position of the spot.

The spot size has been fixed to 25 µm diameter and measurements have been performed on two microcells of 60 and 500 µm diameter. It represents a ratio of illumination Inh (described in Chapter II.E) of respectively 5.8 and 400. I-V curves are presented on Figure 69.

We can see that at very low intensity, respectively 0.17 and 1.9 suns, for 60 and 500 µm microcells, the position of the spot does not have any influence on the FF of the I-V curves.

At higher concentration level, respectively 125 and 325 suns, for 60 and 500 µm microcells, the FF decreases, due to resistive losses. However, the shape of the I-V curves does not change which confirms that the position of the spot size is not a problem.

However, it can be noticed that the series resistances, from the multiple interfaces and electrical contacts, are not negligible, in contrast to what has be considered in the simulations. 

D. D. D. D. 2D 2D 2D 2D----Prototype Prototype Prototype Prototype

The preliminary analysis of the electrical component of the prototype has been performed. This part will present the assembly and characterization of the first generation of prototypes. The first generation prototype of our micro-CPV module is composed of an array of 2500 microcells, each of a diameter of 54 µm, and a pitch of 600 µm, on a surface of 3x3 cm². They are all connected in parallel and the total active cell area is equal to 0.057 cm². Because the cells are slightly bigger than expected, 54 µm diameter instead of 50 µm (described previously), the geometrical ratio is equal to 86 and the expected concentration ratio limited to 73x instead of 85x. On top of this array we fabricated the spacer and the 2500 secondary microlenses array.

On another 1mm glass substrate we created 2500 primary microlenses for a total lens aperture area of 4.9 cm². The fill factor of the prototype, i.e. the total area of light collection over area containing the microlenses, is 55%. Indeed, the arrays were designed to ensure the ease of characterization. Therefore, we designed a square distribution of the microcells. A hexagonal design will be used in further work to increase the density of the system.

2.

Assembly, alignment and characterization procedure Assembly, alignment and characterization procedure Assembly, alignment and characterization procedure Assembly, alignment and characterization procedure

The alignment procedure of the two arrays is realized using an alignment set-up. Concerning the primary microlenses array, it is composed of 2 angles to correct the parallelism, 2 linear axes to control the x-y position and 1 axis to move along the z-direction. Concerning the microcells/secondary microlenses arrays, the substrate can only be rotated. There is no control of the tilt angle on the set-up. The best alignment position is adjusted by maximizing the output current of the system.

This set-up is installed under a non-CPV AM1.5G solar simulator, Newport 94063A, with a certified divergence of +/-3°. We expect minimal losses due to the divergence because it is inferior to the theoretical angular tolerance of the system.

The prototypes are characterized in three steps:

• The microcells array only

• The microcells with the spacer and the secondary microlenses

• The complete system

The concentration ratio has been calculated based on a Jsc=30.6 mA.cm -2 for every samples, as described in III.C.2.b).

The efficiency is calculated based on the aperture area of the microlenses array, 1.76 cm² for the secondary microlenses and 4.9 cm² for the primary lens.

For the complete module characterization, the illumination intensity is below 1 sun, usually around 0.9 suns. Indeed, the module is not positioned on the solar simulator stage, at a distance of 15 cm from the lamp, but below, at 30 cm to have enough space for the micro-CPV alignment setup. As the distance to the solar simulator increases, the illumination intensity decreases.

When necessary, results at 1 sun have been extrapolated based on a translation of the IV curve in order to take into account the changes of the Jsc, Voc and FF with light intensity.

Finally, to create a standalone system, we created 1mm thick pieces made of PDMS to be placed between the microcells array and the primary lens array that does not need the alignment setup. However, the alignment is not as precise as it needs to be done by hand. We will present the characterization of three prototypes. The parameters of the prototypes are described in Table 10. Figure 71 and Table 11 show the results of IV measurements.

Prototype 1 is the only one with a SU-8 spacer. The associated secondary lens array shows a lens with a diameter a slightly higher than intended. The primary lens array has a radius of curvature of 820 µm. The electric isolation has been done by chemical etching and we made one front and one back contacts.

Prototype 2 has a spacer made of PDMS. The associated secondary lens array has a diameter after reflow of 310 µm which decreases the height of the lens and increases the radius of curvature. The primary lens array is the same than the one that has been used for the prototype 1. The electric isolation has been done by physical etching using a doctor blade and we made one front and one back contacts.

Prototype 3 has a spacer made of PDMS. The secondary lens array has a height of 160 µm instead of 150 which means that the contact angle is slightly over 90°. The primary lens array has a radius of curvature of 850 µm. The electric isolation has been done by physical etching using a doctor blade and we made two front and two back contacts. The Jsc of the reference microcells array used for the first system has been fixed to 30.6 mA.cm - 2 as described in III.C.2.b). We measured a Voc of 486 mV and a FF of 41%, for a final efficiency of 6.1%.

With the secondary lenses, an increase of the Jsc from 30.6 to 330 mA.cm -2 is observed. It is less than half of what it is expected by the theory, which means that the system with the secondary lenses has only an optical efficiency of 35% instead of 80%. The Voc and FF show a good behavior with respectively increases of 52 mV and 12%. However, the low Jsc limits the aperture area efficiency to 3%.

The complete system has been measured at 0.92 suns and showed an increase of the Jsc from 30.6 mA.cm -2 to 1576 mA.cm -2 , which corresponds to a concentration ratio of 51,5x, for an expected value of 67.2x. The increase of the Voc is +109 mV for a final value of 595 mV and the FF decreases to 48%.

Finally, we can see on Figure 71 that the series resistance of this first prototype is very high.

We will discuss this point further in III.D.4.b).

b) System 2

The Jsc of the reference microcells array used for the second system has also been fixed to 30.6 mA.cm -2 . We measured a Voc of 580 mV and a FF of 50%, for a final efficiency of 8.1%.

With the secondary lenses, an increase of the Jsc from 30.6 to 305 mA.cm -2 is observed. It testifies of a problem with the secondary lenses as it represents a concentration ratio of 10x instead of the 24.7x expected. The Voc and FF shows a good behavior with respectively increases of 95mV and 14% absolute. However, the aperture area efficiency is limited to 4.3%.

The complete system has been measured at 0.90 suns and showed an increase of the Jsc from 30.6 mA.cm -2 to 1810 mA.cm -2 , which corresponds to a concentration ratio of 59,1x, for an expected value of 65,7x. The increase of the Voc is +165 mV for a final value of 745 mV and the FF drops of 12%. For the first time, the aperture area efficiency is higher than the efficiency of the reference array and equal to 9.1%. However, the series resistance remains very high.

This prototype has been mounted out of the alignment set-up as a standalone prototype, using the 1 mm spacer made of PDMS and aligned by hands. It achieves a concentration ratio of 56.5x under 0.9 sun (see Figure 72). 

c) System 3

The Jsc of the reference microcells array used for the third prototype is also considered to be 30.6 mA.cm -2 . A Voc of 594 mV and a Fill Factor (FF) of 59.6% have been measured. This array has almost the same electrical characteristics than the reference cells presented in Figure 66.

We evaluated the performances of the array with the spacer and secondary lenses. We obtained a Jsc of 799 mA.cm -2 which means that the concentration factor is 26x, slightly higher than the expected value. The Voc increased from 594 to 727 mV and the FF reached 71.9% for a final efficiency of 13.5%, based on the aperture area of the secondary microlenses array. It is an absolute increase of +2.7% efficiency.

Finally, the entire system has been aligned and the measurements under 0.90 suns reported a Jsc of 1976 mA.cm -2 , a Voc of 742 mV, and a FF of 65.5%. It represents a concentration ratio of 64.6x, for a theoretical value of 65.7x and an increase of the Voc of +148 mV. The aperture area efficiency of the complete mini-module is 12.4%. It is an absolute increase of +1.6% efficiency.

We extrapolated the performances of the system at 1 sun. We obtained a Jsc of 2198 mA.cm -2 , a Voc of 757 mV and a FF of 65.2%. The aperture area efficiency is 12.6%. In this part we will discuss about the electrical and optical behavior of the prototypes, based on the previous results. We will also discuss about the future improvements and characterization steps needed for the next generation of prototypes.

a) Open circuit voltage analysis

With the hypothesis of a short circuit current Isc proportional to the incident power Pin, the efficiency of a solar cell is calculated using the following equation [START_REF] Luque | Handbook of Photovoltaic Science and Engineering[END_REF]:

η FF uvwxv * V z{ uvwxv * I v{ vwx * X X * P •x vwx III-24.
With X the concentration factor, Pin the incident power, FF Xsuns the Fill factor at X suns, Voc Xsuns , the open circuit voltage at X suns and Isc 1sun , the short circuit current at 1 sun.

Therefore, the increase of the efficiency of a solar cell under concentrated light is led by the increase of the Voc.

The electrical behavior can be modeled by the 1 diode model of a solar cell:

7 * Xexp X F ]; ^7 1^7 K J III-25.
With, I0, the dark current, kT/q the thermal voltage, Rsh, the shunt resistance and n the ideality factor.

In a system with a very high shunt resistance, Rsh= ∞, at V=Voc, we obtain:

]; F € X * + 1^ III-26.
With, Isc/I0>>1, at X suns, we obtain

V z{ uvwxv V z{ vwx + nkT q ln/X2 III-27.
With kT/q the thermal voltage and n the ideality factor.

The relation between the Voc and the concentration for the 3 prototypes is presented on Figure 73. We can see that for each prototype, the Voc increases linearly with the logarithm of the concentration ratio, as expected, with slightly different slopes defined by the different ideality factor n. This results agrees with the theory which shows that the shunt resistance has a minor impact on our system. The same trends can be observed in each prototype. First, the FF increases around +10%

absolute when the secondary lenses are added. This is due in part to the lower contribution of the shunt resistance under concentrated light. Then, when the primary lenses are added, the FF drops. On every prototypes, this phenomenon results in a higher efficiency for systems with secondary lenses only. We can see on Figure 71 that all the prototypes suffer from a high series resistance that can be explained by the electrical contacts of our samples that are too resistive to extract the current generated by an area of 4.9 cm² when the primary lenses are added (Isc≈113mA). The metallic pads created on prototype 3 helped to reduce this resistance and maintain a FF of 65.5% but this is not enough yet to avoid this losses.

The next generation of prototypes needs to have a substrate which includes adapted contact pads to avoid these losses.

c) Concentration ratio

We can see on Figure 74 three pictures of the microcells through the secondary lenses, at the same magnification factor. The geometrical parameters of the secondary lenses (Table 10), associated to these pictures explain easily the discrepancies in concentration ratio obtained at the second stage of characterization.

The prototype 1 presented a concentration ratio of 11x instead of 24.7x. The geometrical parameters of the secondary lens are almost the theoretical ones. However, there is a misalignment of the lens on the microcell around 25 µm that can explain the difference. This misalignment also impact the concentration ratio of the complete system.

The prototype 2 presented a concentration ratio of 10x instead of 24.7x. The microcell and the secondary lens seem to be perfectly aligned but the geometrical parameters are not the one expected. Indeed, the magnification factor observed for the prototype 2 on Figure 74 is too small. This fabrication default also induces a smaller concentration ratio than expected for the complete system.

The prototype 3 had a concentration ratio higher than expected, 26.1x instead of 24.7x. The geometrical parameters are good, the alignment too. The size of the microcell of the prototypes 1 and 3 is similar. The difference can be explained by either:

• A waveguide effect in the spacer layer. In fact, it can confine the light by Total Internal Reflection (TIR) at the front side and by reflection at the back side, thanks to gold. • A contribution of the parasitic cells.

Concerning the prototype 3, the concentration factor of the complete system is 64.6x, almost what is expected for a theoretical 65.7x, which shows a good agreement. Finally, factors such as parasitic cells can overestimate slightly this concentration factor. 

d)

About prototype 3

The prototype 3, with the entire optical system, shows an absolute increase of the efficiency of +1.8% at 1 sun, with a concentration factor of 71.8x. An antireflective coating can improve in theory the optical efficiency from 85% to 95%. This would lead to an increase of the Jsc of 10%

and so an increase of the efficiency by 10%. With this antireflective coating and good electrical contacts, the efficiency of the system would have been equal to 15.5%. It represents an absolute increase of 4.7%. This results is better than the 3.7% efficiency increase theoretically expected at 71.8x as described by Paire et al [START_REF] Paire | Cu(In, Ga)Se2 microcells: High efficiency and low material consumption[END_REF]. It can be explained by the very low FF of the reference array, and thus the important gain obtained by mitigating the shunt resistance [START_REF] Paire | Characterization of CIGS ED and coevaporated devices by means of concentrated illumination[END_REF].

e) Extrapolated results

The results presented at 1 sun are calculated using a translation of the curve with a factor corresponding the difference between the measured Jsc and the value it would have had if the measurement has been performed at 1 sun. It allows to take into account not only the Jsc modification but also the FF, which results in a lower contribution of the shunt resistance and a higher Voc. However, in the case of high series resistance, this technique results in a slightly overestimation of the increase of the Voc, because the decrease of the FF (due to high series resistance) is neglected, and thus of the efficiency. Prototypes 1 and 2 are good examples.

f) Other characterizations

To evaluate the homogeneity of the optical behavior of the system we used the same electroluminescence set-up as we did to characterize the arrays (see III.C.2.c). We can see on More characterizations would be necessary but have not been performed yet. The first one is to realize I-V measurements on a tilted platform, using a CPV solar simulator (with a divergence <+/-0.5°) to validate the tolerance angle of the system. However, we can already estimate that our system has an angular tolerance around 3° as it reaches almost the theoretical concentration ratio using a solar simulator with a divergence of +/-3°.

5.

5. 5.

Con Con Con Conclusion clusion clusion clusion

In this part we showed experimentally that a non-homogeneous illumination has no influence on the electrical behavior of the microcell.

Then, we designed a prototype structure, an alignment set-up and a characterization procedure.

It resulted in the fabrication of 3 complete 2D-prototypes containing 2500 microcells and 5000 microlenses each with a design based on the previous numerical study of chapter 2.

The microcells showed a good electrical behavior under concentrated light and the optical system finally achieved a concentration ratio close to the theory.

Unfortunately, the quality and the design of the electrical contacts are not good enough, which results in losses of FF that reduce the gain of absolute efficiency of the system with concentration. The next generation of prototypes will need to have new optimized electrical contacts to avoid these losses.

E. E. E. E. 1D 1D 1D 1D----prototype prototype prototype prototype

In this part we will describe the fabrication and tests of 1D prototypes, with a lenticular shape.

The configuration of these prototypes is based on the 2D design previously presented. This is the same system, with a translation symmetry instead of a rotational, thus they have the same cross-section (see Chapter II.D).

1.

1. 1.

Fabrication process Fabrication process Fabrication process Fabrication process

The fabrication process used to fabricate the prototypes with a 1D structure is exactly the same as the process described in III.A.2, the thermal reflow process. However, this time we create parallelepipeds with a length of 2.8cm and a width of 300 µm (secondary lenses) or 500 µm (primary lenses). Once the reflow step achieved, it will have a lenticular shape.

The thickness of photoresist needed has to be adapted as the reflow occurs only in 1D. The baking time have also been slightly modified to be longer.

The primary lenses needs a thickness of photoresist around 30 µm to have the right geometrical parameters. The secondary lenses need a thickness around 145 µm. These values include the 20% volume loss induced by the reflow.

However, it seems that the reflow process on 1D structure induced not as much losses as expected, the ratio of surface over volume being lower. The loss of volume recorded is around 10% instead of 20%. Thus the thickness of photoresist coated has been adjusted.

Moreover, we have observed that if the reflow of the secondary lenses is too long, the lines tends to be deformed (see Figure 76). This phenomenon looks very similar to a Plateau-Rayleigh instability [START_REF] De Gennes | Gouttes, bulles, perles et ondes[END_REF]. 

Prototyp Prototyp Prototyp

Prototype structure, assembly and characterization e structure, assembly and characterization e structure, assembly and characterization e structure, assembly and characterization

The 1D prototypes are composed of 28 lines of 2.8 cm length and 54µm width each, with a pitch of 1mm, for a final active cell area of 0.42 cm². The primary lens array can be aligned with the alignment set-up, at 0.9 suns, or it can be manually positioned and measured at 1 sun.

The results presented on Figure 77 and Table 12 have been obtained with a manually aligned prototype.

3.

3. 3.

Results

Results Results Results

The Jsc of the reference array measured for the 1D system is 30.7 mA.cm -2 . However, like the other prototypes, it has been fixed to 30.6 mA.cm -2 . The difference is smaller than the 2D prototypes because the contribution of the parasitic cells is reduced, due to the difference of total active cell area, 0.42cm² instead of 0.057 cm². We measured a Voc of 613 mV and a FF of 72.4%, for a final efficiency of 13.5%. The array has been isolated by physical etching.

With the secondary lenses, it shows an increase of the Jsc from 30.6 to 132 mA.cm -2 . It is almost what it is expected by the theory. The Voc shows an increase of 40 mV and the FF drops of 7%.

It results in a system efficiency of 10.1%, based on the collecting surface of the secondary lenses.

The complete system has been measured at 1 sun and showed an increase of the Jsc from 30.6 mA.cm -2 to 204.8 mA.cm -2 , which corresponds to a concentration ratio of 6,7x, for an expected value of 8.55x. The increase of the Voc is +70 mV for a final value of 683 mV and the FF decreases to 60.3%. The final aperture area efficiency is 9.1%. 

Dis Dis Dis Discussion cussion cussion cussion

Concerning the concentration ratio, the system with the secondary lenses achieves a concentration close to the theory which validate the structure of this part of the optical system. The entire standalone system has a concentration ratio lower than expected. Our alignment techniques to accurately place the primary lens array to create a standalone system is not very good yet, which can explain this difference between the theoretical and experimental concentration ratio.

The increase of the Voc with the logarithm of the concentration ratio is linear, the ideality factor is n=1.31. This variation testifies of a small contribution of the shunt resistance in our system.

The FF of the prototype decreases as soon as the array is under concentrated light. The electrical contacts are not better than the one fabricated on the 2D prototypes, which can explain the losses of FF. The current density are lower but the active surface area of the 1D prototype is bigger which results also in high absolute currents (Isc≈86 mA). This still confirms the need of optimized electrical contacts.

Although the Jsc and the Voc increase, the drop of FF makes the efficiency of the prototype decrease as the concentration factor increase.

F. F. F. F. Conclusion Conclusion Conclusion Conclusion

In this chapter, we developed and optimized processes to create a microcells array with electrical properties close to the reference cells, and processes based on photolithography to create the three elements of the optical system: the primary lens array, the spacer and the secondary lens array.

Then we designed the structure of prototypes with dot shape (2D) or linear shape (1D)

microcells. An alignment set-up has been created and mounted under a solar simulator to make the characterizations needed to evaluate the performances of the prototypes.

The 2D prototypes showed very good results with an increase of the Voc up to +165 mV and a concentration factor that almost achieved the theoretical result calculated in chapter 2. The loss of FF observed at relatively high concentration ratio also highlighted the need of an optimized design of the electrical contacts of the prototypes that we almost neglected until now. However, for the first time, a mini-module of micro CPV thin film showed an increase of the absolute efficiency of +1.8% compared to the reference microcells array.

The 1D prototype that has been fabricated showed also good performances but still has issues with the electrical contacts.

These prototypes have been designed and created with an optical system based on an imaging components, lenses. The next chapter will describe the numerical and experimental study of systems based on non-imaging elements: the compound parabolic concentrator (CPC) and the luminescent solar concentrator (LSC). In this chapter, we present the numerical and experimental studies of concentrators based on non-imaging elements. In contrary to the imaging elements used in Chapters II and III, these elements cannot make an image of the objects, they just aim to maximize the transfer of light radiation from an entrance aperture to an exit area. The imaging optic field has been developed

IV

from the 1960's by V.K Baranov, M. Ploke and R. Winston, mainly for illuminating optics and solar concentration.

First, a numerical study on the Compound Parabolic Concentrator (CPC) has been realized to evaluate the system and its potential use, as well as its ability to be fabricated at the micron scale.

Then, a numerical and experimental study has been performed to design and create a prototype In this part we will present the structure of a Compound Parabolic Concentrator (CPC) and we will evaluate if it is a concentrating system suitable for our application. A numerical study has been performed to assess this system but experiments are still at an early stage.

A Compound Parabolic Concentrator (CPC) is a concentrator whose shape allows a concentration factor that can reach the theoretical limit of concentration described, by the Etendue conservation (see Chapter 2).

1. 1. 1. 1.
Geometrical structure Geometrical structure Geometrical structure Geometrical structure

a) Description

The concept of a reflecting CPC with a 2D geometry and its application as a solar energy collection device has been described in the mid-1960s by Baranov (1966). A CPC with a 1D geometry has been presented for the first time by Roland Winston in 1974 [START_REF] Winston | Principles of solar concentrators of a novel design[END_REF].

The structure (see Figure 78) has been derived based on the edge-ray principle. Each ray entering the system with a maximum incident angle θi should exit the system by the edge of the exit aperture, which means that all rays coming with an incident angle below θi will hit the exit aperture. This requirement corresponds to a concentrator with a parabolic shape whose focus is on the edge of the exit aperture. Therefore, the CPC has a structure of a parabola that has been cut along its optical axis, with each part tilted with an angle +/-θi so that the focus of the right part matches with the edge of the left part and vice versa (see Figure 78). 

b) Equations

The structure of a CPC can be described by only two independent parameters: the internal angle θi and either the aperture radius Raper or the exit radius Rexit. These parameters allow to calculate the exit/aperture radius and the length L of the system using the following equations [START_REF] Winston | Nonimaging optics[END_REF]:

K < K sin # IV-28. … K /1 + sin # 2 cos # sin # IV-29.
Thus, we can calculate the geometrical ratio of a 2D CPC system, with θi the internal angle which corresponds also to the acceptance angle of the system as all rays coming with an incident angle below θi will hit the exit aperture:

,K < ,K 1 sin # IV-30.

c) Angular tolerance

The angular tolerance of such a system can be compared to a cone or a parabola (see Figure 79). We can see that for systems with an internal angle of 10° and an incident angle of light of 10°, the cone and the parabola have a similar transmission power of 50% where the CPC achieves 90%.

Considering a system with a sequential tracking, not continuous, with only few displacements a day, the parabola and the cone are not suitable, where the CPC appears to be a good solution.

For example, with an acceptance angle of 10°, the system could be moved only once an hour.

It can be noticed that the shapes of these three systems are close but their transmission power are very different. Therefore the tolerances of fabrication of a CPC have to be very small to avoid creating a parabola or a cone. The Dielectric Compound Parabolic Concentrator (DCPC) is a CPC that has been filled with a medium of refractive index n. Thus, for a 2D system with the same acceptance angle θi that the CPC, the internal angle is now θ'i and we have:

sin #′ IV-31.
Thus, a DCPC can enhance the concentration factor for the same acceptance angle, or increase the acceptance angle for the same concentration factor, compared to a CPC filled with air.

Moreover, a DCPC, 2D or 1D, can work entirely in total internal reflection, without any reflective coating, if:

sin #′ ‡ 1 7 X 2 ^ ˆT sin # ‡ 7 X 2 ^ IV-32.
A system working entirely with TIR avoids the use of a reflective coating. It is very beneficial as it avoids supplementary losses, accentuated by the multiple reflections inside the CPC.

It should be noted that the equations IV-3 and IV-4 follow the maximum concentration achievable as defined in Chapter 2. Thus, the CPC can be considered as an ideal structure.

Another alternative exists, the Dielectric Totally Internally Reflecting Concentrator (DTIRC), which has the structure of a CPC but the entry aperture is not flat anymore, it has a curved shape [START_REF] Ning | Dielectric totally internally reflecting concentrators[END_REF].
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3.

3. Height of the system Height of the system Height of the system Height of the system

The following calculations have been done using a 2D circular base system. The Compound Parabolic Concentrator allows to achieve very high concentration factor. However, its height increases linearly with the concentration factor (see Figure 80). For example, a 100x system, with an exit aperture of 50 µm diameter, requires a height of 2740 µm. However, it has an angular tolerance of 5.7°, where the best 2D systems chosen in Chapter III had an angular acceptance of 4°. As the height of the CPC increases very fast, it could be interesting to truncate the structure.

The truncation has been evaluated as the ratio between the truncated height of the CPC (Z) and its maximum height (Zmax). We can see on Figure 81 that a concentration factor of 100 can be achieved by multiple structures, with different internal angles and truncation, leading to different heights. For a 100x structure, the following structures can be used:

• Internal angle 3°, truncation at 10% height for a final height of 1000 µm

• Internal angle 4°, truncation at 22% height for a final height of 1200 µm

• Internal angle 5°, truncation at 43% height for a final height of 1550µm

More generally, to obtain a certain concentration factor, the smaller structures are those with a smaller internal angle, which means smaller acceptance angle and a large truncation. Moreover, the truncation enhance slightly the angular tolerance of the system by increasing the internal angle of the system (more details about this effect can be found in [START_REF] Winston | Nonimaging optics[END_REF]). Based on the first configuration, Winston et al designed a DCPC stationary concentrator able to concentrate the light four times, eight hours a day [START_REF] Winston | Pushing concentration of stationary solar concentrators to the limit[END_REF]. This results is very interesting as it is a concentrating system which works without any tracking system to follow the sun. The system is 9mm high, with a solar cell of 2x10 mm² and an aperture area of 5.6x13.6 mm². The two internal angles are 29 and 60 degrees. Finally, using PMMA, it has been calculated that one unit would weight 0.61 g and for a densely packed array, the density would be 7.6 kg.m -2 . Based on the same technique, preliminary experiments have been done, in collaboration with the CNRS -Laboratory of Photonics and Nanostructures (LPN), to fabricate a 300 µm height and 50 µm diameter CPC. However, due to the difficulty in the spin coating of a 300 µm thick photoresist, there is no result yet.

6. 6. 6.

Discussion & Conclusion Discussion & Conclusion Discussion & Conclusion Discussion & Conclusion

The compound parabolic concentrator seems to be a very good solution to concentrate the light on our microcells with a good angular tolerance of 5.7° for a 100x system (our best two lenses system has an angular tolerance of 4°). The height of the system can be managed by truncating the CPC without degrading too much the concentration ratio.

However, this type of system, with a very precise geometry that requires a very small tolerance (see IV.A.1.c), is very difficult to fabricate and takes a lot of time. As an example, one 5mm high glass CPC from Edmund Optics costs more than 100€. At the micron scale, there would

1. 1. 1. 1.

Fundamentals Fundamentals Fundamentals Fundamentals a) Physics

A Luminescent Solar Concentrator is a system that concentrates the light spatially and spectrally [START_REF] Debije | Thirty Years of Luminescent Solar Concentrator Research: Solar Energy for the Built Environment[END_REF]. The basic structure of a LSC is a rectangular plastic matrix that contains luminescent particles and have solar cells on the edges (see Figure 84). The spectral concentration is made using the luminescent particles that absorb the light in a spectrum and reemit the light in a shifted spectrum. The difference between the position of the maximum absorption and maximum emission peaks is the Stokes-shift. The principle is to use this shift to convert wavelengths not well absorbed by the solar cell to wavelengths that are more absorbed.

The luminescent particles are characterized by their absorption and emission wavelengths, and their Luminescence quantum yield (%), which is the ratio between the numbers of photons emitted by the number of photons absorbed. The main types of luminescent particles used for this purpose are [START_REF] Lim | Recent Research and Development of Luminescent Solar Concentrators[END_REF]:

• Organic dyes: Red 305, Blue 650, etc.

• Quantum dots: CdSe/ZnS Core-Shell

• Rare earth doped ceramics

The spatial concentration is made by the plastic matrix which traps the light by Total Internal Reflection (TIR). It also could be enhanced using reflecting coatings, after the reemission of the light by the luminescent particles. This absorption/reemission also participates to the spatial concentration as it redirect incident light that comes with a too small angle to enter in total internal reflection. Moreover, as the light propagating in the LSC has become monochromatic, a Photonic Band Pass (PBS) filter can also be added on the front face to prevent light going out of the LSC [START_REF] Proise | Study and realisation of micro/nano photovoltaic cells and concentration systems[END_REF].

b) Advantages

A LSC absorbs and reemit the direct and diffuse light. Therefore, it has the advantage that it does not need any sun tracking system, making it suitable for stationary PV applications such as Building Integrated Photovoltaic (BIPV) applications.

However, despite a large collecting angle of +/-90°, it cannot overcome the Etendue limit and the 2 nd law of thermodynamics. Indeed, the luminescent particles modify the temperature and wavelength of the light, thus reducing the Etendue [START_REF] Markvart | Detailed balance method for ideal single-stage fluorescent collectors[END_REF].

Moreover, this system is made of a plastic matrix and organic dyes which are relatively cheap materials.

c) Existing prototypes

Such systems have already been realized on large areas (0.5x0.5 m²) and their performances evaluated and compared to standard Si panel [START_REF] Aste | Performance analysis of a large-area luminescent solar concentrator module[END_REF]. Other systems have also been studied, with micro-Si cells embedded in a flexible LSC [START_REF] Yoon | Flexible concentrator photovoltaics based on microscale silicon solar cells embedded in luminescent waveguides[END_REF].

Bottom mounted configuration Bottom mounted configuration Bottom mounted configuration Bottom mounted configuration a) Comparison

The two main configurations for a LSC based system are the Edge mounted and the Bottom mounted configuration. Prönneke et al [START_REF] Prönneke | Simulations of geometry effects and loss mechanisms affecting the photon collection in photovoltaic fluorescent collectors[END_REF] showed that the performances of the two configurations are similar. The most of the developed systems have the cells on the edges, to be able to see through the LSC, to use them as a window [START_REF] Aste | Performance analysis of a large-area luminescent solar concentrator module[END_REF]. However, the bottom mounted configuration is much more suitable to couple a LSC to thousands of microcells. Indeed, they are easily fabricated as an array on a flat surface. Therefore, this work will only present LSC with a bottom mounted configuration. 

b) Loss mechanisms

There are many sources of losses in a LSC. To understand well the analysis presented later, we present on Figure 86 the losses in a system with a LSC in a bottom mounted configuration.

First, Fresnel reflections decrease the amount of light entering the LSC, these losses are characterized by Lext. Then, the probability of emission of a luminescent particle is not ideal, thus a part of the light is absorbed and not reemitted, these losses are characterized by LQY. The emission of the light is isotropic, so a part of the reemitted light will not respect the law of TIR and will go out of the LSC, this is the escape cone, characterized by LFront. A similar effect is the loss of light by the edges of the LSC, if they are not covered with a reflective coating, they are described by LExit. Finally, losses can occurred by absorption in the plastic matrix, LMat, or on the back surface mirror, LBack. 

Air gap bottom mounted configuration Air gap bottom mounted configuration Air gap bottom mounted configuration Air gap bottom mounted configuration

To promote the Total Internal Reflection (TIR) and eventually avoid the use of a reflecting back surface between the cells (for semi-transparent applications), we developed a system based on the insertion of an air gap between the LSC and the microcells. The LSC is connected to the microcells using transparent pillars that we decided to call "optical bridges". This system has been patented [START_REF] Paire | Photovoltaic device and associated manufacturing process[END_REF].

Moreover, the material used to create the optical bridge can be chosen to be used as an encapsulating material for the solar cells.

Figure 87: Illustration of the air gap bottom mounted configuration, from [START_REF] Proise | Study and realisation of micro/nano photovoltaic cells and concentration systems[END_REF].

C. C. C. C. Numerical study Numerical study Numerical study Numerical study

As the air gap bottom mounted configuration introduces a new optical element, the optical bridge, we needed to design them to maximize the extracted light from the LSC to the solar cell.

1.

1. 1. 1.

Method Method Method Method

Using Zemax OpticStudio, we created a system composed of a matrix of PMMA (with a refractive index nPMMA=1.5) and a pillar of h=6 µm height (npillar=1.6). The pillar acts as the optical bridge and can be considered with a square or circle base shape. The beam hitting the top of the pillar is generated inside the LSC as it is considered to be emitted by a dye molecule.

Considering the square shape base, the calculations have been made for an angle θ between 0 and 90° and an angle Φ between 0 and 45° as the square shape as a cylindrical symmetry with a π/4 period (see Figure 88). Two sizes of sides have been analyzed: 50 and 140 µm. An illustration of the system is presented on Figure 88.

Considering the circle base shape, θ varies from 0 to 90° and Φ is invariant, because of the symmetry of the circle. Two sizes of diameter have been analyzed: 50 and 140 µm.

We want to evaluate the behavior of the light when interacting with the optical bridge. Three possibilities have been identified, calculated as follows:

• The optical efficiency of the bridge, ηpv, calculated by the ratio between the numbers of rays hitting the cell over the number of rays hitting the surface of the pillar. • The side losses of the bridge, ηside, calculated as the ratio of the numbers of rays exiting the pillar by its side over the number of rays hitting the surface of the pillar.

• The losses by Fresnel reflections, ηFres, calculated as the ratio of the numbers of rays reflected at the PMMA/Pillar interface over the number of rays hitting the surface of the pillar.

The absorption in the pillar is considered to be negligible. Therefore, we always have ηpv + ηside + ηFres = 100%. The dye emits light uniformly into 4π steradians. Thus, the angular distribution of the emission is defined by two angles θ and Φ calculated as follow:

# acos/2 7 12 IV-33.

Φ 2, IV-34.

With n a random number between 0 and 1.

Despite, Verbunt et al [START_REF] Verbunt | Anisotropic light emissions in luminescent solar concentrators-isotropic systems[END_REF] described the anisotropic light emission of an assembly of isotropic particles in a LSC, we consider only the isotropic distribution of the light in this work. The difference is not too high as it represents an increase of front losses (LFront) of 5% absolute.

b) Weighted values

For each ray direction, defined by θ and Φ, we obtain the three values ηPV, ηSide and ηCell.

Because the angular distribution is not the same for each angle, these results need to be weighted by the isotropic distribution of the light emission. Thus, we can obtain the global behavior of the light inside the system.

The probability of a ray to hit the microcell is described by PCell, to go out of the pillar is Pside, to be reflected is PFres: 

c) Results

On Figure 89, the curves describe the probabilities with the weighting along φ but before the weighting along θ. The final values PCell, Pside, and PFres are the real probabilities for a ray emitted by the dye.

The probability for a ray, passing through a 50 µm circle or square base pillar, to hit the microcell is 86.3%, the probability to be reflected at the LSC/pillar interface is 8.4% and 5.3%

to go out of the pillar by its side.

The probability for a ray, passing through a 140 µm circle or square base pillar, to hit the microcell is Pcell=89.6%, the probability to be reflected at the LSC/pillar interface is Pside=8.5% and PFres=1.9% to go out of the pillar by its side. 

d) Discussion

We can see that the probability of the events is very similar for square and circle based pillars, which means that in our case, the shape of the pillars is not very important. This is because the pillars are very thin, 6µm, thus the part of the light hitting the sides is very small when compared to the part of the light hitting the surface of the pillar.

Increasing the base of the pillars, and so the size of the microcells, increases the probability for a ray to hit the solar cell and thus, increase the optical efficiency of the system, but it decreases the concentration factor at the same time.

Depending on the system, the light lost by the side of the pillars can go back in the system. It is the case for systems with back reflector, but this will have a minor impact, or the light go through the LSC for transparency.

The final losses induced by Fresnel reflections are high, 8.4%, despite the close values of the refractive indexes (nmatrix=1.5 and npillar=1.6). This is due to the non-uniform distribution of light over the θ angle, the number of photons emitted with high θ angles is larger. However, these losses are not really lost. In fact, these losses strongly increases at 60° incident angle but they are sent back into the system with the same angle. However, a total internal reflection at the PMMA-Air interface appears when the light comes with an angle greater than 46°. Therefore, when the Fresnel losses become more and more important, the light is simply guided again in the LSC.

The influence of the height of the pillar has not been studied as we chose it to be as thin as possible, to limit absorption, but thick enough to avoid interferences inside. The thickness has been fixed at 6 µm, which is around 10 times the emission wavelength of the dye used (Lumogen R305, described in the experimental part).

3.

3. 3.

System study System study System study System study

During his PhD, Florian Proise created a MATLAB code named Luminescent Solar Concentrator Vectorized Monte Carlo Algorithm (LSC-VMCA). This code aims to study the behavior of the light inside a LSC, depending on different parameters, such as the size of the system, the dye used, its concentration, etc. The flowchart of the code is presented in the annexes and more details can be found in [START_REF] Proise | Study and realisation of micro/nano photovoltaic cells and concentration systems[END_REF]. The results of calculation made with LSC-VMCA will be presented.

a) Results

The Zemax results concerning the behavior of the light, when interacting with the optical bridge, have been implemented in the LSC-VMCA code to evaluate the performances of this new configuration. Results are presented on Figure 90.

We can see that the air gap configuration improves the concentration factor of the system in both periodic (infinite size LSC) and non-periodic (finite size LSC) case, but the optical efficiency decreases. The gain of concentration factor increase with higher geometrical ratio. 

b) Discussion

The increase of the size of the LSC is clearly beneficial to the system as it decreases the probability for the light to exit by the side of the LSC, which is the main source of losses in small systems. This effect is enhanced by the air gap configuration as it promote the total internal reflection.

Conclusion Conclusion Conclusion Conclusion

We showed that the shape of the pillars have a small influence on our system, but that their size does. We also showed that the air gap configuration led to a large improvement of the system. This effect is enhanced by a high geometrical ratio and a large area LSC. However, the optical efficiency remains very low, which limit the global production of energy. matrix doped with a lumogen red 305 (R305). This dye has an absorption peak at 578 nm, an emission peak at 613 nm and a quantum yield of 98% [START_REF] Lim | Recent Research and Development of Luminescent Solar Concentrators[END_REF].

The thickness of the LSC has been chosen as the minimum thickness allowing a full absorption of the light by the dye.

The PMMA is created by a radical polymerization with the following process [START_REF] Wilson | Luminescent Solar Concentrators: A Study of Optical Properties, Reabsorption and Device Optimisation[END_REF]:

• Mixing MMA monomer and PMMA powder in 9:1 ratio at 60°C, using a magnetic stirrer. • Dissolve the dye in the mixture at 100ppm.

• Cooling the mixture to room temperature and add the thermal initiator, azobisisobutyronitrile (AIBN), 0.08% weight.

• Fill the mold and seal.

• Put in a hot-water bath at 60°C for 18h.

Then, the LSC is cut in 4x4 cm² pieces using a wire saw and the sides are polished. The microcells array is fabricated using the process described in Chapter III.C. We created 4x4 cm² arrays of 1600 microcells with a square shape and a geometrical ratio (Cgeo) equal to either 50, 10 or 5.It corresponds to cells with a side of respectively 140, 316 and 447 µm.

On top of each cell, we fabricated 6µm height pillars using a photoresist, the AZ 2070 from Microchemicals, and a lithography process (described in Chapter III. A). These pillars are the optical bridges between the LSC and the microcells substrate.

However, we observed that the surface of the pillar is not completely flat. The difference of height ∆h between the sides and the center of the pillars depends on the size of the microcells, and so, on the geometrical ratio of the substrate. This is due to the fabrication process of the microcells which induces a difference of height ∆z ≈ 500 nm between the cells and the other parts of the substrate. When the photoresist is coated by spin coating, the thickness of the thin film of photoresist also varies. An illustration and results are presented on Figure 92. This is only few hundreds of nanometers but it creates an air gap between the LSC and the pillars, promoting a total internal reflection which prevents the light to enter the pillar and go to the solar cell.

Figure 92: Illustration of the phenomenon observed, from [START_REF] Proise | Study and realisation of micro/nano photovoltaic cells and concentration systems[END_REF]. ∆h is the difference between the sides and the center of the pillars.

Coupling Coupling Coupling Coupling

To fill this air gap, we first deposited a very thin layer, around 700 nm, of liquid PMMA mixed with MethylIsoButylKetone (50 g.L -1 ), spin coated at 3000 rpm, on the LSC. Then, the substrate is placed on the LSC with the pillars face down, to avoid the liquid to flow along the pillars. We identified two main parameters influencing the quality of the coupling:

• Time of spin-coat.

• Time between spin-coat and coupling.

These two times have an influence on the drying of the layer. If it is too long, the film is dry before the coupling. The time of spin coat does not have to be more than 10 seconds, which let around 5 seconds to the operator to couple the LSC to the array. Thus, the process is operator dependent and the results obtained are not repeatable, as well as the quality of the coupling.

Prototype Prototype Prototype Prototype

Despite the not repeatability of the process, we decided to analyze the influence of the coupling by measuring the increase or decrease of the current density of microcells arrays.

We decided to fabricate three prototypes, with geometrical ratio of 5, 10 and 50 with three LSCs coming from the same fabrication batch. Thus, the LSC are considered identical. To evaluate the LSC prototypes, we performed IV measurements at AM1.5G at the following stages of the fabrication:

• Reference

• Reference + Pillars

• Reference + Pillars + LSC, before coupling

• Reference + Pillars + LSC,

after coupling

The results are presented in Table 13. 

a) Results

First, we can see that the fabrication of the pillars on top of the microcell decreases slightly the current, for each Geometrical ratio (Cgeo).

Then, adding the LSC on top of the pillars, without any coupling layer results in a loss of Jsc around 20%. However, when the LSC is coupled to the pillars, the Jsc increases of 24% for the sample with Cgeo=5, 18% for Cgeo=10 and almost 14% for Cgeo=50.

The corresponding concentration factors have been calculated and equal to 1.25 for Cgeo=5, 1.18 for Cgeo=10 and 1.13 for Cgeo=50.

b) Discussion

The microcells arrays used for this study were the first arrays fabricated in the laboratory and have not benefited yet from the optimization presented in Chapter 3. They showed a very low shunt resistance, leading to a very low Jsc. However, the linear response of the Jsc with the power of the incident light has been verified. Therefore, we used the array to probe the increase of the Jsc and calculate the concentration factor of the system, but the global PV performances are very low.

The losses induced by the fabrication of the pillars are probably due to a small absorption inside the photoresist AZ 2070.

The 20% losses observed when the LSC is simply placed on top of the pillars are due to a reflection of the light at the LSC-pillar interface, because of the curvature on the top of the pillar, induced by the fabrication process. Indeed, this air gap on top of the pillars encourages the total internal reflection instead of promoting the light to go through the pillar and the solar cell.

When the coupling layer is applied, the air gap disappears and the Jsc increases for every sample.

However, the concentration factor decreases with the increase of the Cgeo, which is the opposite of what we expected, based on Figure 90. This can be explained by a bad coupling that has more impact on small pillars (high Cgeo) as the surface is reduced. 

c) Conclusion

The prototype based on a LSC showed a small improvement of the concentration factor, mainly limited by its size, as described in Figure 90. As expected, the use of a coupling layer improves the gain of Jsc of the system. However, the coupling process still needs to be improved to be repeatable. Further coupling experiments are planned using the photoresist SU-8 to create the pillars as it is a very transparent and resistant photoresist (see Chapter 3).

E. E. E. E. Conclusion Conclusion Conclusion Conclusion

In this chapter we studied two concentrating systems based on non-imaging elements, the compound parabolic concentrator and the luminescent solar concentrator.

The Compound Parabolic Concentrator (CPC) is a very effective system but requires a very precise shape that makes it too difficult to fabricate at the micron scale, as an array and on a large area.

The Luminescent Solar Concentrator (LSC) is an interesting structure very suitable for building integrated applications (BIPV). This concentrator is adapted to the bottom mounted configuration for an easy assembly with the microcells. The air gap configuration improves the efficiency of the system and allow to use it a semi-transparent system. However, the concentration ratio of such a system and the associated energy production is limited.

Finally, improvements in the rapidity and precision of fabrication processes could lead to a larger use of the micro-CPCs. However the deployment of LSC would need a thorough research on efficient luminescent particles and photonic band pass filters.

V. V. V. V. Evaluation of micro Evaluation of micro Evaluation of micro Evaluation of micro----CPV systems CPV systems CPV systems CPV systems

Many systems can be designed, prototyped and characterized at a laboratory scale, but the final objective of our project is to develop a commercial product. Therefore it is necessary to evaluate the relevance of technological choices in real operating conditions.

In a first part, we present the development of a MATLAB code that aims to estimate the producible energy that can be provided by different technical systems, based on the previous simulations from Chapter II.

Then, we show the validation process of the code by comparing it to a well-known commercial software, PVsyst. In order to evaluate the relevance of the systems designed in this thesis, we needed a tool to estimate the electricity generation. There are commercial software used to size and calculate the dimensions and the producible energy of a photovoltaic field or a roof-top installation. Some of them are PV SOL, PV SCOUT or PVsyst. These software are widely used but with an industrial vision. They provide every type of solar panel, tracker and inverter available on the market to create your own PV installation and maximize the production.

However, in our study, the objective was not to create a PV installation but to be able to evaluate the relevance of technological choices. Therefore, we needed an open code, fully modular software to be able to change each parameters modified by a change in the design, such as the electrical behavior of the cell or the optical parameters of the concentrating system and describe our system in the best way. Therefore, we decided to create our own code using MATLAB.

While the direct light from the sun is easy to model, the diffuse light is produced by many parameters such as scattering effects (clouds, atmosphere…) or albedo (ground surface reflection). Therefore, it can be very difficult to model. There are different models to describe the diffuse sky illumination, from the simplest Jordan and Liu isotropic model [START_REF] Loutzenhiser | Empirical validation of models to compute solar irradiance on inclined surfaces for building energy simulation[END_REF] to a more complex model, the Perez's model [START_REF] Loutzenhiser | Empirical validation of models to compute solar irradiance on inclined surfaces for building energy simulation[END_REF] which takes into account the circumsolar radiations or the albedo. In this thesis, we will consider only an isotropic model.

The first part of this chapter is dedicated to the methodology and equations used to create the code while the second part describes and discuss the results obtained. The position of the sun, defined by the Zenith, θz, and Azimuth angles, ϒs, can be calculated based on Braun et al [START_REF] Braun | Solar geometry for fixed and tracking surfaces[END_REF]. Figure 95 is an illustration of the system's coordinates.

Some geographical and time parameters need to be known, in order to determine sun's position:

• The latitude of the location where the panel is, φ.

•

The day of the year, n.

•

The angular hour, ω. 

b) Mounting systems

A PV system is composed by a solar panel and a mounting system. Depending on the technology of the solar panel, the mounting system needs to be motorized. Today there are mainly 3 types of mounting systems, each one with a different degree of liberty:

• The panel is placed flat or tilted with no displacement allowed.

•

The panel is placed on a rotational 1-axis sun tracking system, azimuth is fixed, with an East-West rotation.

• The panel is placed on a rotational 2-axis sun tracking system. 

Calculation of the Energy reaching the panel Calculation of the Energy reaching the panel Calculation of the Energy reaching the panel Calculation of the Energy reaching the panel

We will now calculate the direct and diffuse energy reaching a system, depending on the tracking system.

a)

Flat panel or tilted panel: 0 degree of liberty

Direct illumination

Once it has been installed, with an inclination βa and an azimuth angle ϒa, a flat/tilted panel has no degree of liberty, it cannot adjust its position, thus the normal to the panel is fixed. During the day, the angle of incidence θ only depends on the sun position following the equation [START_REF] Marion | Rotation angle for the optimum tracking of one-axis trackers[END_REF]:

cos/#2 cos /# • 2 cos/. 2 + sin/# • 2 sin/. 2 cos /˜ 7 ˜ 2 V-48.
Then, the energy arriving on the panel, from the direct illumination, is always:

? N < = J 1G * cos /#2 V-49.
Where DNI is the Direct Normal Irradiance. 

Diffuse illumination

Here, we consider that the energy of the diffuse illumination has an isotropic distribution on the solid angle 2π, a half-sphere. In the case of fixed panel, we use the simplest geometrical model to calculate the diffuse energy reaching the panel (see Equation V-12 and Figure 98). The diffuse energy reaching the panel can also be calculated using the solid angle of the projection of a tetrahedron onto a sphere (method presented in the annex A).

b) 1-axis sun tracking system: 1 degree of liberty

Components of the system

Based on Marion et al [START_REF] Marion | Rotation angle for the optimum tracking of one-axis trackers[END_REF], a 1-axis sun tracking system has one degree of liberty and adjust its position to minimize the incident angle θ, by rotating the panel with an angle R along its rotation axis. Because the panel can rotate around an axis which is not the vertical axis, its initial inclination βa and its surface azimuth ϒa are no longer constant. We can define the instant inclination β and the instant surface azimuth ϒsurf as:

cos/.2 cos/K2 cos /. 2 V-51.
The detailed calculations of R, β and γsurf can be found in the annex B.

Direct illumination and Direct energy

The direct energy reaching the panel for a given rotation angle R is now calculated by:

? N < = J 1G * cos /#2 V-52.
With θ calculated as a function of R, which is constantly adjusted to minimize the incidence angle (see Annex B).

Diffuse illumination and Diffuse energy

Based on the same methodology as equation V-12, we can calculate the diffuse energy which reaches the panel. However, the panel is moving all day long and its inclination is not the fixed βa anymore but β (calculated in equation V-13).

? N ¦¦ = J % 1g * /180 7 .2 180 . .

V-53.

Where, DHI is the Diffuse Horizontal Illumination.

Finally, the total energy Etot reaching the solar system is:

? 1G * cos/#2 + % 1g * /180 7 .2 180 . . V-54.
c) 2-axis sun tracking system: 2 degrees of liberty

The 2-axis sun tracking system is the most precise tracking system. The two rotational axes are the vertical axis, East-West displacements, and the horizontal axis (inclination), North-South displacements.

These two degrees of liberty allow the system to face the sun permanently, which means:

# 0° V-55. . # • V-56. ˜ ˜ V-57.
Where θz and ϒs are respectively the zenith and azimuth angle of the sun, calculated in I.A.

Then,

? N < = J 1G V-58. ? N ¦¦ = J 1g * /180 7 # • 2 180 V-59.
Finally, the total energy Etot reaching the solar system is: Lopt and can be in first approximation considered independent of the incident angle. The total energy Ecell reaching the cell is:

? 1G + 1g * /180 7 # • 2 180 V- 60. 3. 3. 3. 3. 
? 9 == ? * /1 7 ℒ 2 V-61.
This equation is valid for all standard panels (without concentrating system) mounted or not on a tracker, which is not the case for concentrating systems.

b) 1D-concentration panel

A 1D-concentration panel is composed of many linear solar cells associated with a light concentration system. This concentration system is described with a geometrical factor Cgeo and an optical efficiency, depending on the incident angle, ηopt. The effective concentration factor C depends on the light incident angle:

/#2 * /#2 V-62.
Thus, the direct energy reaching the cell is:

? N < = J 1G * cos/#2 * * /0°2 V-63.
Moreover, the diffuse light cannot be calculated as previously because the optical efficiency is no longer independent of the incident angle. To evaluate the part of the diffuse energy that will reach the solar cell, we calculate, based on the solid angle of a tetrahedron, the solid angle Ω of collection of diffuse light, weighted by the optical efficiency ηopt at the incident angle ϕ. Thus, we have:

? N ¦¦ = J % 1g * 4©/ª2 * * / ª2 2, . B «* ¬ B* V-64.
Finally, the energy reaching the cell is:

? == % 1g * 4©/ª2 * * / ª2 2, . B «* ¬ B* + 1G * cos/#2 * * /0°2 V-65.

c) 2D-concentration panel

A 2D-concentration panel is similar to a 1D-concentration panel except that the solar cells have a 2D shape. The direct energy reaching the solar cells takes into account optical losses but does not depend on the incident angle, which is always equal to 0 because of the tracking system.

? N < = J 1G * * /0°2 V-66.
Concerning the diffuse energy, the methodology is similar to the 1D-concentration panel except that we do not consider a tetrahedron but a cone. Thus, we have:

? N ¦¦ = J % 1g * /©/nε2 7 ©//n 7 12ª2 * * / ª2 2, . B «* ¬ B V-67.
Finally, the energy reaching the cell is:

? == % 1g * /©/nε2 7 ©//n 7 12ª2 * * / ª2 2, . B «* ¬ B + 1G * * /0°2
V-68.

d) Mechanical limitations

A sun-tracking system can rotate around one or two axis. Nevertheless, it has mechanical limitations and especially the maximum rotation angle allowed. This limit has been implemented in the MATLAB code. Therefore, to calculate the amount of light reaching these cells, we calculate the difference between the diffuse energy reaching the panel and the diffuse energy reaching the concentrated solar cell. Nonetheless, the quantity of light reaching these cells is slightly overestimated as the surface used for the electrical contacts of the system has not been implemented yet. Because the Voc varies with the flux of energy (see chapter I and III), the efficiency of the solar cell needs to be reevaluated each time the energy reaching the cell is changing. For CIGS micro 6. 6. 6.

Conclusion Conclusion Conclusion Conclusion

The MATLAB code created allows us to estimate the energy production of a system, taking into account:

• Location and meteorological data (GHI/DNI/DHI)

• Mounting system (Fixed/1-axis/2-axis) and mechanical limitations

• Technology of the panel (1D or 2D concentration)

• Optical behavior of the system The MATLAB code does not take into account all the parameters used in PVsyst and because some of them cannot be disabled in the software, we cannot compare the electrical production of the systems (an example of a PVsyst report is presented in the annex C). However, to be sure that the tracking parameters have been programmed correctly, we compared the amount of light reaching the panel, before the optical losses and electrical conversion, for the different tracking systems.

The following configurations have been tested:

• Without tracking system, tilted at 35°, South orientation.

• With 1-axis tracking system (East-West rotation), tilted at 35°, South orientation. The mechanical limitations have been fixed to a rotation angle of +/-90°.

• With 2-axis tracking system. The mechanical limitations have been fixed to a rotation angle of +/-120° for the azimuth rotation (which is the maximum needed to track the sun all day long in summer), and 0 to 90° for the inclination.

We considered only standard panel mounted on the different tracking system to be able to compare all results. Moreover, in order to evaluate the code for different weather conditions (different GHI/DNI/GHI), we chose five different locations: Las Vegas, Seattle, New-York, San Francisco and Chicago.

Finally, no shadowing has been taking into account neither in PVsyst nor in the MATLAB code.

b) Meteorological databases

The meteorological data used in PVsyst are not detailed and we cannot give much more information about the year of collection for example.

Concerning the data used for the MATLAB code, they are provided by the National Solar

Resource DataBase (NSRDB), from the National Renewable Energy Laboratory (NREL). We can see on Table 14 that the Global Horizontal Irradiance (GHI) provided by PVsyst and the NSRDB is similar for every location, except for San Francisco and Seattle where the differences are around -5% and -10%.

Concerning the DNI, the differences between the two databases are around -5%, except again for San Francisco and Seattle where the differences are around -17% and -25%.

Concerning the DHI, the differences between the two databases are around +9%, except again for San Francisco and Seattle where the differences are around +26% and +14%.

Because the databases are different, we expect different absolute results, but the trends should remain the same.

Evaluation & correction of the errors Evaluation & correction of the errors Evaluation & correction of the errors Evaluation & correction of the errors a) Results

All results are presented on Table 14 and Figure 100. We can see that in Las Vegas, PVsyst code calculates an incident power bigger than that of the MATLAB code. The difference is constant around +5%, for each tracking system.

In New York, we can observe the same trend, with a difference around +11%, constant for each tracking system.

Concerning Seattle, where the initial inputs are the most different, this time PVsyst calculates an incident power lower than the MATLAB code, around -6% independent of the tracking system.

In San Francisco, PVsyst estimates an incident power less than +2% in comparison to the MATLAB code, regardless of the tracking system.

Finally, PVsyst still calculates an incident power bigger than the MATLAB code, with a difference around +11%. This difference is slightly lower for a system without tracking, 8.8%.

The absolute results are different, as expected, but the trend of variation, depending on the tracking system is the same. 

b) Analysis & Discussion

To analyze the results, we considered that the energy reaching the panel is a linear combination of the direct and diffuse energy component:

? I = - * ? N < + . * ? N ¦¦ V-73.
Therefore, we performed a linear regression for both PVsyst and the MATLAB code calculations. Results are presented in Table 15. We can see that the α coefficients, calculated for the PVsyst and MATLAB code, are close, with a difference (α-diff) of 7%, depending on the model considered (PVsyst or MATLAB).

However, we can notice that these coefficients are greater than 1 for the 1 and 2-axis tracking systems, which is theoretically not possible. It can be explained by the data provided on Table 14, considering the 2D results and data from PVsyst, we can see that the Global Incident is always greater than the sum of the DNI and DHI components. The illumination data (GHI, DNI, DHI) extracted from PVsyst are probably not the same as the ones used for the calculation, which can explain the inconsistency. However, the results from Figure 100 do not suffer from this difference as they are direct results from PVsyst.

Despite the inconsistency in the calculation of α coefficients, the difference between the β coefficients (β-diff), reaching 25% for the 2-axis tracking system, confirms that the isotropic model of diffuse illumination that we considered is not the best model. The difference is more important for the 1 and 2-axis tracking system, which can be explained by a higher proportion of the diffuse energy being around the sun. The difference in the diffuse irradiance models can explain the differences observed on Figure 100. The optical parameters, such as geometrical ratio and angular tolerances, used to describe the different systems are presented precisely in Chapter II. They can be summarized as:

• 2D geometry, Geometrical ratio = 100, acceptance angle = +/-3.5°

• 1D geometry, Geometrical ratio = 10, acceptance angle = +/-3.5°

• 1D geometry, Geometrical ratio = 20, acceptance angle = +/-1.75°

• 1D geometry, Geometrical ratio = 30, acceptance angle = +/-1.75°

• 0D geometry, No concentration Either no anti-reflective coatings have been applied, limiting the optical efficiency to 85%, or an optimal coating have been used, increasing the maximum optical efficiency to 95%. Front optical losses of reference panels have been fixed to 5%.

b) Inputs and limitations

The following limitations have been applied in the MATLAB code:

• Tilt of no-tracking and 1-axis tracking system has been fixed to 35°.

• Maximum rotation angle of 1-axis tracking system has been fixed to 90° or 60°.

• Optical losses on a reference Flat-Plate panel has been fixed to 5%.

c) Meteorological data

The meteorological data used can be either real data or predicted clear sky data. Table 16 shows the DNI/GHI ratio, measured on ground in Las Vegas, San Francisco and Seattle. systems without anti-reflective coating, with a maximum rotation angle of 1D system of 90°.

The annual mean absolute variation of efficiency of the solar cells is also calculated, as well as the relative gain between a standard concentration system and a concentrated/diffuse system (presented in Chapter I). We can notice that the absolute variations of efficiency do not depend on the initial cell efficiency. It is one limitation of the MATLAB code that needs to be corrected by an improvement of the electrical model to take into account the diode ideality factor and thus, modify the variation of the efficiency depending on the quality of the solar cell. Then, a very efficient solar cell will have a smaller absolute increase of efficiency than an average solar cell [124].

b) 1D-systems

As mentioned previously in the manuscript, the 2-axis tracking systems are not suitable for our system. Indeed, the costs of a 2-axis tracker are too high for our solar cells, which are almost two times less efficient than multi-junction cells. Thus, we decided to focus the study on 1D

systems with 1-axis tracker. Thus all the presented system coming next are installed on a 1-axis tracker.

The results of the 1D systems of Table 17 

Las Vegas with a maximum rotation of 90°

We can see that the concentration systems are always below the reference system, even if the geometrical ratio is increased, up to 30. However, the difference is reduced for less efficient solar cells. This difference is mainly due to the loss of the diffuse component of the light, which is not compensated by the increase of efficiency. Moreover, the optical losses induced by the optical system also decrease the production. Adding an anti-reflective coating (ARC), considered here as optimal and reducing the optical loss to 5%, helps to improve the production of the system. For example, a concentration system with ARC, of 22% efficiency and geometrical ratio of 10 in Las Vegas will increase their efficiency from 524 to 594 kWh/m²/year, an increase of 13%. More generally, with a geometrical ratio of 10, and an antireflective coating, when the cell efficiency is below 17%, the concentration system will produce more than the reference system. The concentration/diffuse system will always produce more.

The increase of geometrical ratio from 10 to 30 enhances the energy production by 3.5% for a concentration system and a concentration/diffuse system, both using a 22% cell. Using a 12% efficiency cell, this increase is around 6.3%.

Las Vegas with a maximum rotation of 60°

The same behavior can be observed with a maximum rotation angle of 60°. However, while the reference panel is almost not influenced by this limitation, the systems using concentration are strongly influenced. For example, a concentration system (without ARC) of 22% efficiency and geometrical ratio of 10 in Las Vegas will lose around 20.6% of its efficiency. The concentration/diffuse system will lose 18.6% due to the collection of diffuse light. Thus, being able to rotate the panels as much as possible seems to be very important.

San Francisco and Seattle with a maximum rotation of 60°

Concerning cities with a lower DNI, such as San Francisco and Seattle, the same trends can be observed. However, we can notice that with a low DNI (Seattle), neither concentration nor concentration/diffuse systems reach the energy production of a reference system when they have a maximum rotation angle of 60°, even with an anti-reflective coating.

Production of more realistic systems

Table 18 shows the relative difference of production between a reference panel and a 1D

concentrating panel (Cgeo=10) with an anti-reflective coating, both mounted on a 1-axis tracker with 60° maximum rotation angle, depending on the location and the cell efficiency. These systems can be considered as good candidate for application. We can see that with a high enough DNI, the difference of producible energy can be limited around 22%. 

3.

3. 3.

Daily data analysis Daily data analysis Daily data analysis Daily data analysis

To better understand the strong influence of the mechanical limitation of the rotation angle on the 1D-systems, we can calculate the number of hours per day where the system is producing (see Figure 102). We can see that with a maximum rotation angle of 90°, the collecting hours are almost the same for a reference panel and a concentration panel (Cgeo=10), 10 hours for day 356 and 13 for day 173. However, once a maximum rotation angle of 60° is applied, the production of the reference panel is similar while the production of the concentration panel is strongly reduced, 7 hours for day 356 and 9 hours for day 173.

Once the tracker stops rotating, the concentration panel stops producing, while the reference panel see a slight modification of the incident angle of the light, which is not enough to strongly modify the production of energy. First, the location is known as one of the most significant parameter when studying CPV technologies, the requirement of a high DNI location cannot be avoided, which is confirmed here by the calculation. In fact, the performances decreases drastically when comparing Las Vegas and Seattle. The performances of systems with a 12% efficiency solar cell in Las Vegas produce almost the same amount of energy as a 22% efficiency solar cell in Seattle.

Next, the benefits of the use of an anti-reflective coating are also significant. Indeed, in our case, the optical losses are not fully compensated by the increase of efficiency, due to the low concentration factor. Thus, a very good anti-reflective coating is necessary to have a production of the system higher than the reference, in the best cases.

Then, the energy production and especially the difference between the systems are enhanced by the efficiency of the solar cell used. With more efficient solar cells, the relative gain in efficiency is smaller, which gives less incertitude to use micro-CPV.

After, we can see that the gain of producible energy coming from the increase of geometrical factor, up to 30, is moderate. It can be estimated between 3% and 6%, depending of the cell efficiency. Thus, the relevance of a system with a higher geometrical ratio but a smaller angular tolerance and the higher difficulty of manufacturing (fabrication and positioning) can be questioned.

The parameter that limits the producible energy the most is the maximum rotation angle of the tracker. The reference panel has a similar production with a maximum rotation of 60° and 90°, because the system keep collecting direct light with a modified incident angle. Conversely, a slightly modified incident angle on a concentration panel results in a production stop.

Consequently the number of collecting hours and energy production are strongly influenced by the maximum rotation angle, decreasing the annual production by 20% in Las Vegas for example.

The concentration/diffuse system helps to produce more energy than a concentration system in each case, with a better improvement when the DNI is lower. The increase is up to +25% for a 60° rotation system of 22% efficiency with an anti-reflective coating, in Seattle. If a specification can be considered as a disadvantage for one application, it can also be considered as an advantage for another. The diffuse energy is not harvested by micro-CPV systems, thus it does not produce energy. Nonetheless, it gives to the system a transparency, if there is no material between the solar cells. This transparency can be used for illumination for example.

In fact, if the main function of a product requires transparency, such as solar windows or greenhouses, the use of flat panels is not allowed. With a concentrating system, the direct light is absorbed, generating 70/80% of the production of a reference panel. In the meantime, the diffuse light goes through the panel, providing illumination. The micron scale offers also the advantage that it does not create large shadowed area behind the panel, helping to maintain a more homogeneous illumination. In addition, the direct light being absorbed, it also reduces the heat inside the building, which can be interesting in very sunny regions [START_REF] Tripanagnostopoulos | New Designs of Building Integrated Solar Energy Systems[END_REF]- [START_REF] Sonneveld | Performance of a concentrated photovoltaic energy system with static linear Fresnel lenses[END_REF].

Moreover, considering a given amount of indium and gallium, using a concentrating system allows to deploy more panels and thus the energy generated per gram is more important, even if more panels need to be produced and installed. Indeed, a 1GW system mounted on a 1-axis tracker in San Francisco, with a cell efficiency of 17%, a reference panel would produce 2264

GWh/year and a concentration system (Cgeo = 10), with anti-reflective coating, 1776

GWh/year. Therefore, we can calculate that using a reference panel will produce 133

GWh/year/tones (In) whereas using a concentration panel will allow to reach 1042 GWh/year/tones (In), which is almost eight times more than the reference panel. Thus the indium use is drastically reduced.

E. E. E. E. Conclusion Conclusion Conclusion Conclusion

To conclude, we developed a MATLAB code that aims to evaluate the energy production of our systems, based on real meteorological data. This code has been compared to a well-known commercial software used to create PV power plant, PVsyst, and showed comparable results that allowed us to validate it. Upgrades such as a more real electrical model and the addition of shadowing effects are the next step to improve the accuracy of the results in real environment.

The calculated data showed that a 1D system can produce more energy than a reference panel on a 1-axis tracker, only if it is installed in a high DNI location, with an optimal anti-reflective coating and a maximum rotation angle of 90°. This system is not realistic because the rotation angle will produce too important shadowing effects. Nevertheless, the losses of a concentration panel compared to a reference panel on a 1-axis tracker, with a maximum rotation angle of 60°, can be limited around 20%, with the benefits of having transparent system.

Finally the interest in our Cu(In,Ga)Se2 micro-CPV system strongly depends on the application and market targeted. A combined utilization where the energy production is not the only component of the system seems to be the best solution to ensure a viable commercialization.

General General General General conclusion conclusion conclusion conclusion

In this work, we studied the design, prototyping and characterization of a micro-concentrated photovoltaic system based on Cu(In,Ga)Se2 solar cells. The first part presented the general context of the study, with a growing part of the photovoltaic in the energy production landscape.

Moreover, we explained why a miniaturized concentrated solar system based on thin film solar cells could be an efficient solution, while being as green as possible. In one hand, the concentrating system can increase the efficiency of the solar cells while saving rare materials.

In the other hand, the miniaturization of the system reduces resistive losses and the use of a heat dissipation system, as well as the amount of material required for the optical components, thereby reducing the weight of the system compared to usual CPV.

The second part aimed to develop a very compact and lightweight concentrating system adapted to the microcell technology. The first step was to design a concentrating system for dot shape solar cells (2D). We chose to work with refractive elements made of polycarbonate, for its good matching with solar spectrum and external quantum efficiency of Cu(In,Ga)Se2 solar cells. The optical system has been designed with two spherical lenses for the ease of fabrication and to allow the use of self-aligned and assembly fabrication process, to reduce the difficulties of assembly and costs. Finally we designed a system with a geometrical ratio of 100x and an acceptance angle of 3.5°. The second step was to transfer and adapt the 2D design to a 1D solar cell, with a lamellar shape. Because a 1D system has a smaller geometrical ratio, we chose to design this system with a limited incidence of 1.5° to be able to create system with a higher concentration factor. Adding a design modification with a total internal reflection element, we created a 30x geometrical ratio system with an angular tolerance of 1.75°.

The third part was dedicated to the fabrication and characterization of 2D and 1D prototypes.

The fabrication process of the optics was mainly based on photolithography and reflow that allow to create spherical shape elements. Processes have been developed to fabricate each element (primary and secondary lenses, and spacer). Once the processes have been optimized

with a good repeatability, we assembled 2D prototypes with 2500 microcells and the entire optical system. The best prototype achieved a concentration ratio of 71.8x for a theoretical 73.1x. It results in an absolute increase of efficiency of 1.6% of the CPV module, compared to the original microcells array efficiency. Prototypes containing 28 lamellar solar cells have also been created and achieved a concentration factor of 6.7x for a theoretical 9.1x. The performances of both systems were limited by resistive losses, induced by the electrical contacts that need to be optimized. However, this is the first time that a mini-module of a thin film technology under concentrated light is realized, and showed an increase of efficiency.

The fourth chapter studied the ability of non-imaging elements, such as compound parabolic concentrator (CPC) and luminescent solar concentrator (LSC), to concentrate the light on a microcells array. A numerical study of the CPC was performed and showed how good this system is. However, its high sensitivity to imperfections make its fabrication very difficult at the micron scale and no prototypes have been fabricated yet. The LSC's performances have been studied numerically and experimentally. We showed that a bottom mounted configuration is very suitable for our microcells array and the use of an air-gap version of it, using optical bridges makes it more efficient. Experimentally we created prototypes that suffered of a nonrepeatable process and a small size that enhanced side losses, but the system achieved a concentration ratio of 1.13x, which is close to the simulated results.

The last part of this thesis was dedicated to evaluate the relevance of technological choices that could be made with the vision of a future commercial product. To do so, we developed a MATLAB code which calculate the producible energy of our systems with environmental conditions. The calculation takes into account the meteorological data of a location, the optical parameters of the system, the tracking system used to follow the sun and an electrical model of the Cu(In,Ga)Se2 solar cells, obtained experimentally. The accuracy of the code has been validated by comparing it to a commercial software PVsyst, which is a reference in the domain.

The results obtained showed that the loss of the diffuse part of the sunlight is difficult to counterbalance by the increase of efficiency, unless very high concentration are used but their angular tolerance in optical systems lead to solution that may not be in the philosophy (industrialization at low cost) of the present work. Thus, our micro-CPV system cannot be used only to produce energy but need to be thought in a combined utilization, using for example one of its main advantages: its potential transparency to diffuse light..

To conclude, starting from single Cu(In,Ga)Se2 microcells, in this PhD work we designed, fabricated and characterized complete micro-CPV prototypes containing thousands of microcells with an integrated optical system. Now, the development of this laboratory scale technology to an industrial concept and larger modules, with outdoor characterizations, is the next step to achieve. For this, many topics, scientific and technological, will need to be considered. First, the study of very efficient deposition techniques for localized solar cells needs to continue. Then, the development of low-cost and self-aligned fabrication processes of the optical system needs to be thought at an industrial scale to limit the overcosts of microstructuration and assembly. To go further, systems with other thin film solar cells, such as CdTe could also be studied. Finally, it appears that the most suitable market for our technology is the building integrated photovoltaic. Thus, in order to have a system with minimized displacements, and thus a reduced space occupied by the system, different tracking systems, with translation movements for example could be interesting to study.

Introduction Introduction Introduction Introduction

Il y a près de 180 ans, en 1839, pour la première fois dans l'histoire, un scientifique français de • Absorber le montant maximum de la lumière

• Electrons et trous doivent être séparés pour éviter la recombinaison

• Electrons et trous doivent être extraits, en évitant les pertes de contact Plus de détails sur la physique des cellules solaires peuvent être trouvés dans [START_REF]Renewable 2016: Global status report[END_REF].

La caractéristique principale qui décrit une cellule solaire est la courbe courant-tension (voir 

Optimisation Optimisation Optimisation Optimisation

Pour trouver le système optique le plus efficace, nous avons généré des cartes de rendement optique 2D en fonction du rayon de courbure des lentilles, l'épaisseur H du système et de l'angle d'incidence de la lumière (Voir Figure 107). Nous savons avant de tester que certaines configurations ne fonctionnent pas, mais il est plus facile de tester l'ensemble des configurations en tant que matrice, car elle peut être automatisée avec un simple langage macro Zemax. Chaque carte est faite en testant chaque configuration avec 1 000 000 de rayons lumineux. Fabrication de l'espaceur Fabrication de l'espaceur Fabrication de l'espaceur Fabrication de l'espaceur L'optimisation de la fabrication de l'espaceur a consisté à trouver un procédé générant le moins de contraintes résiduelles possible pour éviter tout décollement. L'optimisation a été faite sur un substrat de molybdène avec succès, passant d'une couche instable de 1x1 mm² à une couche stable de 4x4 cm². Cependant, le transfert du procédé sur une couche de CIGS, associé aux différents recuits permettant de fabriquer l'optique secondaire ont eu pour résultat un décollement complet de la couche de CIGS (Voir Figure 109). © N ¦¦ ³ J 2, 7 2© •J 6 ™ 0-83.

Then, the diffuse light reaching the panel is:

? N ¦¦ = J 1g * © N ¦¦ ³ J 2, 0-84.
Where, DHI is the Diffuse Horizontal Illumination.

Finally, the total energy reaching the solar system is: The incident angle θ is now described by: cos/#2 cos /# • 2 cos/.2 + sin/# • 2 sin/.2 cos /˜ 7 ˜ <¦ 2 0-90.

The incident angle θ can also be described using the angle of rotation R: As an optimal tracking minimizes the incident angle, the rotation angle R can be calculated as the solution of 

cos/#
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 1 Figure 1: Scheme of the chapters' organization of this PhD dissertation.
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 2 Figure 2: New renewable energy capacities installed between 2004 and 2013, by technology [1].
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 3 Figure 3: Estimated renewable energy share of global electricity production at the end of 2015 [2].
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 4 Figure 4: Left, Global cumulative PV installation until 2015. Right, module price depending on the cumulative production of silicon PV modules from [4].
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 5 Figure 5: Illustration of the sunlight-atmosphere interaction.

Figure 6 :

 6 Figure 6: AM0, AM1.5G and AM1.5D spectra.

Figure 7 :

 7 Figure 7: Top, world map of the Global Horizontal Irradiation. Bottom, world map of the Direct Normal Irradiation.
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  Voc is the open circuit voltage. It is the voltage of the solar cell at open circuit, when the device produce no current.

Figure 8 :

 8 Figure 8: Example of a current-voltage characteristic of a solar cell. FF is the ratio of the two dashed rectangles.

Figure 9 :

 9 Figure 9: Annual PV module production, depending on the technology, from [4].

Figure 10 :

 10 Figure 10: Best Lab cell and modules efficiencies, from [4].

Figure 11 :

 11 Figure 11: Illustration of the band diagram and SEM picture of the structure of a Cu(In,Ga)Se2 solar cell. From [12].

Figure 13 :

 13 Figure 13: Illustration and pictures of CPV systems and modules (From [16]).

Figure 14 :

 14 Figure 14: Gatton PV pilot plant array comparison of systems with or without tracking systems. From [17].

  Figure18describes the effect of miniaturization of a system when its size is reduced by a factor X in each x-y-z directions.

Figure 18 :

 18 Figure 18: Illustration of the volume/mass and thermal reducing effect of a reduced size.

  Advanced Research Projects Agency -Energy (ARPA-E) funded the Micro-scale Optimized Solar-cell Arrays with Integrated Concentration (MOSAIC) project with more than 20 million dollars. Many high technologies companies and universities are involved, such as Panasonic, Semprius, Sharp and the Massachusetts Institute of Technology (MIT).

Figure 19 :

 19 Figure 19: Citation report from Web Of Science, with the research: "micro-CPV" or "micro CPV" or (microconcentrat* and photovoltai*) or (micro-concentrat* AND photovoltai*)

Figure 20 :

 20 Figure 20: Left, colormap of the module cost ($/Wp), depending on the cell size and concentration ratio, for a multi-junction solar cell. Right, table of comparison of the components of the LCOE for different PV technologies. Flat-plate (PV), concentration photovoltaic (CPV) and micro enhanced photovoltaic (MEPV). From [34].

Figure 21 :

 21 Figure 21: Operation scheme of the self-tracking solar concentrator, in three stages. Stage 1: the transmitted part of the light, λ> 750 nm, is absorbed by the paraffin wax. Stage 2, the paraffin wax expands and create a structure that deflects the light into the waveguide. Stage 3, within an incident angle of light +/-16°, the focal spot moves on different actuators, allowing a self-tracking device.From[START_REF] Zagolla | Self-tracking solar concentrator with an acceptance angle of 32°[END_REF].

Figure 22 :

 22 Figure 22: Left, illustration of the working device under illumination with different incident angles.Right, Optical behavior of the system, depending on the incident angle of the light. From[START_REF] Price | Wide-angle planar microtracking for quasi-static microcell concentrating photovoltaics[END_REF].

Figure 23 :

 23 Figure 23: Left, I-V curve of the record 50µm diameter microcell. Right, picture of a Cu(In,Ga)Se2 microcell.

Figure 24 :

 24 Figure 24: Locally electrodeposited 1D, lamellar shape, solar cells of 100 µm (left) and 1 mm (right). (To be published)

Figure 25 :

 25 Figure 25: Concentrating systems suitable for miniaturized solar cells.

Figure 26 :

 26 Figure 26: a) Illustration of an ideal concentrator. b) Illustration of a compound parabolic concentrator (CPC) [63].

Figure 27 :

 27 Figure 27: Left, perfect lens without spherical aberrations. Right, lens with spherical aberrations.

Figure 28 :

 28 Figure 28: Illustration of chromatic aberrations

Figure 30 :

 30 Figure 30: Illustration of the system
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Figure 31 :

 31 Figure 31: External Quantum Efficiency (EQE) of a Cu(In,Ga)Se2 solar cell.

Figure 32 :

 32 Figure 32: Ray tracing of different configuration at 0° incident angle. a) 600µm thickness and 1 optical element. b) 600µm thickness and 2 optical elements. c) 1000µm thickness and 1 optical element. d) 1000µm thickness and 2 optical elements. In the insets, displacements of the focal point for incident angles of 1°(red), 2°(green) and 3°(blue) for each configuration.

Figure 34 :

 34 Figure 34: Illustration of the system studied, using Zemax OpticStudio

Figure 35 :

 35 Figure 35: Example of optical efficiency map for an incident angle of 3° and a thickness of 1 mm.

Figure 36 :

 36 Figure36: Zones of optical efficiency above 84% for different radius of curvature of the primary and secondary lenses, depending on the incident angle (from left to right and top to bottom, 0°, 1°, 2°, 3°) and the thickness of the system H, 600 µm (red), 800 µm (orange), 1000 µm (blue) and 1100 µm (green).

Figure 38 :

 38 Figure 38: Angular tolerance of optimized system with a thickness H of 600, 700 and 1000 µm.

Figure 40 :

 40 Figure 40: Illustration of the misalignment between the secondary optic and the microcell

Figure 42 :

 42 Figure 42: Conversion of a 2D system to a 1D system. Standard lenses become cylindrical lenses or lenticulars.

Figure 43 :

 43 Figure 43: 3D-optical efficiency map at 1.5° incident angle for a system with a geometrical factor of 10 depending on different primary and secondary radii of curvature and different thickness.

Figure 44 :

 44 Figure44: Number of solutions available for a standard system with optical efficiency larger than 75% (blue), 80% (red) and 84% (green), with an incident light at 0° (full line) and 1.5° (dashed line).

Figure 45 :

 45 Figure 45: Illustration of the TIR final interface, at 1.5° incident light.

Figure 46 :

 46 Figure 46: Illustration of the geometrical parameters of the Total Internal Reflection interface. Not on scale.

Figure 48 :

 48 Figure48: 3D-map of the solutions available for a system with a geometrical ratio of 32 and an optical efficiency above 80%. Blue, projection of the solution on the plan Primary radius of curvature / Secondary radius of curvature. Green, projection of the solution on the plan Primary radius of curvature / Thickness of the system. Red, projection of the solution on the plan Thickness / Secondary radius of curvature. On the right side, two different geometries with thickness of 2700 and 4100 µm, on scale.

Figure 50 :

 50 Figure 50: Illustration of the system studied. A microcell with an annular contact and a various illumination spot.

Figure 51 :

 51 Figure 51: Influence of the non-homogeneous illumination depending on the sheet resistance of the TCO on a 50 µm microcell, at C=100x. Ratio of illumination between 1 and 10000. Left, resistance is 1000 ohms/sq. Right, resistance is 10 000 ohms/sq.

Figure 52 :

 52 Figure 52: Simulated J-V curve of a microcell of 50 µm with a resistance of 10 ohms/sq, under an illumination of 6000 suns with ratio of illumination between 1 and 10000.

Figure 54 :

 54 Figure 54: illustration of the process of photolithography, depending on the type of photoresist.

Figure 55 :

 55 Figure 55: Illustration of the thermal reflow process

Figure 56 :

 56 Figure 56: Scheme and geometrical parameters of the prototype optimized by simulation

Figure 57 :

 57 Figure 57: Optical parameters of the Polycarbonate and the photoresists AZ-40XT and SU-8. Left, refractive index. Right, transmission spectra of polycarbonate (PC), photoresists SU-8 and AZ 40XT and PDMS.

Figure 58 :

 58 Figure 58: Relation between the photoresist thickness, the radius of curvature and the height of the lens, for a lens of 500µm diameter, without take into account the loss of volume.

Figure 59 :

 59 Figure 59: Left, SEM picture of a primary optic of 500µm diameter. Right, fabrication process parameters.

Figure 60 :

 60 Figure 60: Left, SEM picture of a part of an array of secondary lenses. Right, fabrication process parameters.

Figure 61 :

 61 Figure 61: Image of the secondary lenses confirming the spherical profile.

Figure 62 :

 62 Figure 62: Left, pictures of two structures of 0.5x0.5 mm² suffering from a detachment. Right, SEM picture of the substrate after a lift of the structure.

Figure 63 :

 63 Figure 63: Lift of CIGS/SU-8 layer.

Figure 64 :

 64 Figure 64: Optical design adjustments

  array Fabrication of microcells array Fabrication of microcells array Fabrication of microcells arrayThe microcells array is fabricated in 8 steps (illustration on Figure65): • (a): Deposition of the Mo layer on a soda-lime glass by sputtering. • (b): Synthesis of Cu(In,Ga)Se2 by Co-evaporation or electrodeposition of Cu/In/Ga and annealing in a Se atmosphere. • (c): Deposition of a CdS layer by Chemical Bath Deposition (CBD) and an intrinsic ZnO layer by sputtering. • (d): Definition of the microcells using photolithography. • (e): Deposition of an insulating layer of SiO2 (~ 400 nm) by sputtering • (f): Evaporation of a Al/Au (30/300 nm) conducting layer. • (g): Lift-off to remove the photoresist. • (h): Deposition of the window layer, ZnO:Al by sputtering. • (i): Chemical etching of ZnO:Al, with HCl, and Al/Au layer, with KI:I2, to electrically isolate the microcells individually or as an array. It can be done by physical etching too, using an Ion Beam Etching (IBE) or a doctor blade.

Figure 65 :

 65 Figure 65: Microcells fabrication process[START_REF] Paire | Highly efficient solar cells in low dimensionality based on Cu([END_REF] 

Figure 66 .

 66 Figure 66. The average value of Jsc is 30,6 mA.cm -2 .

Figure 66 :

 66 Figure 66: J-V results of 24 cells from Nexcis, with a ZnO/Al layer made at IRDEP, under AM1.5G.

Figure 67 :

 67 Figure 67: Jsc, Voc, FF and Efficiency of the 12 samples, each containing 2500 microcells.

Figure 68 :

 68 Figure 68: Left, electroluminescence measurements on a single microcell. Right, electroluminescence measurements on a 625 microcells array. Luminescence intensity has arbitrary units (a.u).

Figure 69 :

 69 Figure 69: I-V measurements of microcells of 60 µm (top line) and 500 µm (bottom line) diameter under concentrated illumination. The spot size has a diameter of 25 µm and is moved at different positions on the cell. Distances are from the center.

Figure 70 :

 70 Figure 70: Alignment set-up of the prototype, under an AM 1.5 solar simulator.

Figure 72 :

 72 Figure 72: Picture of the standalone prototype 2.

Figure 73 :

 73 Figure 73: Electrical behavior of the 3 prototypes under concentrated light.

Figure 74 :

 74 Figure 74: Optical microscopy at the same magnification of microcells through secondary microlenses, for the three prototypes.

Figure 75 that

 75 Figure 75 that no more than 20 microcells (over 2500) do not emit light as they should, due to impacts or deformation of the secondary lenses. These measurements confirm again the electrical and optical uniformity of the system.

Figure 75 :

 75 Figure 75: Electroluminescence image of the prototype 3, with secondary lenses. V=0.8 V.

Figure 76 :

 76 Figure 76: Left, deformed line due to a too long reflow process (2'30). Right, straight line after reflow (2').

Figure 77 :

 77 Figure 77: I-V curve of the 1D prototype at different stages of characterization.

  of a system based on a Luminescent Solar Concentrator (LSC). A. Compound parabolic concentrator: numerical study ................................................. 120 B. Luminescent solar concentrator: principles ............................................................... 126 C. Numerical study ......................................................................................................

Figure 78 :

 78 Figure 78: Illustration of the design of a CPC.

Figure 79 :

 79 Figure 79: Transmission analysis depending on the incident angle, for a cone, a parabola and a CPC with an internal angle θi = 2°, 10° or 20°, from [63].

  Compound Parabolic Concentrator (DCPC) Dielectric Compound Parabolic Concentrator (DCPC) Dielectric Compound Parabolic Concentrator (DCPC) Dielectric Compound Parabolic Concentrator (DCPC)

Figure 80 :

 80 Figure 80: Height of a CPC depending on the concentration factor of a 2D system.

Figure 81 :

 81 Figure 81: Concentration factor (Left) and corresponding height (Right), depending on the truncation of the height, for different internal angles and one exit aperture of 50 µm diameter.

  Rectangular base CPC Rectangular base CPC Rectangular base CPCA rectangular base CPC can be either 2D or 1D. There are two possible configurations:• If the system has similar length and width, and has a CPC shape in the two directions (the shape can be different for the two directions), the geometrical ratio needs to be calculated in 2D, see Figure82.a). • If the system is much longer than large, the geometrical ratio is calculated in 1D only as the contribution of one dimension becomes negligible, see Figure 82.b).

Figure 82 :

 82 Figure 82: Comparison of two rectangular CPC. a) Length and width are similar. b) Length is big compared to width.

  of a micro CPC Challenge: Fabrication of a micro CPC Challenge: Fabrication of a micro CPC Challenge: Fabrication of a micro CPC In order to produce collimated beams for applications such as solar cells and light emitting diodes, Atwater et al showed a first realization of a 22 µm height and 10 µm aperture diameter CPC using the two-photons lithography technique, see Figure 83 [111].

Figure 83 :

 83 Figure 83: Micro CPCs, fabricated by Atwater et al [111].

Figure 84 :

 84 Figure 84: Illustration of a Luminescent Solar Concentrator.

Figure 85 :

 85 Figure 85: Left, Edge mounted configuration. Right, bottom mounted configuration, from [112].

Figure 86 :

 86 Figure 86: Illustration of the loss mechanisms in a bottom mounted LSC. Lext are the losses due to Fresnel reflections before the light enters in the LSC. LQY are the losses due to the non-ideal probability of emission of the luminescent particle. LBack are the losses due to the reflectivity of the back surface mirror. LFront are the losses due to the light emitted in the escape cone. LMat are the losses due to absorption in the matrix. LExit are the losses due to the escape of the light by the edges of the LSC. ACell are the amount of light collected by the solar cell.
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 88 Figure 88: Illustration of the modeled system of an optical bridge.

Figure 89 :

 89 Figure 89: Probability of a ray to hit the microcell, Pcell, go out of the pillar, PSide, to be reflected, PFres.

Figure 90 :

 90 Figure 90: Optical efficiency of the LSC system (dashed lines) and concentration factor (full lines) of different types of LSC structures, depending on the geometrical ratio. With air-gap and infinite size (red), with air-gap and finite size (green), without air-gap and infinite size (black), without airgap and finite size (blue).

Figure 91 :

 91 Figure 91: Picture of a LSC being polymerized in a waterbath

Figure 93

 93 Figure 93 presents pictures of different types of coupling: • A: No coupling • B: Failed coupling, the top of the pillars reflects the light. It is visible through the LSC • C: Complete coupling, only the sides of the pillars are visible

Figure 93 :

 93 Figure 93: Pictures coupling tests. A LSC is placed on the pillars without coupling. B, LSC is placed on the pillars with a bad coupling. C, LSC is placed on the pillars with a good coupling.

Figure 94 :

 94 Figure 94: Picture of a LSC prototype with Cgeo = 5.

  The third part presents and analyzes the data obtained with the MATLAB code, depending on different technological choices and different locations, chosen from their meteorological differences. Results of different micro-CPV systems are compared and discussed to evaluate the possible perspectives of the project.A.Evaluation of the producible energy: MATLAB code .............................................. 144 B. Validation of the code ................................................................................................. 154 C. Evaluation of micro-CPV systems under real environment...................................... 159 D. Discussion on application of micro-CPV systems..................................................... 165 E. Conclusion.................................................................................................................... 166 A. A. A. A. Evaluation of the producible energy: MATLAB code Evaluation of the producible energy: MATLAB code Evaluation of the producible energy: MATLAB code Evaluation of the producible energy: MATLAB code
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 95 Figure 95: Description of the sun position S in the sky, a position P on Earth and the North Pole N.

Figure 96 :

 96 Figure 96: Illustration of the mounting systems considered in this study. Left to right, Fixed tilted PV panel, 1-axis East-West tilted tracker, 2-axis tracker.

Figure 97 :

 97 Figure 97: Left, sun position in the sky and panel orientation. Right, scheme of a tilted panel.

Figure 98 :

 98 Figure 98: Illustration of the calculation of the proportion of diffuse light reaching the panel (from [123]).

Figure 99 :

 99 Figure 99: Description of a 1-axis sun tracking system, with R, a rotation angle, n, the normal to the panel, β, the inclination of the panel and γ the azimuth angle.

  Calculation of the energy reaching the solar cell Calculation of the energy reaching the solar cell Calculation of the energy reaching the solar cell Calculation of the energy reaching the solar cell a) Standard panel For a standard, reference panel, the energy reaching the panel is almost equal to the energy reaching the solar cell. The different anti-reflective coatings allow to minimize the optical losses

  In case of a semi-transparent PV panel, the diffuse energy that does not reach the solar cells can go through the panel. However, using the Concentrate/Diffuse model presented on Chapter I, this light can be collected by another solar cell, installed between the concentrated cells.

  output energy of the solar cell Calculation of the output energy of the solar cell Calculation of the output energy of the solar cell Calculation of the output energy of the solar cell a) Variation of the efficiency

  These data have been collected during the year 2014 and give information about Global Horizontal Irradiance (GHI), Direct Normal Irradiance (DNI), and Diffuse Horizontal Irradiance (DHI) each hour of the year. Other information such as temperature and wind speed are also available.

Figure 100 :

 100 Figure 100: Comparison of incident light reaching the panel, depending on the tracking system and the location, using PVsyst and a MATLAB code.

  are summarized on Figure 101. It is a comparison of the different 1D-systems, with a maximum rotation angle of 90° or 60°, depending on the initial efficiency of the solar cell (12, 17 or 22%), the technology of the panel (Reference, Concentration or Concentrated/Diffuse), the geometrical ratio of the concentrated systems (Cgeo= 10, 20, 30, 100). The influence of an antireflective coating (w/ ARC) on systems with Cgeo=10 and maximum rotation angle of 90°, is also presented. The results of reference panels are slightly overestimated as the surface use for the electrical contacts, generally around 5%, have not been considered here.

Figure 101 :

 101 Figure 101: Comparison of the different 1D-systems, with a maximum rotation angle of 90° or 60°, depending on the initial efficiency of the solar cell (12, 17 or 22%), the technology of the panel (Reference, Concentration or Concentrated/Diffuse), the geometrical ratio of the concentrated system (Cgeo= 10, 20, 30, 100). Bottom, the influence of the addition of an antireflective coating (w/ ARC) on systems with Cgeo=10 and a maximum rotation angle of 90° and 60°.

Figure 102 :

 102 Figure 102: Comparison of the daily production of reference and concentration panel (Cgeo=10) at day 356 and 173, depending on the maximum rotation angle, for a cell with 17% efficiency.

  Aujourd'hui, la production d'énergie renouvelable représente environ 19% de la consommation mondiale d'énergie ou 23,7% de la production d'électricité [1], [2]. En 2015, 173 pays avaient des politiques d'énergies renouvelables alors qu'ils étaient seulement 48 en 2004. Cela a conduit à une très forte augmentation des investissements dédiés aux énergies renouvelables de 39,5 milliards de dollars à 285,9 milliards de dollars entre 2004 et 2015.
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 103 Figure 103: Capacité d'énergie renouvelable installée entre 2004 et 2013, selon la technologie [1].
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 104 Figure 104). Elle décrit la relation entre le courant généré et la tension de la cellule solaire. Elle permet de calculer la puissance électrique maximale (P = I * V) qu'une cellule solaire peut produire sous une certaine illumination. Les points spécifiques doivent être définis:

Figure 104 : 2 2

 1042 Figure 104: Caractéristique courant-tension d'une cellule solaire

Figure 105 :

 105 Figure 105: Diagramme de bandes et photo au microscope électronique à balayage de la structure d'une cellule Cu(In,Ga)Se2.

Figure 106 :

 106 Figure 106: Tracés de rayon sur des configurations différentes à 0° d'angle d'incidence. a) Une épaisseur de 600 µm et 1 élément optique. b) Une épaisseur de 600 µm et 2 éléments optiques. c) Une épaisseur de 1000 µm et 1 élément optique. d) Une épaisseur de 1000 µm et 2 éléments optiques. Dans les encadrés, les déplacements du point focal pour les angles d'incidence de 1 ° (rouge), 2 ° (vert) et 3 ° (bleu) pour chaque configuration.

Figure 107 :•

 107 Figure 107: Carte d'efficacité optique pour un angle d'incidence de 3° et une épaisseur de 1mm.

Figure 108 :

 108 Figure 108: Photo au microscope électronique de lentilles secondaires et procédé de fabrication associé.

  Aucune optimisation supplémentaire n'a permis d'éviter cet effet. Nous avons décidé de changer de matériau et d'utiliser le PDMS, en combinaison avec une légère modification de son épaisseur de 150 à 120 µm en raison de son plus faible indice optique, n=1,4 au lieu de 1,6. Ce nouveau procédé nous a permis de réaliser un espaceur stable.

Figure 109 :

 109 Figure 109: Photo d'un décollement de CIGS, résultat des contraintes résiduelles.

Figure 110 :

 110 Figure 110: Montage expérimental pour l'alignement des réseaux de lentilles

Figure 111 :

 111 Figure 111: Caractéristiques J-V du meilleur prototype, à différentes étapes de fabrication.

Figure 112 :

 112 Figure 112: Comparaison des tolérances angulaires d'un cône, une parabole et un CPC, en fonction de l'angle interne.

Figure 113 :

 113 Figure 113: Différence entre la configuration standard (gauche) et avec espace d'air (droite) du système LSC.

Figure 114 :

 114 Figure 114: Photo d'un prototype utilisant un concentrateur luminescent.

Figure 115 :

 115 Figure 115: Analyse de production des systèmes micro-CPV

Figure 117 :

 117 Figure 117: Illustration of the geometric parameters to calculate the solid angle Ω. The grey zone corresponds to the half solid angle of the shadow zone the projection of the solid angle of a tetrahedron on a sphere.

  

  

  

  

  

  

  

  

  

Table 1 :

 1 Indium resources needed for 1 GW deployment, in tones/GW.

			Concentration factor	
	Efficiency (%)	1	10	100
	12	24.0	2.4	0.24
	14	20.3	2.0	0.20
	16	18.0	1.8	0.18
	18	16.0	1.6	0.16
	20	14.4	1.44	0.14

  Since 2009, the IRDEP laboratory is developing Cu(In,Ga)Se2 microcells. It started with the study of the effects of miniaturization on thin film Cu(In,Ga)Se2 solar cells. First, it has been
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	F.	Conclusion...................................................................................................................... 78

Table 2 :

 2 Optical data of commonly used plastics in Optics

		PMMA	PC	PETG	SoG
	Transmission (%)	92	87-91	88	91
	Refractive index	1.489	1.586	1.57	1.4
	Abbe number	58	29	27	55
	3. 3. 3. 3.	Concentrating elements Concentrating elements Concentrating elements Concentrating elements		
	There are two main types of optical elements, reflective and refractive optics, both of them can
	be used to design and build a solar concentrator.	
	Reflective optics are widely used to concentrate the light, in CPV and CSP (Concentrated Solar
	Power). They require a very reflective coating (> 95%) and are generally made of a glass coated
	with aluminum based materials.			

Table 3 :

 3 Maximum optical efficiency (%) obtained at one thickness and one incident angle

		600µm	700µm	800µm	900µm	1000µm 1100µm
	0°	84.90	85.03	85.10	85.14	85.17	85.19
	1°	84.85	84.99	85.07	85.12	85.15	85.17
	2°	84.76	84.91	85.00	85.05	85.08	85.11
	3°	84.46	84.64	84.70	84.67	84.51	84.50
	4°	79.35	79.30	77.05	74.60	69.85	63.24

Table 5 :

 5 Influence of the number of rays launched to simulate a 1D system with 2 optics.

	Rays	500 000	100 000	10 000	2 000
	Mean of ηopt (M)	82.5182	82.5245	82.5418	82.5692
	Std Deviation (σ)	0.0181	0.036	0.1138	0.2357
	O/Q	0.000219	0.000436	0.00137	0.00285

Table 6 :

 6 

	Angle					Geometrical ratio			
		10	12	14	16	18	20	22	24	26	28	30
	0°			85.2			85.1		85	84.9 84.8 84.5
	1.5°	85.2 85.1 84.9 84.6 83.8 82.5 79.9 75,3 70.9 66.9 63.8
		4. 4. 4.									

Maximum optical efficiency (%) obtained for various geometrical ratio and incident angle

Table 7 :

 7 Electrical parameters of the solar cell used in the study

	Electrical Parameters	Values
	Diode ideality factor A	1.14
	Thermal potential at 300k	0.0258 Volts
	Dark current density J0	2.1e-12 A.cm -2
	Photocurrent Jph	35.5e-3 A.cm -2
	Series resistance RS	0.37 ohms.cm 2
	Sheet resistance* R□	0.9883 ohms/sq

Table 8 :

 8 Results from the optimization process of the SU-8 layer. "X" is good, no delamination observed, "+" is fail, delamination observed, quantified by the number of "+".

	Samples

Table 9 :

 9 Spacer fabrication process

	SU-8	PDMS

Table 10 :

 10 Parameters of the three prototypes

		Prototype 1	Prototype 2	Prototype 3
	Sample (n°)	11	1	5
	Spacer	SU-8	PDMS	PDMS
	Primary radius	820µm	820µm	850µm
	Secondary radius/Height	152/150µm	156/135µm	150/160µm
	Isolation type	Chemical etching	Doctor blade	Doctor blade
	Number of contacts	1 back / 1 front	1 back / 1 front	2 back / 2 front
	Contact method	Welding on ZnO:Al	Welding on ZnO:Al	Welding on Ni/Al pads

Table 11 :

 11 I-V results at the different stages of characterization for 2D prototypes. *Extrapolated values.

		Jsc	Voc	FF	C Factor	C Factor	Efficiency
		(mA/cm²)	(mV)	(%)	(exp.)	(th.)	(%)
				Prototype 1		
	Microcell array	30.6	486	41	1x	1x	6.1
	Microcell array with secondary lenses	330	538	53	11x	24.7x	3
	Complete system (0.92 suns)	1576	595	48	51.5x	67.2x	5.7
	Complete system (1 sun)*	1713	615	47.6	55x	73.1x	5.8
				Prototype 2		
	Microcell array	30.6	580	50	1x	1x	8.9
	Microcell array with secondary lenses	305	675	64	10x	24.7x	4.3
	Complete system (0.90 suns)	1810	745	52	59.1x	65.7x	9.1
	Complete system (1 sun)*	2011	775	46.3	65.7x	73.1x	8.4
				Prototype 3		
	Microcell array	30.6	594	59.6	1x	1x	10.8
	Microcell array with secondary lenses	799	727	71.9	26.1x	24.7x	13.5
	Complete system (0.90 suns)	1978	742	65.5	64.6x	65.7x	12.4
	Complete system (1 sun)*	2198	757	65.2	71.8x	73.1x	12.6

Table 12 :

 12 

		Jsc (mA/cm²)	Voc (mV)	FF (%)	C Factor (exp.)	C Factor (th.)	Efficiency (%)
	Reference array	30.6*	613	72.4	1x	1x	13.5
	Reference secondary lenses	132	653	65.3	4.31x	4.96x	10.1
	Complete standalone system (1 sun)	204.8	683	60.3	6.69x	8.55x	9.1
	4. 4. 4. 4.						

I-V results at the different stages of characterization for a 1D prototype.

Table 13 :

 13 Results of the measurements to evaluate the influence of the coupling layer.

			Geometrical ratio (Cgeo)
		5	10	50
			Jsc(mA/cm²)	
	Reference	4.8	10.6	25.0
	Reference + pillars	4.8	9.6	24.0
	Reference + pillars + LSC before coupling	3.7 (-23%) 7.4 (-23%)	19.4 (-20%)
	Reference + pillars + LSC after coupling	6 (+24%) 12.5 (+18%) 28.4 (+13.7%)
	Concentration factor of system	1.25	1.18	1.13

  In order to evaluate if the MATLAB code was accurate, we used the evaluation demo of a software called PVsyst. PVsyst is a commercial software created by PVsyst SA that has been developed to estimate the production of photovoltaic fields. It takes into account the location, type of solar panels used, as well as the inverters and other parameters, following the manufacturer's specifications. Nowadays, this software is a reference in the domain.

	• Electrical behavior of the system
	B. B. B. B.	Validation of the code Validation of the code Validation of the code Validation of the code
		1. 1. 1. 1.	Comparison with PVsyst Software Comparison with PVsyst Software Comparison with PVsyst Software Comparison with PVsyst Software
			a)	Method

Table 15 :

 15 Results of a linear regression on the direct/diffuse energy combination.

		No tracker	1-axis tracker	2-axis tracker
		PVsyst	MATLAB	PVsyst	MATLAB	PVsyst	MATLAB
	α	0.7485	0.6917	1.0295	0.9573	1.0765	1.0011
	α-diff (%)	7.5926	7.0149	7.0093
	β	0.8802	0.7758	0.9722	0.7318	0.9708	0.7218
	β-diff (%)	11.8607	24.7285	25.6503
	R²	0.9984	0.9977	0.9999	1	0.9998	0.9999

  With this MATLAB code, we can evaluate the designs presented in this thesis, based on their optical parameters and associated tracking system.

	C. C. C. C.	Evaluation of micro Evaluation of micro Evaluation of micro Evaluation of micro----CPV systems under real environment CPV systems under real environment CPV systems under real environment CPV systems under real environment
		1. 1. 1. 1.	Optical parameters, Mechanical limitatio Optical parameters, Mechanical limitatio Optical parameters, Mechanical limitatio Optical parameters, Mechanical limitations and meteorological data ns and meteorological data ns and meteorological data ns and meteorological data
			a)	Optical parameters

Table 16 :

 16 DNI/GHI (on ground) in Las Vegas, San Francisco and Seattle, from the NREL NSRDB.

		Las Vegas	San Francisco	Seattle
	DNI/GHI	73.5%	64%	46.9%

Table 17 .

 17 It presents the results of calculation in Las Vegas, San Francisco and Seattle, for

Table 18 :

 18 Difference between the producible energy of a reference panel and a 1D concentrating panel (Cgeo=10) with an anti-reflective coating, both mounted on a 1-axis tracker with 60° maximum rotation angle, depending on the location and the cell efficiency. In the parenthesis, values with 90° maximum rotation.

	Efficiency	Las Vegas	San Francisco	Seattle
	12%	-16.5% (+4.9%)	-17.8% (+1.1%)	-24.4% (-4.6%)
	17%	-20.2% (+0.6%)	-21.5% (-3.1%)	-28.1% (-8.9%)
	22%	-22.0% (-1.8%)	-23.4% (-5.6%)	-29.8% (-11%)

  It is more difficult to fabricate and it will generate less energy than a standard flat panel on a tracker. Moreover, if the space is also an issue, it is probably better to install tilted flat panel without trackers to avoid the loss of space induced by shadowing. Finally, if the indium supply becomes an issue, it is likely that silicon solar panel would be the best solution. Therefore, we have to think of micro-CPV systems differently.

	D. D. D. D.	Discussion on application of micro Discussion on application of micro Discussion on application of micro Discussion on application of micro----CPV systems CPV systems CPV systems CPV systems
	Considering a pure energy generation application, our Cu(In,Ga)Se2 micro-CPV systems have
	no competitive advantages.

  19 ans, Alexandre Edmond Becquerel, a observé l'effet photovoltaïque. Peu après, en 1883, Charles Fritts, un inventeur américain décrit la première cellule solaire, composé de sélénium et d'or, avec un rendement de conversion d'environ 1%. En 1888, le premier brevet américain mentionnant une cellule solaire est déposée par Edward Weston. Cependant, ce n'est qu'en 1954 que les laboratoires Bell ont montré la première cellule photovoltaïque Silicium à haute puissance, avec 6% d'efficacité. Le New-York Times a écrit que ceci « peut marquer le début d'une ère nouvelle, conduisant finalement à la réalisation d'un des rêves les plus cher de Dans cette thèse, nous avons étudié la conception, le prototypage et la caractérisation des microsystèmes photovoltaïques à concentration à base de cellules solaires Cu(In,Ga)Se2. Profitant de l'effet d'échelle, le système final doit être compact et léger. L'approche consiste à créer le système le plus simple et le plus efficace qui peut être fait à cette échelle, pour réduire les coûts de fabrication et d'assemblage. tandis qu'en 2015, elle a atteint un montant de 1849 GW. Les énergies éolienne et solaire sont les deux énergies, énergie hydroélectrique exclue, qui ont eu la plus grande augmentation de leurs capacités, respectivement de 48 et 2,6 GW à 433 et 227 GW entre 2004 et 2015.

	Ce manuscrit est organisé autour de cinq chapitres, décrivant les études numériques et
	expérimentales effectuées sur différents types de systèmes à concentration.
	Le chapitre I présente le contexte général des énergies renouvelables et du photovoltaïque dans
	le monde et présente les principales technologies photovoltaïques, avec un accent plus
	important sur le Cu(In,Ga)Se2 et les techniques de concentration.
	Le développement rapide du photovoltaïque met l'accent sur la nécessité de développer des
	technologies qui peuvent être durables et écoresponsables à grande échelle, et ce, dans leurs
	procédés de fabrication ainsi que dans la conception du module final. Aujourd'hui, un panneau
	solaire est conçu pour fonctionner pendant 20 à 30 ans. Ainsi, l'approvisionnement et la
	consommation de matières sont devenus des paramètres clés. En effet, les matériaux utilisés
	dans le système seront immobilisés pendant une longue période et la production doivent être en
	mesure de fabriquer des panneaux à grande échelle, pendant 30 ans, avant que le recyclage Le chapitre V évalue la pertinence des systèmes de micro-CPV avec un code développé à
	permette à l'industrie de réutiliser ces matériaux. Notre approche pour contribuer à cet effort l'IRDEP pour calculer la production annuelle de différents modèles. Les résultats nous donnent
	mondial est d'augmenter les performances de la technologie tout en réduisant l'impact des informations sur la pertinence des choix technologiques ainsi que les applications futures
	environnemental. et les perspectives du projet.
	Par conséquent, nous avons développé des micro-dispositifs photovoltaïques avec une efficacité Micro photovoltaïque à concentration Micro photovoltaïque à concentration Micro photovoltaïque à concentration Micro photovoltaïque à concentration : Contexte et Etat de l'art : Contexte et Etat de l'art : Contexte et Etat de l'art : Contexte et Etat de l'art
	accrue en utilisant moins de matériaux rares. Pour ce faire, l'utilisation de la concentration a Les Les Les Les é é é énergie nergie nergie nergies s s s renouvelables renouvelables renouvelables renouvelables
	été appliquée à des micro-dispositifs couches-minces Cu(In,Ga)Se2, ce qui permet d'économiser

l'Humanité: l'utilisation de l'énergie presque illimitée du soleil pour les usages de la civilisation". Aujourd'hui, l'énergie photovoltaïque représente une part croissante dans le paysage énergétique. Les records du monde de rendement des cellules et modules solaires sont battus au moins une fois par an et les technologies historiques, telles que les cellules de silicium, ont maintenant atteint des rendements de plus de 25%. des matériaux rares. Des dispositifs de tailles micrométriques ont été choisis pour tirer profit des effets d'échelle, afin de limiter la surchauffe et les résistances série élevées. Ainsi nous avons fabriqué des dispositifs où la zone active est réduite, environ 50 microns de diamètre. Le Chapitre II est consacré à l'étude numérique des systèmes à concentration à base d'éléments imageants. Le but est de concevoir un système, en utilisant un logiciel de tracés de rayon, avec un facteur de concentration qui permet d'obtenir une tolérance angulaire suffisamment élevée pour être en mesure d'utiliser des systèmes de suivi à faible coût. Le chapitre III présente l'étude expérimentale des systèmes conçus dans le chapitre II. Nous avons développé et optimisé les procédés de fabrication pour créer un prototype. Des caractérisations ont été réalisées pour évaluer les performances et comprendre les défaillances du système. Le chapitre IV présente une analyse numérique et expérimentale des systèmes à concentration à base d'éléments non imageants, les concentrateurs solaires luminescents (LSC) et les concentrateurs paraboliques composés (CPC).

Depuis plus d'une décennie, le paysage de la production énergétique a changé, avec des énergies renouvelables prenant une place de plus en plus importante. En 2004, la capacité mondiale des énergies renouvelables était de 800 GW (voir Figure

103

), énergie hydroélectrique incluse,

  2 cos/K2 µsin/# • 2 cos/˜ 7 ˜ 2 sin/. 2 + cos/# • 2 cos/. 2 ¶ + sin/K2 sin/# • 2 sin /˜ 7 ˜ 2 0-91.

Figure 71: I-V curves of the three prototypes at the different stages of characterization.
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Despite a shift, the experimental curve follow the Etendue limit. For higher concentration factors, such as 1000x system, the experimental acceptance angle can be around 1°, depending on the secondary optic used in the system [START_REF] Victoria | Comparative analysis of different secondary optical elements for aspheric primary lenses[END_REF].

Figure 29: Difference between the Etendue limit and experimental systems [START_REF] Schultz | A CPV Thesis[END_REF], with x the concentration factor, for 1D systems.

B. B. B. B.

Design parameters Design parameters Design parameters Design parameters be thousands of structures to fabricate. Thus, there is a need for a mold to fabricate all the structures at once. This mold would have to be made by diamond tooling and polishing to achieve the required tolerance. Moreover, the thermal expansion of the plastic under illumination will modify the shape of the CPC and thus will change all the parameters of the concentrators.

Finally, the compound parabolic concentrator is a very good system whose dimensions can be tuned to make it suitable for our project. However, the very precise geometry makes it very difficult to fabricate and no prototype could have been realized yet.

B. B. B. B.

Luminescent solar concentrator: prin Luminescent solar concentrator: prin Luminescent solar concentrator: prin Luminescent solar concentrator: principles ciples ciples ciples

The declination of the sun is calculated using the equation of Cooper [START_REF] Braun | Solar geometry for fixed and tracking surfaces[END_REF]:

The Zenith angle θz is calculated as follow by the law of cosines in spherical triangle NPS:

The Azimuth angle γs is calculated as follow by the law of sines in spherical triangle NPS:

To work in the good trigonometric quadrant, it is needed to define the absolute value of the hour angle when the sun is at east (or west), then γs=90°. We obtain:

Which is simplified with equation V-2 in:

The azimuth angle of the sun is:

Where,

These equations allow us to know exactly where the sun is in the sky, depending on the location. solar cells, it has been shown by Paire et al [START_REF] Paire | Cu(In, Ga)Se2 microcells: High efficiency and low material consumption[END_REF] that the efficiency increase by an absolute 2% each decade of concentration. We consider the same opposite variation if the flux is decreasing.

The efficiency η has now two components:

Where, ηini is the initial efficiency of the solar cell at AM1.5G, 1000W.m-2 , and ∆η is the variation of efficiency which can be positive or negative.

The variation of efficiency ∆η is calculated as follow:

Then,

b) Output energy

The output energy of the solar cell can be calculated:

c) Upgrades

The electrical model chosen to describe the electrical behavior and the energy production of the system is very simple. We considered the following upgrades to improve the accuracy of the code, but they have not been implemented yet:

• More complex electrical behavior, taking into account the ideality factor of the diode, the temperature dependency, the external quantum efficiency (EQE) of the cell, etc. • The differences between the direct and diffuse spectra of the light when calculating the short-circuit current, thanks to the EQE of the cell.

• Addition of loss factors such as electrical wires, inverters, etc.

• Shadowing effects induced by one panel to another in a photovoltaic field.

Direct normal

PVSyst

Matlab Code Difference (%)

Diffuse horizontal

PVSyst Matlab Code Difference (%)

Global incident

PVSyst Matlab Code Difference (%)

d) Outputs

Table