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Presentation of the photovoltaic eect

The sun radiates energy over the whole solar system and above. It is at the origin of the equilibrium that permitted Life to develop on Earth and is powering most of the mechanisms involved in the life cycle (water cycle, biomass creation . . . ). Nature has been exploiting the solar energy for a long time with photosynthesis. Plants, for example, absorb light thanks to pigments that transform the radiation in chemical energy. This energy is then used to power reactions between minerals, water and CO 2 in order to synthetize the carbohydrate and organic molecules the plant needs to grow (see Figure 1.1).

In 1839, Antoine Becquerel discovered the photovoltaic eect using a conductive solution. But it was much later that the Bell lab managed to assemble solar panel that mimic the photosynthesis and creates electrical energy from light. The photovoltaic eect lies on the fact that when exposed to light , semiconductors absorb photons by promoting electrons from the valence band to the conduction band. The generated free carriers can be collected as a current ow. This is one of the semiconductor properties that are the cornerstone of photovoltaics for now.

The sun delivers more energy to the earth in one hour than we currently use from fossil fuels, nuclear power and all renewable energy sources combined in a year. Its potential as a renewable energy source, therefore, is vast. [START_REF] Heeger | Soalr fuels and articial photosynthesis. Science and innovation to change our future energy options[END_REF] (a) From [2] (b) 

Current PV market

In its report on Photovoltaics [3], Fraunhofer Institut for Solar Energy Systems estimated the global cumulative PV installation to 515 GW in 2018. PV currently accounts for only 1.7% of the electricity production worldwide, but it is a fast growing sector since its compound annual growth rate for the past seven years has been above 20%. Si cells are either multi-crystalline cells or crystalline cells (C-Si). Transition to more ecient structure for Si solar cell is ongoing with broader production of PERC cells (Passivated Emitter and Rear Cells) [START_REF]International Technology Roadmap for Photovoltaic[END_REF].

In this design, cells are passivated with Al 2 O 3 and antireection coating (ARC) is also deposited on the back of the cells. Laser opening of the ARC permits to contact the back of the cell with Aluminum,22% eciency is obtained with this type of cell. 

Climate stakes and energy prospects

In the recent years, global warming has attracted more and more attention from the public opinion and authorities. In 2015, the COP21 climate change conference gathered many actors from dierent countries in order to set clear goals to tackle climate change issues.

Following this event, the IPCC (Intergovernmental Panel on Climate Change) was formed and has since published a report drawing a clear picture of Climate change origins and consequences. Human kind is for now responsible for 1°C temperature raise from the pre-industrial era. Our past activities will continue to provoke temperatures to raise and eort must be made to limit this phenomenon. IPCC xes a 1.5°C raise target that would already have important consequences. Such an increase would cause sea level to rise, more extreme meteorological events and important migrations. Signicant impact on biodiversity is forecasted, even for sea life as the increase of ocean temperature causes its acidication.

Figure 1.3: ICPP forecast on global warming evolution for dierent scenari [START_REF]Global Warming of 1.5 degree, Summary for Policymakers[END_REF].

The report recommendation to comply with this goal is to reduce drastically CO 2 emission. Emissions should be reduced by 45% in 2030 and a net zero CO 2 emission attained in 2050. Figure 1.3 shows the projected temperature for this scenario in purple. Blue range corresponds to a 0 emission reached in 2040. Such a decreased of our CO 2 emission is extremely challenging and requires changes of our infrastructures and urban organization but most of all, a drastic change in the way we produce and consume energy.

Transition to low carbon and sustainable sources of energy is compulsory.

Another challenge is related to the fact that energy demand will continue to grow. Indeed developing countries consumption will increase has they carry on securing their growth. It is interesting to see, in Figure 1.4, the geographic and the sector repartition of the demand in the future. In its scenario Evolving Transition (ET), developed in Energy outlook [START_REF] Bp | [END_REF], British Petroleum forecasts an increase of 3.6 million toe of the energy demand ( toe= ton oil equivalent), thus 41 900 TWh. They expect 75% of this growth to be used for power production (meaning for electrical power supply). Gas and renewables energies will provide 85% of this growth and Renewables will account for 15% of the energy mix in 2040.

However this Evolving Transition scenario is based on the assumption that the transition follows the manners and pace of the recent years. Focusing on CO 2 , it only secures a stagnation of global yearly emission.

They expose another scenario more consistent with IPCC goals, the Rapid transition (RT scenario) in which CO 2 emission does decrease over the year. In this case, renewables account for 30% of the energy mix in 2040.

Figure 1.5 emphasizes the share of solar in the renewable power generation based on the conservative ET scenario. It is clear that photovoltaics is a major source of renewables. Picturing the pace at which solar production would increase for the Rapid Transition, one understands that we cannot limit ourselves to the current market integration of photovoltaics. Better PV conversion eciencies and higher power density are major stakes in the ght against global warming. source in future power generation in the RT scenario [START_REF] Bp | [END_REF].

For example, new concepts like virtual power plants, smart grids and building integrated PV (BIPV) will become tangible to bring power production closer to consumers. They will require more compact modules and therefore research on new PV technologies is needed to raise PV eciency and build systems compatible with area restriction.

1.3 Single-junction solar cells limitations and path toward more efcient cells

PV cell limitations and losses

Silicon-based solar cells has proven itself as a robust and protable technology. However in order to tackle the problem of increasing production need, Si based solar cells, and single junction cell more generally, have to overcome their intrinsic limitations.

In 1964, Shockley built the so called Detailed balanced limit (hereafter SQ limit) that predicts the maximum theoretical eciency achievable for cells of a given bandgap value [START_REF] Shockley | Detailed balance limit of eciency of p-n junction solar cells[END_REF]. It accounts for entropic losses mainly linked to light (reemission, light leaks. . . ) and energy losses from Carnot cycle and thermalisation mostly.

Figure 1.6: Schokley Queisser detailed balance limit and dierent materials eciency record for single junction cells.

Practical eciency limit is even lower because of losses related to the device and cell to modules losses, which will add up to those considered in the SQ limit. Figure 1.6 details the best eciencies for dierent materials and how they perform in comparison with the SQ limit. Single junction solar cells cannot exceed 34% eciency. Si and GaAs base technologies are already mature and close to the SQ limit, accounting for the additional practical limitations not much improvement is expected in the future. Other materials still oer room for improvement as they do not reach 75% of the SQ limit yet.

Figure 1.7 details the origins of energy losses leading to the current single junction cells eciency and the associated solutions. Particular designs oer interesting way to reduce those losses, like light trapping solution [START_REF] Ling Chen | 200nm-thick GaAs solar cells with a nanostructured silver mirror[END_REF] or hot carriers collection [START_REF] Knig | Hot carrier solar cells: Principles, materials and design[END_REF]. However they are limited to laboratory scale for now. 

Current technologies increasing the photoconversion eciency

One of the implemented solution from the industry is the use of bi-facial Si modules. Using transparent back sheet modules and a grid back metallization on the Si cells, light can also be harvested on the back of the panels. The albedo (light reected by the environment) provides an extra energy production without reducing the front side conversion eciency [START_REF] Kreinin | Experimental analysis of the increases in energy generation of bifacial over mono-facial PV modules[END_REF][START_REF] Fertig | Economic feasibility of bifacial silicon solar cells[END_REF]. This promising method oers better energy production density at small additional cost. Nevertheless it suers from a lack of standardization and understanding [START_REF] Guerrero-Lemus | Bifacial solar photovoltaics -A technology review[END_REF] and is not suitable for all area. It is most useful where diuse light prevails and when the environment provides good albedo (snow, light sand. . . ).

In single junction cells, thermalisation is the main cause of energy loss. Photons with higher energy than the semiconductor bandgap creates electron-holes pairs which relax via kinetic energy transfer to the material lattice. Figure 1.8 illustrates well the inner battle occurring while designing single junction cells: huge loss of absorption while increasing the bandgap or better absorption with lower bandgap at the price of more thermalisation.

Stacking multiple junctions provides an eective solution to this issue (see Figure 1.9). Increasing the number of junctions in a cell allows to increase absorption and reduce thermalisation losses. Carefully choosing the bandgaps combination in the Multijunction solar cell provides signicant enhancement of the photoconversion. [START_REF] Thomas P White | Tandem Solar Cells Based on High-Eciency for > 30 % Eciency[END_REF].8% was attained with a 5 junction solar cells [START_REF] Chiu | 8% space and 38.8% terrestrial 5J direct bonded cells[END_REF], 37.9% with three junctions [START_REF] Takamoto | Application of InGaP/GaAs/InGaAs triple junction solar cells to space use and concentrator photovoltaic[END_REF].

Multijunctions cells usually consist in single junction cells assembled in series and connected with tunnel junctions. One drawback of this design is that the cell with the lowest output current limits the whole device current. Careful choice of the sub-cells material and thickness is needed in order to provide lattice match between the layers and current matching between cells.

Multijunction (MJ) cells are made of III-V semiconductors and are therefore expensive. Thus they are used for space applications which are less concerned by cost issues and where III-V's resistance to radiation damages is a major advantage [START_REF] Dai | Electron irradiation study of room-temperature wafer-bonded four-junction solar cell grown by MBE[END_REF].

To solve this issue for terrestrial application, concentration emerged as a method to build competitive systems out of these Multijunctions cells. Using an optical systems to concentrate light on cells of reduced area, 46% eciency was reached at 518 suns [START_REF] Dimroth | Wafer bonded four-junction GaInP/GaAs//GaInAsP/GaInAs concentrator solar cells with 44.7% eciency[END_REF] and 38.9% ecient modules with a concentration of 333 suns [START_REF] Van Riesen | New module design with 4-junction solar cells for high eciencies[END_REF] were built. The design consists in an optical system focusing the light the MJ cells with mirrors or Fresnel lenses. Since only direct light is focused properly and because the system has a nite acceptance angle, the modules are mounted on trackers that change their orientations according to the sun position [START_REF] Buljan | Recent trends in concentrated photovoltaics concentrators' architecture[END_REF][START_REF] Burhan | Long-term performance potential of concentrated photovoltaic (CPV) systems[END_REF]. If it is believed that CPV can be competitive with Si at panels [START_REF]Current Status of Concentrator Photovoltaik Technology[END_REF] , the CPV installed capacity has decreased from 1. 4 The tandem design compromise 1.4.1 Tandem solar cells a promising path

In addition to the technical issues evoked for the dierent technologies, economic stakes are major in the photovoltaics industry. Silicon industry has driven the prices so low that all emerging new technologies have lost market shares in the recent years. As an example CIGS and CdTe accounted for 17% of the market in 2009 and only 5% in 2017 [3]. Even Si companies suer from those tough price competition and need to decrease their modules $/W costs. Material related costs have been dramatically reduced already, companies have to increase the power production of PV modules through eciency increase.

This is why tandem solar cell is a promising solution. Here we will consider that tandem cells consist in two junctions cells assembled with two single junction cells. Tandem using Si bottom is a compromise between the Multijunction cells, with high eciency but costly, and Si cells. It allows to increase the PV eciency using already a mature technology for the bottom cell.

However tandem cells will be successful only if the top cell oers 20% eciency and a good coupling with the Si cell. It must also have long durability to ensure a 25 years warranty for modules. All at acceptable cost, meaning that the module cost must remain low in comparison to the costs due to all of the other components associated to the photovoltaic installation, the so called Balance of System (BOS) costs [START_REF] Zhengshan | Techno-economic viability of silicon-based tandem photovoltaic modules in the United States[END_REF].

For tandem with a Si-based cell, two types of materials arise interest in the photovoltaic community, the perovskite and the III-V semiconductors. Perovskites are a promising materials in PV, much research eort is currently ongoing. Despite some non-compatibility between perovskite cells process and Si bottom cell, adjustment can be made and good eciency attained. [START_REF] Jaysankar | Perovskite-silicon tandem solar modules with optimised light harvesting[END_REF][START_REF] Sahli | Fully textured monolithic perovskite/silicon tandem solar cells with 25.2% power conversion eciency[END_REF]. However perovskites suer from an instability that is not compatible with a 25 years modules lifetime for now [START_REF] Leijtens | Opportunities and challenges for tandem solar cells using metal halide perovskite semiconductors[END_REF].

III-V cells are more mature and provide sucient eciency and durability already. But they are too costly.

With the current costs of III-V cells, a tandem comprising III-V and Si sub-cells would only be competitive for area limited application (residential PV) where the areal BOS cost of such installation is high [START_REF] Kelsey | Economic competitiveness of III-V on silicon tandem one-sun photovoltaic solar modules in favorable future scenarios[END_REF]. The main cost of III-V cells is the growth substrate, accounting for more than 80% of the process expenses [START_REF]Techno economic analysis of three dierent substrate removal and reuse strategies for III/V solar cells[END_REF].

Methods allow to reduce this cost, epitaxial lift o (ELO) [START_REF] Yoon | GaAs photovoltaics and optoelectronics using releasable multilayer epitaxial assemblies[END_REF] is particularly interesting as it permit to remove the cells from the growth substrate and reuse it for other growth after treatment [START_REF] Bauhuis | 1% thin-lm GaAs solar cell using epitaxial lift-o[END_REF][START_REF] Bauhuis | Wafer reuse for repeated growth of III-V solar cells[END_REF]. Providing that substrate recycling can be repeated multiple times without reduction of the cell quality, III-V/Si tandems might be competitive for all applications.

Possible architectures and associated requirements

Three types of tandem cells congurations exist, corresponding to the number of connections needed to wire the cell in a module.

Figure 1.11: Dierent tandem cell architectures possible [START_REF] Leijtens | Opportunities and challenges for tandem solar cells using metal halide perovskite semiconductors[END_REF].

The 2 terminals (2T) cells, have only two connections and thus can be integrated in the module like usual single junctions cells. The sub-cells are assembled in series, thus the tandem has a higher Voc than single junction cells (sum of sub-cells voltages) and the same current passes through all sub-cells. In other words the sub-cell with lowest current generation limits all the device's current. This means that the structures of the cell have to be optimized to ensure current matching between the sub-cells. The connection of the cells requires a tunnel junction. This conguration also needs the use of demanding bonding process or top cell fabrication (epitaxy methods detailed later on). Although, it has been the strategy chosen by Fraunhofer ISE that developed performant 2T cells. They currently hold the three junctions tandem cells eciency record with a GaInP/GaAs//Si cell with 33,3% eciency under one sun [START_REF] Cariou | III-V-on-silicon solar cells reaching 33% photoconversion eciency in two-terminal conguration[END_REF]. With a perovskite top cell, a 25.2% ecient textured tandem was fabricated with monolithic perovskite deposition on Si [START_REF] Sahli | Fully textured monolithic perovskite/silicon tandem solar cells with 25.2% power conversion eciency[END_REF] .

In the 4 terminals (4T) version each sub-cell has its own contacts. The two cells are operated independently, the top cell acts as a light lter for the bottom cell. The eciency of the tandem cell is simply the sum of the two sub-cells eciency. This design gives less constrain on the sub-cells design and assembly but the modules have to be adjusted as the cells wiring changes in comparison to usual modules composed of single junction cells. Best dual junctions tandem cells reported are 4T cells with GaAs/Si cell at 32.82%

and GaInP/Si cell at 32.45% [START_REF] Essig | Raising the one-sun conversion eciency of III V/Si solar cells to 32.8% for two junctions and 35.9% for three junctions[END_REF]. This technique has the advantage of allowing to process the sub-cells separately, stacking can be the last process step indeed.

Third possibility is the 3 terminal conguration were the sub-cells share one of the contact. It permits to operate sub-cells at maximum power point. It is most interesting in a conguration where the bottom cell is an interdigitated back contact Si cell [35,[START_REF] Nagashima | Three-terminal tandem solar cells with a back-contact type bottom cell[END_REF].

(a) (b) Figure 1.12: a) Theoretical eciency limits for tandem cells depending on sub-cells bandgap [START_REF] Daniel | Designing III-V multijunction solar cells on silicon[END_REF]. b) Inuence of the top cell bandgap on its required eciency to assemble Si based tandem cell with 30% eciency in red, 27.5% in green and 25% in blue [START_REF] Thomas P White | Tandem Solar Cells Based on High-Eciency for > 30 % Eciency[END_REF].

Connoly et al calculated the maximum tandem theoretical eciency as a function of the sub-cell bandgaps [START_REF] Daniel | Designing III-V multijunction solar cells on silicon[END_REF]. Figure 1.12 shows that, assuming ideal conversion for each sub-cells, the best bandgap combination is a 1.74 eV top cell associated to a 0.96 eV bottom cell, eciency of 42.2% could be achievable. Fixing the bottom cell bandgap at 1.12 eV (Si bandgap value) eciency of 41.9% is achievable. We now understand why high bandgap III-V semiconductor are of interest for tandem application. Nevertheless no III-V semiconductor oers this bandgap value and the lattice match to Si. Lattice match is an important condition to preserve good electronic properties in the semiconductor. 1.74 eV ideal bandgap is possible with an AlGaAs alloy cell.

GaInP with slightly higher bandgap can theoretically provide cells with about 35% eciency. Thus, various methods have been developed to integrate those alloys on Silicon.

White et al explained the top cells requirements in order to assemble performant tandems with a Si bottom cell. Fixing an eciency goal for the tandem cell, they calculated the top cell eciency need depending its gap [START_REF] Thomas P White | Tandem Solar Cells Based on High-Eciency for > 30 % Eciency[END_REF]. If we aim for a 30% tandem solar cell, a top cell with Eg~1.74 eV must provide around 20% eciency (see Figure 1.12 b)).

III-V cells integration on Silicon

As developed earlier, tandem solar cells are of interest for the improvement of the eciency of PV cells, especially III-V based tandem cells that currently give better yield and durability. Though, the integration of the III-V alloys of interest on Si is not trivial. In this section, we will describe the dierent methods to address this challenge.

The lattice dierence challenge This problem is related to lattice dierences. Silicon has a 0.543 nm, which does not correspond to any of the lattice parameters of III-V compounds of interest (Figure 1.13). Growth of III-Vs on Si has a long history and yet, no ideal solution has been proposed to solve all the underlying diculties: lattice-mismatch, polar on non-polar interface, thermal expansion coecient mismatch. Considering just the lattice-mismatch issue, coherent epitaxy of planar layers can only be obtained for relatively small lattice-mismatch (typically < 1 %) and layer thickness below a critical value. Above this critical thickness, the layer relaxes the accumulated strain energy by creating dislocations, in order to lower the total energy of the system.

Threading dislocations are detrimental for the optoelectronic properties of the layer as they act as recombination centers for the charge carriers. This phenomenon is amplied by the dierence of thermal expansion of the material. As an example GaAs has a lattice constant of 0.565 nm, which leads to a 4% dierence with Si lattice at room temperature. With expansion coecient of 5.73.10 -6• C -1 for GaAs and 2.6.10 -6• C -1 for Si, this dierence raises to 18% at MBE growth temperature.

Direct growth of III-V on Si:

In order to improve the quality of mismatched layers, 2 µm thick buers and thermal cycle annealing (TCA)

were used. The dislocation density in the active III-V layers was reduced and a 16.6% eciency for a GaAs cell under AM1.5G illumination was obtained [START_REF] Vernon | High eciency concentrator cells from GaAs on Si[END_REF]. Note that the whole structure (cell and buer) was 6 µm thick and that complete elimination of dislocations was not possible. Indeed, the same structure grown on GaAs have a 24.7% eciency and its carrier diusion length is around twenty times the diusion length measured for the cell grown on Si substrate. Dislocation lter layer (complex superlattice succession) and TCA were also used to grow AlGaAs cells on Si [START_REF] Onno | Al0.2Ga0.8As Solar Cells Monolithically Grown on Si and GaAs by MBE for III-V/Si Tandem Dual-junction Applications[END_REF].

Other type of buers consists in graded layers to change the lattice constant progressively. Figure 1.13 highlights the paths from the Si lattice parameter to the one of GaAs. Either SiGe alloys can be used or the growth can start with GaP and continue with GaAsP alloys to nish with the growth of GaAs. With a SiGe graded buer, a GaAs cell with 18.1% eciency was obtained on a Si substrate [START_REF] Andre | Investigations of high-performance GaAs solar cells grown on Ge-Si1-xGex-Si substrates[END_REF].

(a) (b)

Figure 1.14: a) TEM image showing how the dislocation lters and TCA allowed to reduce the dislocation density before the active layer [START_REF] Onno | Al0.2Ga0.8As Solar Cells Monolithically Grown on Si and GaAs by MBE for III-V/Si Tandem Dual-junction Applications[END_REF]. b) TEM image of GaAs cell grown on Si using a SiGe buer. [START_REF] Andre | Investigations of high-performance GaAs solar cells grown on Ge-Si1-xGex-Si substrates[END_REF].

If those methods oer convenient solution for III-V integration on Si, they are not compatible with a tandem use. Indeed these thick buer layers are not transparent to the spectrum absorbed by the Si and their growth represents an additional cost. They would cause a signicant parasitic absorption that reduces the photocurrent of the Si bottom cell.

Another solution is the use of nanowires which solve the lattice dierence issue [START_REF] Vescovi | A GaAs Nanowire Array Solar Cell With 15 . 3 %[END_REF]. Indeed, with their geometry the strain is elastically relaxed at the nanowire free surfaces. But their growth is complex and requires patterned substrate, a process that is for now hard to imagine at industrial scale. Finally another interesting solution is to reverse the process and grow the Si on the III-Vs, taking advantage of the lower growth temperature enabled in plasma enhanced chemical vapor deposition (PECVD) [START_REF] Hamon | Plasma-enhanced chemical vapor deposition epitaxy of Si on GaAs for tunnel junction applications in tandem solar cells[END_REF].

Remote growth and bonding:

A more rational method is to grow the III-V cell on a GaAs substrate and to bond it onto the Si sub-cell in a second step. The active III-V layers can be separated from their GaAs substrate by an epitaxial lift-o (ELO) and the substrate can be used again. This approach can be cost eective and the lattice matching issues are avoided.

For this wafer bonding method, the surfaces of the two samples to be bonded are brought into contact under specic conditions: high vacuum, low mechanical pressure applied, the process sometimes also includes plasma treatment [START_REF] Derendorf | Fabrication of GaInP/GaAs//Si solar cells by surface activated direct wafer bonding[END_REF]. A thin amorphous layer forms at the interface, ensuring the permanent bonding of the two pieces while allowing conduction from one cell to the other. This method requires smooth interfaces and is really sensitive to the sample roughness or the presence of impurities. A roughness root means square as small as 1 nm can cause voids between the samples, which is of course detrimental for the tandem solar cell [START_REF] Howlader | Nanobonding technology toward electronic, uidic, and photonic systems integration[END_REF].

All the methods listed above are used to fabricate 2T tandem cells. Mechanical stacking is another bonding method that permits the assembly of 4T tandems. The cells are stuck with an epoxy glue on each side of a glass slide. The bonding resist has to be transparent, and the alignment of the top cell contacts with the front contacts of the bottom cell is important to minimize cell shading. The major advantage of this method is that the two cells can be processed separately. Moreover there is no constrain on the surfaces For this kind of project, the type of architecture chosen for the top cell determines many constraints on the task to be addressed. Our work is conditioned by the choice of a 4T design. This conguration does not request the complex equipment needed for wafer bonding and gives more exibility on the Si cell design.

As mentioned earlier, this method allows one to process the two cells separately. Therefore, we plan to collaborate with another IPVF's project that focuses on Si cells fabrication.

Regarding the choice of the material, the ideal bandgap combination with Si request a high bandgap III-V alloy. If GaAs is currently the most performant III-V alloy for PV application, its 1.42 eV bandgap limits the maximum theoretical eciency of a tandem cell with Si. As an example, despite its 28.8 % eciency in single junction conguration (7% more that best GaInP cell), the best GaAs and GaInP tandem cells with Silicon have almost identical eciencies. [START_REF] Essig | Raising the one-sun conversion eciency of III V/Si solar cells to 32.8% for two junctions and 35.9% for three junctions[END_REF] Figure 1.17: Notable cells results for GaAs, AlGaAs and GaInP.

Then the AlGaAs alloy, with a 1,74 eV bandgap and which has a good lattice match to GaAs growth substrates, is an interesting candidate. However it has been observed that its sensitivity to oxygen and its tendency to oxidize limit the performance of the AlGaAs compound.

Therefore the goal of this work is to elaborate performant GaInP top cells. This alloy is less sensitive to oxidation and the previous research studies on the GaInP cell have proved that good eciencies can be obtained with this III-V ternary.

Note that this work compose the rst work package of IPVF's Projet E. Other solutions for the elaboration of a III-V/ Si tandem cell are explored in the two other work packages of the project. Direct growth of nanowire cell on Si in the second work package and elaboration of low-cost growth substrate in the work package three.

Plan of the manuscript

This manuscript will detail the dierent building blocks that were addressed during this PhD.

In Chapter 2, we will detail the optimization and calibration of the growth of the phosphide alloys composing our top cell. We will explain the specicities of GaInP epitaxy using molecular beam epitaxy (MBE), we will highlight how the growth conditions impact its physical properties, then we will study the doping of phosphides and how their composition inuence the doping eciency.

Chapter 3 will focus on the top cell structure and its impact on the conversion eciency. We will explain the role of each layer and illustrate the improvements provided by their optimization. Later, we will emphasize the limitations identied in the cells. We will also detail additional work on the bonding and transfer of the cells.

Finally in Chapter 4, the aspect limiting the cell performance will be further investigated. With material characterization on p-doped GaInP we will highlight precisely the factors limiting the solar base quality.

We will propose a solution to improve GaInP alloy and show a practical solution that leads to satisfying photoconversion eciency. Finally we will develop improvements on the top cell process that aim to facilitate the top cell contacting and bonding.

Chapter 2 MBE growth of III-V alloys 2.1 Choice of the growth method III-V cells are grown with two methods metalorganic vapor phase epitaxy (MOVPE) and molecular beam epitaxy (MBE). MBE involves physical processes such as adsorption, surface diusion, desorption and incorporation of simple molecular or atomic species on the substrate surface while MOVPE is based on more complex precursors which involve many chemical reactions before incorporation of the constituents in the solid.

With MOVPE, the III-V elements (Ga, Al, In, As, P) are contained in gaseous precursors. The precursors are injected in the growth reactor, where they reach the surface of the heated growth substrate. At growth temperatures superior to 600°C, the gas precursors decompose at the substrate surface and the III and V species react with the solid III-V surface. The composition of epitaxial layers is adjusted with the precursor pressure in the reactor and the temperature. MOVPE is performed at relatively high pressure (several Torrs) while MBE is a ultra-high vacuum method. In MBE the elements of interest are produced from ultra-pure elemental solid sources. They are placed in crucibles, during the growth the crucibles are heated so that the elements evaporate and impinge on the growth substrate. Over the years, GaInP cells grown with both of those method were reported. MOVPE cells perform better than cells grown with MBE, with a record photoconversion eciency of 20.8% [START_REF] Geisz | Enhanced external radiative eciency for 20.8% ecient single-junction GaInP solar cells[END_REF]. MBE method led to scattered results with best cell at 16.6% eciency [START_REF] Dai | The investigation of GaInP solar cell grown by all-solid MBE[END_REF].

MOVPE beneted from much interest in the 90's. It was developed for industrial purposes, research on LEDs, lasers and solar cells applications. This allowed to enhance the optoelectronic properties of the semiconductor grown by this method. MBE is currently regaining interest as the solid sources gain in purity. Generally, MOVPE oers the possibility to reach better production yield than MBE. But it operates with dangerous gas precursors, such as arsine (AsH3) and phosphine (PH3). Once used for the growth, the gas are pumped and toxic substances are trapped in adsorbers before puried for release for release. MBE oers more safety because the sources are conned in the vacuum chamber. The risk for lethal gas release is limited to rare maintenance operations.

For those safety reasons IPVF chose the MBE method. This choice is also compatible with another work package of IPVF project based on nanowires for which the C2N laboratory has a strong know-how.

The Molecular Beam Epitaxy technique 2.2.1 Denition of Epitaxy

Epitaxy refers to the coherent deposition of crystalline material on top of a crystalline substrate. To be labeled epitaxy, a method has to enable the growth of single crystal layers on top of a chosen substrate.

The choice of the substrate is essential. In most cases, alloys of similar crystalline structures and similar lattice characteristics can be properly grown on top of it. As a reminder, we exposed in Chapter 1 several methods which can reduce the dislocation concentration in mismatched solar cells. Onno et al [START_REF] Onno | Al0.2Ga0.8As Solar Cells Monolithically Grown on Si and GaAs by MBE for III-V/Si Tandem Dual-junction Applications[END_REF] reported AlGaAs cells grown on Si with a conversion eciency of 3.64%, due to the dislocations present in the AlGaAs.

When the lattice mismatch is small enough to avoid the formation of mist dislocations, remarkable material quality can be achieved by epitaxial growth. Many applications have beneted from the development of epitaxial techniques. In particular, MBE is very popular for HEMT and HBT transistors [START_REF] Kallfass | A 200 GHz monolithic integrated power amplier in metamorphic HEMT technology[END_REF]; and other applications such as quantum well lasers and diodes [START_REF] Hopper | InGaN multiple quantum well lased diodes grown by molecular beam epitaxy[END_REF], single photon sources [START_REF] Somaschi | Near-optimal single-photon sources in the solid state[END_REF]. . .

Modern MBE set-up

During this PhD two identical MBE machines were used for the growth, they are RIBER Compact 21 models.

First half of my PhD work was performed with the C2N machine, second half in the IPVF machine which is fully dedicated to Project E experiments. In this section, the conguration of the tool is briey explained.

The most important part of a MBE machine is the growth chamber, schematically shown in Figure 2.5.

In this chamber, many elements insure appropriate growth conditions and in-situ monitoring. It is made of stainless steel and remains under ultra high vacuum (UHV). A combination of pumps (cryogenic, ionic and turbo molecular pumps) maintains a vacuum of 10 -10 Torr (1 Torr=1.3 mbar=1.3.10 2 Pa).

Figure 2.5: Sketch of the growth chamber of an MBE machine. From [START_REF] Foxon | Molecular beam epitaxy, a short story[END_REF] The material sources are eusion cells for elements III and dopants, and cracker cells for elements V (phosphorus and arsenic). In the eusion cell, a pure material source is placed in a crucible. It is heated so that the source material can melt and the elemental vapor pressure produces a molecular beam ux in the high vacuum environment. Because of the UHV the beam elements propagate without collision to the growth substrate. Temperature control of the eusion cells is a crucial aspect as it determines the beam pressure.

A shutter allows to control the aperture of each eusion cell and therefore the elemental beam ux can be stopped at will. In this work we use Ga, In, Al, P and As for the semiconductor alloy growth and Be and Si for doping purposes.

The growth substrate is placed on a rotating holder, comprising a heating lament that brings the substrate to the growth temperatures (typically 500 to 600 °C). A cryo-panel cooled by liquid nitrogen surrounds the substrate holder and the top of the eusion cells for thermal insulation and further pumping by trapping the residual gas species.

As UHV is essential to prevent the oxidation of the material sources and minimize the presence of impurities in the growth chamber, a load-lock chamber and an outgassing chamber permit the introduction and preparation of new substrates without exposing the growth chamber to the atmosphere.

Other major components are in-situ calibrations tools. An ionic gauge enables the measurement of the beam equivalent pressure produced by each eusion cell and to calibrate the atomic or molecular uxes impinging on the growth substrate. Then the Reection high energy electron diraction (RHEED) allows to directly measure in real time the surface reconstruction and the surface morphology of the growing sample.

It consists of an electron beam which has a grazing incidence on the substrate. The diraction pattern is observed on a phosphorescent screen. The aspect of the diraction pattern is characteristic of the surface roughness, a streaky pattern refers to a smooth surface while a spotty pattern corresponds to a rough surface (see Figure 2.6). RHEED is really useful to follow the substrate deoxidation before growth and then to evaluate in-situ the growth front. When growth occurs by island formation and extension, the intensity of the streaks of the RHEED pattern varies in time. In certain conditions, the growth of a monolayer starts with the formation of small islands.

The adsorbed atoms then diuse on the sample surface, until they reach an island step allowing the islands to grow and to coalesce to form a full monolayer. This process replicates for the formation of the next monolayer. The streak intensity is maximum when a monolayer is completed and minimum for half layers (Figure 2.6). The operator can then measure the growth speed in monolayer.s -1 . Growing binary alloys in element V excess (GaAs and AlAs for example), the growth speed is dictated by the element III. One can calibrate the deposition rate associated with each group III elements. Then, supplying simultaneously the two group III elements, one can control the ternary alloy composition, AlGaAs in this case.

GaInP particularities

Contrary to AlGaAs, there is a very limited range of GaInP compositions which can be grown on GaAs with a reasonably low lattice mismatch. At the lattice-match condition, the composition is 51.6% of Ga and 48.4% of In. Nevertheless GaInP presents some specic arrangements, referred to as ordering eects, that inuence its properties, in particular its bandgap. Controlling these eects is another degree of freedom to adjust the GaInP properties for the desired use.

Like GaAs, GaInP assembles in zinc-blende conguration (see Figure 2.7). The group III elements (Ga and In) randomly occupy the cation sites in the zinc-blende lattice. This normal arrangement is called disordered as the distribution of group III elements is random. Ordering is a well-documented mechanism that provokes a specic arrangement of the phosphide ternaries.

More common with MOVPE growth, it consists in a superlattice-like assembly of Ga-rich and In-rich planes.

For the ordered alloy, the Ga and In distribution is no longer random, the two species tend to incorporate in distinct and consecutive atomic planes. Figure 2.7 shows, the dierence between a disordered alloy and an alloy presenting ordering.

This eect can be more or less pronounced. In other words, dierent degrees of ordering are possible and correspond to the importance of the segregation of Ga and In.

As evoked earlier, ordering inuences the bandgap of the alloy: thus values from 2 eV to 1.83 eV were reported for GaInP lattice matched to GaAs [START_REF] Delong | Band gap of completely disordered Ga 0.52 In 0.48[END_REF][START_REF] Gomyo | Evidence for the existence of an ordered state in Ga0.5In 0.5P grown by metalorganic vapor phase epitaxy and its relation to band-gap energy[END_REF]. The gap decreases with the degree of ordering as the structure resembles a superlattice. It was also noted that ordering degrades the electrical properties of GaInP, due to the presence of traps at the limit of ordered and disordered domains, and therefore reduces solar cell eciencies [START_REF] Garcia | Inuence of GaInP ordering on the electronic quality of concentrator solar cells[END_REF][START_REF] Zhao | Inuence of GaInP ordering on the performance of GaInP solar cells[END_REF][START_REF] Yoon | Eect of V/III ratio and temperature dependence of carrier concentration in partially ordered and disordered Ga0.52In0.48P grown on GaAs substrates[END_REF].

Ordering degree is aected by the growth conditions. In MOVPE, high growth temperatures ( Tg> 700°C) inhibit ordering while lower temperatures tend to favor it. Figure 2.8 illustrates the impact of the growth temperature on the ordering of AlInP. In this case, active and cladding layers are of same alloy the dierence of bandgap due to ordering permits the connement of the carriers in the active layer. Miscut of the GaAs substrate surface also impacts ordering, it increases with a misorientation toward [-110] [66]. Finally the V/III ratio is another lever to tune the degree of ordering. Figure 2.8 summarizes the inuence of V/III ratio and growth temperature on the bandgap change related to the degree of ordering.

With MBE growth, V/III ratio diminution and decrease of growth temperature promotes ordering [START_REF] Yoon | Eect of V/III ratio and temperature dependence of carrier concentration in partially ordered and disordered Ga0.52In0.48P grown on GaAs substrates[END_REF][START_REF] Yoon | Eects of substrate temperature on the properties of In0.48Ga0.52P grown by molecular-beam epitaxy using a valved phosphorus cracker cell[END_REF].

Ordering eects are less pronounced with MBE since the lowest bandgaps reported are above 1.86 eV, against 1.83 eV for MOVPE growth. 

Lateral composition modulation

Another type of structured inhomogeneity is possible in GaInP alloy, the so-called lateral composition modulation (LCM), that is a sort of horizontal ordering. It consists of a similar layered pattern of Ga rich and

In rich bands, although the bands are perpendicular to the (001) growth axis. With LCM the modulation period is larger than with the previous ordering eect, 10-50 nm period for LCM while the period of vertical ordering corresponds to the thickness of a few atomic planes of the order of 1 nm. The reported GaInP layers presenting LCM result from the growth of short period of GaP/InP superlattices. It is believed that the strain between the superlattice layers and dierences in the surface diusivity of the species provoke the diusion of the elements the formation a ternary layer presenting LCM [START_REF] Spencer | Morphological instability theory for strained alloy lm growth: The eect of compositional stresses and species-dependent surface mobilities on ripple formation during epitaxial lm deposition[END_REF]. Moreover Dorin et al suggest that a layer by layer growth regime results in an homogeneous growth while 3D island growth regime implies the apparition of LCM [START_REF] Dorin | Lateral composition modulation in short period superlattices: The role of growth mode[END_REF].

Like ordering, LCM is inuenced by the growth temperature and the V/III ratio. Figure 2.9 a) shows that reducing the V/III ratio increases the modulation width [START_REF] Park | Band gap tunability of molecular beam epitaxy grown lateral composition modulated GaInP structures by controlling V/III ux ratio[END_REF]. The LCM provokes a reduction of the eective bandgap of the alloy, the larger the modulation, the smaller the bandgap since In rich regions ll more and conne the carriers space ( see Figure 2.9) . It also improves the carriers lifetime due to their spatial separation [START_REF] Park | Enhancement of minority carrier lifetime of GaInP with lateral composition modulation structure grown by molecular beam epitaxy[END_REF].

MBE growth optimization 2.4.1 Varying growth conditions

The rst study of this work aimed to nd best growth conditions for GaInP, our key material. As seen in the previous part, the operator has a few levers to play with to inuence the growth in a MBE machine: growth rate, substrate temperature, V/III ratio, or type of substrate. In this work, we chose to x the growth rate to 1 µm/h, a reasonable value regarding the fabrication cost. For similar reasons, no o-cut substrates were tested as their impact in MBE growth does not seem to justify an increase of production cost.

Therefore, we focused on the eects of the growth temperature and phosphorus BEP (V/III ratio). 

yes

Table 2.1: Summary of the samples grown for the optimization of growth conditions.

Low temperature photoluminescence

The photoluminescence (PL) of the samples was measured at 8K. The sample is placed in a cryostat, cooled with liquid helium. The sample is illuminated with a green laser (520 nm) and its luminescence is measured with a CCD camera.

Figure 2.10 shows that a red shift of the PL wavelength occurs with an increasing growth temperature.

The PL peak intensity also varies from sample to sample. In particular, the PL is one order of magnitude less intense for the sample grown at 450 °C as compared to the other samples. Looking at the PL spectra in log scale Figure 2.10 b), several peaks can be discriminated. Two peaks for the samples grown at 480, 495 and 510 °C and at least three in the sample grown at 450 °C.

X-ray diraction Omega-2theta rocking curves were performed on the samples. This method allows to measure the lattice mismatch between the epitaxial layer and the GaAs substrate. From this mismatch, one can deduce the lattice parameter of the layer and compute its composition. Thus, we measured the indium content of each sample. The composition of the samples varies slightly. We use Adachi's model [START_REF] Vurgaftman | Band parameters for III-V compound semiconductors and their alloys[END_REF] to and with the PL position of the samples in black.

Eect of the excitation power on the photoluminescence

Then, we compared the sample having best PL properties, i.e. the sample grown at 495°C, and the sample having weaker PL intensity grown at 450°C.

The evolution of photoluminescence with the laser excitation power was investigated. Maintaining the sample at 5 K, the PL spectra of the two samples were measured for excitation varying from 1 µW to 50 µW. The PL of the sample grown at 495°C increases with the laser power, no change in shape is observed.

However, for the sample grown at 450°C a change of the PL spectrum shape is noted in addition to the intensity increase. Peak labeled A, in Figure 2.12 b) prevails at 1 µW (Peak B intensity is only one tenth of peak A intensity). While increasing the excitation power, the intensity of the PL peak at higher energy, labeled B, increases more than that of PL peak A. Finally, peak B dominates at 50 µW. Figure 2.13 shows in red the ratio of the two peaks and its variation with the excitation power. This reveals that peak A corresponds to a lower density of states than peak B. Increasing the ux of incident photons, peak A tends to saturate and the probability of peak B transition become the highest one. This indicates that peak A is related to carrier recombination from localized states, those states are in limited numbers and get lled while rising the excitation. On the contrary, delocalized states do not saturate. PL intensity of sample grown at 495°C increases much faster with the excitation power. As the samples are not contacted by any mean for those measurements, all the carriers generated by the light absorption eventually recombine. Therefore, Figure 2.13 suggests that the sample grown at 450°C contains much more non-radiative centers, resulting in lower PL intensity and slower PL increase with the excitation power than for the other sample.

Temperature dependent photoluminescence

Fixing the excitation power to 50 µW, the PL spectra of the sample were measured for temperatures varying from 5 K to 300 K. Figure 2.14 displays the results.

For the sample grown at 450°C, the peaks A and B are found in the low temperature spectra. The PL intensity decreases with temperature and the intensity of peak A quenches at temperature higher than 70K.

Only peak B remains above 150K.

For the best sample (grown at 495°C), PL emission is around 1.91 eV and the intensity of the luminescence decreases slowly with increasing temperature (peak labeled 1 in Figure 2.14 b). Above 70 K, another emission appears at higher energy and its intensity decreases more slowly when the temperature is increased.. Both peaks have a similar intensity at room temperature (56 A.U for peak 1 and 76 A.U for peak 2) leading to broad PL emission. 

PL intensity with temperature

In order to analyze the information given by those spectra, we consider now the integrated PL intensity, I ph , and its variation with the temperature. For semiconductors, the temperature dependence of the PL intensity is often described by the following empirical law:

I(T ) = I 0 1 + A * exp( -Ea kT ) (2.1)
Where I 0 is PL intensity at 0 K, k is Boltzmann constant, A is a constant specic to the sample and E a is an activation energy. The law describes how thermal energy depletes the emitting states by the activation of a non-radiative recombination channel. The activation energy E a represents the energy needed to trigger these non-radiative losses. With the Equation 2.1 law, the PL intensity is almost constant in the lowest temperature range. When T becomes comparable to Ea, the PL intensity decreases since carriers have access to the non-radiative centers.

Figure 2.15 shows the evolution of the integrated PL intensity with temperature for the samples GCY013 (Tg=495°C) and GCY010 (Tg=450°C). The samples grown at 495°C exhibits an a behavior described by Equation 2.1, with a plateau at low temperature. Good agreement is obtained with an this law with I 0 = 39129 and Ea=22 meV. However one notices that the experimental intensity decreases faster than the t at high temperature, data unhooking from the t above 70K, indeed. Adding another canal for non-radiative recombination, with activation energy E a2 improves the t at high temperature.

I(T ) = I 0 1 + A * exp( -Ea kT ) + B * exp( -Ea2 kT ) (2.
2)

The t using Equation 2.2 is shown in red For the sample grown at 450°C no PL intensity plateau is present at low temperatures. On the contrary, a strong intensity decrease occurs from the lowest temperatures. Such behavior has been reported in material having strong localization eects, like amorphous semi-conductors [START_REF] Grenouillet | Spectroscopie optique de nouveaux materiaux a base de (Ga,In)(N,As) pour la realisation de composants a cavite verticale emettant a 1.3 um sur substrat GaAs[END_REF]. The intensity at low temperature is well described by the following expression:

I(T ) = I 0 1 + B * exp( T T 0 ) (2.3)
Where B is a constant related to the sample and T0 is specic to the loss process. In this case, the intensity reduction is thought to result from localized carriers tunneling toward non-radiative traps and T0

indicates how easy the localized carriers get trapped.

GCY010 behavior is well described by Equation 2.3 law at low temperature. At higher temperature the PL intensity decreases more slowly and is in agreement with a more classic behavior described with Equation 2.1 . As shown in Figure 2.16, the photoluminescence of this sample is well described by the combination of the two laws. 

PL peak position with temperature

Finally we can use Figure 2.14 to study how the dierent PL peaks energy evolves with the temperature.

The shift of the PL emission with temperature is related to the bandgap variation with temperature. This variations is well described by the empirical law developed by Varshni and al [START_REF] Varshni | Temperature dependence of the energy gap in semiconductors[END_REF]:

Eg(T ) = Ego - α * T 2 T + B (2.4)
Where Ego is the bandgap at 0K, α and B are constants related to the material.

Focusing on the sample grown at 450°C, (blue triangles Figure 2.17), one notices:

-Peak B position follows a Varshni trend at high temperature, but it is red-shifted at lower temperature.

-Peak A emission is only visible at temperatures below 100 K and its position has an inverse S shape. Peak A emission is about 30 meV lower than peak B.

Peak B behavior corresponds to a well-known trend in III-V alloys [START_REF] Liu | Temperature-dependent photoluminescence of GaInP/AlGaInP multiple quantum well laser structure grown by metalorganic chemical vapor deposition with tertiarybutylarsine and tertiarybutylphosphine[END_REF], which was often associated to ordering eects in the GaInP when emission at low temperatures is below 1.9 eV [START_REF] Deng | Structural dependences of localization and recombination of photogenerated carriers in the top gainp subcells of GaInP/GaAs double-junction tandem solar cells[END_REF][START_REF] Minagawa | Anomalous temperature dependence of the ordered Ga 0.5 In 0.5 P photoluminescence spectrum[END_REF]. 

Interpretation of the PL characterizations

The PL characterizations allows to discuss the impact of the growth temperature on the optical properties of the GaInP layers.

Low growth temperature results in a higher eective bandgap, but the sample suers from the presence of localized states in the bandgap. Indeed the temperature dependences of the peak A intensity and energy indicate that this emission can be attributed to localized states. The evolution of the PL spectra of the sample with excitation power also conrms it. The density of states related to peak A is lower than that of of some alloy ordering eect as described in section 2.5.1. The optical quality (PL eciency) is the best at Tg=495°C. For this growth temperature, the sample does not suer from deep states in its bandgap.

Eect of the V/III ratio on GaInP

Finally, the inuence of the V/III ratio on the luminescence was briey studied. As mentioned in Table 2.1, passivated samples were grown at a xed temperature of 500°C and with dierent phosphorus uxes.

The samples were characterized by cathodoluminescence.

Cathodoluminescence principle and experimental set-up

Cathodoluminescence is an alternative method to study sample luminescence. With PL the sample is excited with light (usually a laser beam) while with cathodoluminescence it is a high energy electrons beam that provides the excitation. Figure 2.21 illustrates the experiment set-up. In a continuous regime a tip is heated to produce electrons, the generated electrons are accelerated by to a tension applied between the tip and the sample, the beam is focused on the sample with lenses.

The electrons enter the sample and excite a nite volume, free carriers are thus generated. They eventually recombine radiatively and produce a luminescence signal that is collected and passes through a spectrometer.

The spectrum is directed to a CCD camera that records the luminescence.

For time resolved measurements, the electron beam is pulsed by a laser excitation. The laser beam is focused on the small tip and tears electrons o periodically, a streak camera is used to study the luminescence.

The sample is xed to a stage of controllable position and temperature.

Experiment:

During the measurement, the temperature was 10K, the three samples were placed on the same stage and measured one after the other to ensure same measurement conditions.

The CL spectra show that the luminescence intensity decreases with the V/III ratio. Figure 2.22 displays normalized CL spectra of the samples, the sample grown at highest phosphorus ux is the most intense, and as the smaller full width half maximum (FWHM).

Then the cathodoluminescence energy can be compared with the position reported in the previous PL study. In Figure 2.23 , the PL peak position of the sample grown at dierent temperatures are plotted in black and eect of the V/III ratio on the PL energy is plotted in red. One can notice that the reduction of the phosphorus pressure produces a 18 meV red shift of the PL peak. This suggests a reduction of the alloy bandgap which will be conrmed by the structural study developed in the next section. V/III ratio in black, samples grown with dierent phosphorus pressures and at 500°C in red. The band gap reduces when the growth temperature is increased and when the P ux is decreased. Growth conditions A and B are further investigated in the next section.

To conclude on the luminescence data, the optimal GaInP quality is obtained for a growth temperature around 495-500 °C and for a phosphorus pressure around 1.3.10 -5 Torr (V/III ratio of 12). Indeed, these conditions produce the highest PL intensity, they maximize the radiative recombination of the generated carriers. Though the lower P ux leads to bandgap closer to the ideal value for the Si-based tandem cell (1.74 eV), we opted for a high P ux which gives the highest PL eciency.

Specic crystal conguration 2.5.1 Scanning transmission electron microscopy

In order to investigate the lower bandgap energy observed when decreasing the phosphorus pressure during the growth (Figure 2 The situation is dierent for the sample grown at lower phosphorus pressure. ). The spots are now extended horizontally (along the <110> in plane direction) as a result of the periodic modulation presents in the layer. This proves that the contrast modulation is not related to thickness inhomogeneities which could be due to FIB preparation.

HAADF intensity proles were taken from the images to quantify the period of the modulation in AlGaInP and GaInP. With this method, we measured a period of 18.8 nm in the GaInP and 6 nm in the AlGaInP.

As explained earlier, the contrast observed in STEM is related to the atomic number of the atoms interacting with the incident electrons. Modulations are observed in both AlGaInP and GaInP, but the contrast is more pronounced in (Al 0.3 Ga 0.7 ) 0.5 In 0.5 P than in GaInP. This can be explained by the higher dierence in the atomic numbers of Al and In in comparison to the dierence between Ga and In. Hence, this does not necessarily mean that the In composition modulation is larger for the quaternary alloy.

We attempted to conrm this by using EDX (Energy dispersive X-rays). This analytical tool, installed in our STEM microscope, allows to determine the relative concentration of each species in the alloy. The concentration of the species were in agreement with the nominal composition of the alloy, though the EDX signal did not permit to measure the modulation period. Composition changes are too small to be detected by this technique.

Therefore we used the HAADF image of the sample to evaluate the composition variation in the GaInP, indeed the HAADF intensity depends on the atomic number of the species. Empirical studies have shown that the intensity is proportional to Z 1.7 , while Rutherford scattering theory predicts a Z 2 dependence. In In-rich areas and minima corresponding to Ga-rich areas.

In GaInP, where P accounts for half of the atoms in the lattice and the other half is shared between Ga and In, the HAADF intensity follows the equation below: Were α is a constant related to the lamella and its thickness, y is the In content, Z Ga , Z In and Z P are the element atomic numbers ( Z Ga =31, Z In =49, Z P =15 ). α can be determined assuming that the average HAADF intensity corresponds to a lattice matched composition y(In)= 0.484. Then, the In content y can be determined for every x position in the HAADF prole using:

I HAADF (x) = α.[ 1 -y 2 .Z 1.7 Ga + y 2 .Z 1.7 In + 1 2 .Z 1.7 P ] (2.5) (a) (b) (c)
y In (x) = 1 Z 1.7
In -Z 1.7

Ga .

[

2.I HAADF (x) α -(Z 1.7 Ga + Z 1.7 P )]
(2.6)

Figure 2.28 shows in red the In content variation in the layer deduced from the HAADF prole. There is a variation of about 2.2% of the In content around the baseline intensity, with y(In) max = 0,495 and y(In) min =0.473 in the center of the curve (which corresponds to the position where alpha was determined).

Using the Adachi model, this dierence leads to a 32 meV dierence in bandgap between In rich (Eg=1.899 eV) and In poor areas (Eg=1.931 eV).

Grazing incidence X-ray diraction

We also analysed the sample presenting inhomogeneities with Grazing Incidence X-ray Diraction (GIXRD) which allows to measure the in-plane lattice parameters. This is a more statistical approach as the measured area is of the order of the centimeter. The change in composition induces slight periodic changes in lattice parameter. Like in a superlattice, it results in the apparition of satellite peaks in the XRD scan.

The use of non-coplanar GIXRD allows to probe the plans perpendicular to the sample surface. During the scan, X-rays arrive at xed incidence, the detector spans a range of angles around the (400) Bragg angle of GaAs. Like in the diractogram of Figure 2.29, the recorded scan presents an intense peak close to the GaAs Bragg peak position and two satellite peaks due to the periodicity of the modulation.

Having θ GaAs , θ sat1 and θ sat2 for the peak position, the modulation period is determined with:

m = λ cu 2 * [sin(θ GaAs ) -sin(θ sati )] (2.7)
Where λ Cu is the x-rays wavelength, and m the modulation period in nanometers. Interesting point with this experiment is that the angle of incidence, w, determines the depth probe in the sample. Increasing the incidence angle, the operator investigates the modulation deeper in the sample.

Thus GIXRD scans were measured at incidence varying from 0.3°to 0.6°, the peak positions were tted to extract the modulation period. Table 2.3 gathers the modulation period calculated for each angle. The period decreases while probing deeper, it is consistent with the trend seen in the STEM images.

The GIXRD scan does not measure the modulation in the same direction as the axis seen in the STEM images. In STEM images, the modulation is probed along the (01-1) axis while the modulation measured with GIXRD is probed along the (100) axis.

Therefore, the two methods conrm the presence of lateral periodic compositional uctuations in two directions of the sample grown at lower phosphorus pressure.

Incidence 

Conclusion on the impact of growth conditions on the phosphide alloys

Combining STEM imaging and GIXRD results give further information on the composition modulation observed in the GaInP sample. The two methods reveal composition modulation in two directions: [START_REF] Kibbler | Passivation of Interfaces in High-Eciency Photovoltaic Devices[END_REF] and [START_REF] Heeger | Soalr fuels and articial photosynthesis. Science and innovation to change our future energy options[END_REF][2][3][4][START_REF]International Technology Roadmap for Photovoltaic[END_REF][START_REF]Global Warming of 1.5 degree, Summary for Policymakers[END_REF][START_REF] Bp | [END_REF][START_REF] Shockley | Detailed balance limit of eciency of p-n junction solar cells[END_REF][START_REF] Ling Chen | 200nm-thick GaAs solar cells with a nanostructured silver mirror[END_REF][START_REF] Knig | Hot carrier solar cells: Principles, materials and design[END_REF]. This suggests that the GaInP layer contains structures resembling columns of dierent compositions.

This information indicates that with the STEM imaging, the composition obtained from the HAADF intensity results from the averaging of several columns comprised in the 100 nm thick GaInP lamella.

Therefore, the 2.2% composition uctuation measured is lower than the real composition dierence between

In rich and In poor areas, and as a consequence the 32 meV bandgap dierence is underestimated too.

Let's put this characterization in perspective with the PL study led earlier in the chapter. The sample grown at 495°C and a 12 V/III ratio appears homogenous in the HAADF images. However two bandgaplike PL peaks were observed during the PL characterization in Section 2.4.4. A dierence of 30 meV is seen between the two PL peaks in Figure 2.18. This is of same order as the underestimated composition modulations determined with HAADF for the sample grown at V/III ratio of 7.3.

Small composition variations in the GaInP, grown at 495°C and V/III ratio of 12, may be the cause of the apparition of a higher energy transition in the PL spectra when rising the temperature. However the modulations originating for those growth conditions, which are thus lower than 2%, were probably not visible in HAADF images due to the averaging eects discussed above.

.

Doping of the III-V phosphides

In this section, we will address a few doping problematics that emerged during our calibrations. In our MBE set-up, we use Si as n-type dopant and Be as p-type dopant. Si is a column IV element and as such, it is an amphoteric impurity in the III-V alloys. This means that it can be both p and n type dopant for III-V alloys. The preferential Si conguration is donor-like (it substitutes Ga in GaAs), i.e. it is a n-type dopant. However at high concentration, it starts to incorporate as a p-dopant (As substitution) and this lead to self-compensation of the doping [START_REF] Tiku | Self-Compensation in Rapid Thermal Annealed Silicon-Implanted Gallium Arsenide[END_REF][START_REF] Wolfe | Self-compensation of donors in high-purity GaAs[END_REF]. Therefore, a cautious doping characterization is needed for the alloys used in the solar cells.

In general, in MBE, the concentration of dopants incorporated in a layer is xed by the ux of dopant atoms which can be controlled by the temperature of the dopant eusion cell, and the growth rate of the matrix alloy (the slower growth rate, the higher dopant concentration for a xed dopant ux). Then, to be active, the doping impurity must be ionized in order to provide a free carrier (electron or hole). Good dopants produce a shallow energy level, just below the conduction band (donors) or just above the valence band (acceptors). If the energy level is too deep, a signicant fraction of dopants may not be ionized, even at room temperature. This results in a dierence between the concentration of doping impurities in the material and the carrier concentration measured by Hall eect.

For this purpose, 1µm thick samples were grown. They were contacted with In and annealed at 400°C for one minute. This annealing provides local diusion of In in the sample resulting in good ohmic contacts. Van der Pauw method is used to measure the doping in the layer. This method, based on Hall eect, quanties the active dopant concentration in the layer and the charge carrier mobility. A charge current is injected in the layer plane, with a magnetic eld applied perpendicularly to the sample. The measurement is based on the Lorentz force acting on the charge carriers. The carriers are deviated to one side of the sample and thus a voltage, which depends on the carrier mobility, appears in the direction normal to the current ow. The measure of this Hall voltage permits to quantify the dopant concentration in the sample.

GaInP doping

Up to the concentration needed for our devices, we did not observe any compensation eect for Si-doped GaInP. Thus Si doping calibrations have been straightforward. P-doping has been more challenging.

Two points have to be mentioned. First the lowest p-doping that we could obtain reproducibly is of the order of 10 17 cm -3 . This is an issue since the p-concentration of interest for PV (often use for the base layer of solar cells) is in the range of 10 16 cm -3 . In this latter range, the lack of reproducibility is due to a signicant n-type residual doping observed for III-P alloys in our growth chamber (an unintentional doping of the same order of concentration, i.e.

10 16 cm -3 ). Indeed, III-P samples are contaminated by impurities which are contained in the P source (most probably, sulfur). This non-intentional n-type doping needs to be overcompensated to get a p-type conductivity. This situation which conditions the lowest accessible p-type doping level, is not favorable, indeed too important impurity incorporation is needed to reach the p-doping concentration of 10 17 cm -3 .

The second point is related to the carrier motilities measured during the Hall calibrations. Figure 2.30

shows the mobility measured for p-type GaInP layer as a function of the carrier concentration (samples grown with the C2N MBE in red, with the IPVF MBE in green).Our results are compared with data from literature ( also Be-doped GaInP layers grown by MBE ,in black) [START_REF] Blood | GaInP grown by molecular beam epitaxy doped with Be and Sn[END_REF]. In the 10 17 cm -3 range, the hole mobilities are comparable; it seems that the degree of doping compensation in our layers does not degrades signicantly the hole mobility. . However, literature data show that mobilities 6 times higher should be accessible by reducing the doping concentration in the low 10 16 cm -3 .

2.6.2 Inuence of the (Al x Ga 1-x ) 0.52 In 0.48 P composition on the doping Then we investigated how the composition of AlGaInP inuences the carrier concentration in the sample. In the next chapter, more details will be given on the sought properties for the passivation layer. In this section we just mention that we aim for an AlGaInP material doped in the 10 18 cm -3 range. We observed that the doping eciency depends on the Al content of this quaternary alloy. Optimal growth conditions in MBE machines were established: a growth temperature around 500°C and V/III ratio of 12 produce good quality GaInP layers.

GaInP bandgap decreases with increasing growth temperature or by decreasing the V/III ratio.

When grown at low temperature (450 °C), GaInP exhibits degraded PL properties. PL intensity is weak and at low power, the spectrum is dominated by a transition 30-40 mev below the band gap.

When grown at V/III ratio below 7, GaInP presents composition modulations of ±1% of In and Ga around the lattice-matched composition. These composition modulations reduce the eective bandgap of the alloy.

The optimal conditions for GaInP growth in our MBE machine were found to be a growth temperature around 500°C and a phosphorus BEP of 1.4.10 -5 T orr at 1 µm/h growth rate.

STEM and GIXRD suggest that the composition modulations are columnar and periodic, with a period of around 8 nm in the [START_REF] Kibbler | Passivation of Interfaces in High-Eciency Photovoltaic Devices[END_REF] direction and 19 nm along [START_REF] Heeger | Soalr fuels and articial photosynthesis. Science and innovation to change our future energy options[END_REF][2][3][4][START_REF]International Technology Roadmap for Photovoltaic[END_REF][START_REF]Global Warming of 1.5 degree, Summary for Policymakers[END_REF][START_REF] Bp | [END_REF][START_REF] Shockley | Detailed balance limit of eciency of p-n junction solar cells[END_REF][START_REF] Ling Chen | 200nm-thick GaAs solar cells with a nanostructured silver mirror[END_REF][START_REF] Knig | Hot carrier solar cells: Principles, materials and design[END_REF]. In the AlGaInP quaternary, the modulation period is smaller, 5 nm along [START_REF] Heeger | Soalr fuels and articial photosynthesis. Science and innovation to change our future energy options[END_REF][2][3][4][START_REF]International Technology Roadmap for Photovoltaic[END_REF][START_REF]Global Warming of 1.5 degree, Summary for Policymakers[END_REF][START_REF] Bp | [END_REF][START_REF] Shockley | Detailed balance limit of eciency of p-n junction solar cells[END_REF][START_REF] Ling Chen | 200nm-thick GaAs solar cells with a nanostructured silver mirror[END_REF][START_REF] Knig | Hot carrier solar cells: Principles, materials and design[END_REF].

In xed growth conditions, p-type doping level varies with the Al content in Al x Ga 1-x In y P alloy.

Assuming an incorporation of Be independent of the Al content in the alloy, we found that Be activation is reduced by increasing this Al content.

Non-intentionally doped GaInP exhibits a n-type conductivity with a residual carrier concentration in the 10 16 cm -3 . This residual doping will constrain us to use a minimum level of 2.10 17 cm -3 for p doping in our devices to ensure the compensation of the residual donors and thus the p-type conductivity.

Chapter 3

The GaInP single junction Top cell As long as a minority carrier can reach the depletion region (DR), meaning it is generated within a diusion length from the DR, it will be collected. Thus the electron-hole pairs generated with light absorption can be separated and collected.

As the mobility of minority carriers is usually higher in p-doped material, the emitter is usually thinner than the base. Moreover, in order to place the DR close to the cell surface, where most of the absorption occurs, the emitter is placed on the top of the cells.

The p-n junction thickness is a key parameter, as the performance of the cell will depend on:

How much of the solar spectrum will be absorbed, inviting to increase the thickness of the absorber.

The ability to collect the generated carriers, which is favored by maintaining the thickness of the neutrality region below their diusion length.

Silicon for example has weak absorption and requires thick absorbers, but this is not an issue as the diusion length in Si is more than twice as long as the required cells thickness (around 160 um ) [START_REF] Kawasaki | Silicon heterojunction solar cell with interdigitated back contacts for a photoconversion eciency over 26%[END_REF][START_REF] Würfel | Diusion lengths of silicon solar cells from luminescence images[END_REF][START_REF] Yamazaki | Photographic surveying of minority carrier diusion length in polycrystalline silicon solar cells by electroluminescence[END_REF]. On the contrary, most of the III-V alloys have direct bandgap, leading to much lower carrier lifetimes and to carrier diusion length of the order of the µm for GaInP for example [START_REF] Schultes | Temperature dependence of diusion length, lifetime and minority electron mobility in GaInP[END_REF][START_REF] Haegel | Direct imaging of anisotropic minority-carrier diusion in ordered GaInP[END_REF][START_REF] Scandrett | Doping dependence and anisotropy of minority electron mobility in molecular beam epitaxy-grown p type GaInP[END_REF], but also to much higher absorption coecient.

Another critical aspect is the doping level of each layer as it determines the band bending. In one hand, low doping level of a given layer increases the thickness of its DR. On the other hand, high doping reduces the layer resistance but also the minority carrier mobility.

The passivation layers

In order to reduce the carrier recombination, especially at the front and rear of the cell, the absorber is sandwiched between higher bandgap passivation layers. The front passivation layer is called the window layer while the rear layer is the back surface eld layer (hereafter BSF). They both need to be highly transparent and conductive, to prevent undesirable absorption in these layers (because a large part of the generated carriers will be lost due to surface or band to band recombinations) and ensure lateral conduction to the cell contacts. Therefore, they are highly doped and relatively thin (20-30 nm). The band oset with the absorber presents a which impedes the minority carriers from accessing the contact layer, It also generates a local eld that repel the minority carriers toward the p-n junction.

To satisfy the lattice matching with GaAs, the material used for the window and BSF can be Al 0.53 In 0.46 P with a 2.35 eV bandgap, (Al x Ga 1-x ) 0.52 In 0.48 P alloys (hereafter written (Al x Ga 1-x InP for simplication) or Al x Ga 1-x As alloys. The bandgap of the latter two materials are tunable with their composition [START_REF] Gudovskikh | Band structure at heterojunction interfaces of GaInP solar cells[END_REF][START_REF] Kaluzhniy | Numerical modelling of GaInP solar cells with AlInP and AlGaAs windows[END_REF]. function of the metal used provides the required band bending. In our case, the band structure does cause a barrier for the carriers. It is the doping of the contact layers that makes this barrier so thin that the carriers simply tunnel through it for collection.

We will not study in details this aspect of the cells because it was developed prior to this project for

GaAs solar cells and it is not a critical aspect of the cells anymore. Nevertheless, Figure 3. Note that this conduction layer, which would cause detrimental absorption, is removed from the nonmetalized area during the process.

Typical structure Figure 3.4 displays the structure of usual III-V cells. In this section the absorber is made of GaInP. Typically composed of a thin emitter, around 100 nm, n-doped in the 10 18 cm -3 range while a thick base completes the solar spectrum absorption with a thickness around 1 µm and a lower p-doping in the 10 17 -10 16 cm -3 range.

They also comprise thin passivation layers 30-20 nm for the window, 50-20 nm for the BSF, doped in the 10 18 cm -3 range.

Table 3.1 details some example from the literature. Note that the record GaInP single junction does not have a conventional structure: NREL could prot from a high material quality (high mobilities and lifetimes), hence they could grow a thick emitter. Reaching 20.1% with their rear junction solar cell with a gold back mirror.

As we do not benet from such material quality for n-doped GaInP we focused on the more classic approach. Within this chapter, we will detail the work on the structure of the cell in order to obtain the best eciency out of our material quality. 

Process for cell fabrication

In this section, we describe the process ow from bare III-V stack to a functional solar cell. We will describe later the additional steps needed for the cell transfer, in the section 3.4.1 that dwells on the cell integration on Si. Figure 3.5 illustrates the dierent steps of the process.

First, the cell stack is grown by MBE on (100) GaAs p-doped wafer. The precise growth characteristics are detailed in Chapter 2. Phosphide layers are grown at 500°C, arsenide at 550°C. The two-inch wafer is then cut in smaller pieces, specic cleanroom process permits to make multiples cells on a single piece. The choice of the techniques used in the process are meant to reduce the process time and cost. Wet etching is therefore preferred to dry etching techniques (RIE, Plasma etching. . . ).

The rst process step consists in deoxidation in diluted HCl to remove native oxide from top GaAs contact.

Negative photolithography allows to cover the surface of the sample and to leave only the front-contact grid free from the photo-resist. For this lithography, AZ 5214 resist is spin-coated on the sample and exposed twice to UV light, once through a mask patterned with the front-contact grid. Development in a MIF 826 solution completes this lithography step by removing the resist protected by the mask.

The metallic contact, a Ni/Ge/Au/Ni/Au (4/10/60/110/10/200 nm) stack, is deposited via metal evaporation. The patterned photo-resist is dissolved in acetone, allowing to lift-o the non desired metal lm covering the resist (step 4 Figure 3.5). The top GaAs contact layer, which is not protected by the metallization, is etched with citric acid (in order to avoid parasitic absorption before the GaInP absorber).

A second lithography step denes cells areas, and isolates one cell from the others. The AZ5214 resist is kept above the cells and removed from the zones in between them, it is then hardened with a hot plate curing is evaporated on all the back surface of the p-doped substrate.

When Anti-reection coating (ARC) is added the rst photo-lithography step is repeated to protect the top contacts and 70 nm of SiNx is sputtered on the cells. If not stated otherwise, characterization results of the structures studied in the next section is based on the averaging of the measurement of 10 to 20 cells processed on a piece of 2-inch wafer. 3.2 Cell structure study

Cell characterization

In this section, the characterization that serves to evaluate the cells is briey detailed. It relies on two methods, the determination of the I-V characteristic of cells (J-V when normalized with the cell surface) and the determination of their spectral response with the EQE.

P-n junction model is used to evaluate the cells. In the dark the Shockley equation gives a rst relation between the current density J and the voltage V.

J = J 0 [exp( qV nkT ) -1] (3.1)
Where k is Boltzmann constant, q elemental charge, T is the temperature, n the ideality factor of the diode and Jo the saturation current density. When exposed to light a photocurrent density Jph ows in the opposite direction of Jo. One must also consider parasitic resistance that arises from the non-ideality of the cells, giving:

J = J 0 [exp(q V -JRs nkT ) -1] + V -JRs Rsh -J ph (3.2)
Here Rs is the series resistance, arising from resistive losses during the vertical conduction to the metallic contacts. It gives insight on the metal/semiconductor interface quality but also on conduction issues in the semiconductor layer. A too low doping level would increase the material resistivity, leading to a Rs increase.

Rsh is a parallel resistance, it corresponds to leakage through the edges of the cell. For example, it can be impacted by step 7 of the cell process (in Figure 3.5) and it reveals the quality of the mesa etching or the ARC and its ability to passivate the edges.

A low Jo value measured with a J-V characteristic in the dark indicates a good quality of the p-n junction.

Low Rs and high Rsh are also sought, they can be extracted from an IV measured under illumination or in the dark. Figure 3.7 show how these resistances impact the J-V characteristic of a solar cell.

The standard J-V characterization method consists in measuring the intensity delivered by the cells for given biases. The measure must be taken at 25°C and under a solar simulator delivering 100 mW.cm -2 and reproducing the AM1.5G spectrum (solar spectrum at earth surface). In the laboratory, an Oriel LCS-100

simulator provides this illumination. The current variation with the applied voltage is measured with a Keithley source meter that contacts cells with four-point probes. The same measure can be performed in the dark in order to get the reverse saturation current. This measure highlights three important characteristics of the cell (Figure 3. Then the eciency of the solar cell, which is the ratio between the generated power density from the cell and the incident light power density is determined as:

η = V oc J sc F F P in (3.3)
Another important cell characterization is the external quantum eciency (EQE) measure, it characterizes the spectral response of the cells and is another way to measure the Jsc. For each wavelength, the EQE gives the probability that the energy of an incident photon will be collected as an electron-hole pair. Assuming that in our cells, all the photons with energy higher than Eg are absorbed, the Internal Quantum Eciency can be determined with the measure of the reection (R) on the cell surface. IQE = EQE 1-R . The IQE treats the collection of carriers generated by photons absorbed in the cell, whereas EQE dwells with both the ability of the cell to absorb photons and collect the generated carriers. Indeed, in the IQE the contribution of reected photons is removed and only absorbed photons are considered. The relevance of the EQE lies in the fact that one can assess the quality of the photovoltaic conversion along the depth of the cell. From Beer-Lambert law, we know that a photon with a given wavelength has a specic absorption depth and is then characteristic of a given depth in the cell. 

L(λ) = L 0 (λ).e -α(λ).x (3.4)
where L is the light intensity, α is absorption coecient and x the depth within the semiconductor layer.

We can then evaluate the quality of the dierent layers of our structure based on the ability of the cell to absorb photons at dierent wavelengths. As detailed in Figure 3.8, short wavelengths relate to front surface response which is aected by surface recombination while long wavelengths EQE results from bulk collection and rear recombinations.

The set-up that serves to measure the EQE has a Xenon light source, the light passes through a Triax monochromator and is focused on the cell ( a few hundreds of µm). The cell is contacted with a four-point probe connected to a Keithley source meter. The photo-current generated by the cell is measured for each wavelength. The comparison with the spectral response of a silicon photodiode, with calibrated spectral sensitivity allows to determine the EQE of the cell .

J sc = q ∞ 0 EQE(λ).Φ AM 1.5G (λ).dλ (3.5) 
Equation 3.5 expresses Jsc can as a function of the spectral EQE(λ), where Φ AM 1.5G (λ) is the photon ux of the solar spectrum AM1.5G , q is the elemental charge. In our case an integration from 300 nm to 750 nm is sucient as few photons compose the solar spectrum under 300 nm and no absorption occurs below the targeted bandgap.

Emitter thinning: improvement of photon collection in the front of cells

Figure 3.8 exhibits that III-V cells usually perform better in the bulk than in the front. Indeed, for most of the cells reported, the EQE shows a steep drop at energy close to their bandgap, while the increase of the EQE at high energy is much slower. This suggests that for this type of cells, optimization of the front of the structure can have signicant impact on the photovoltaic conversion. Simulations from Kurtz et al [START_REF] Kibbler | Passivation of Interfaces in High-Eciency Photovoltaic Devices[END_REF] supports this assumption (Figure 3.9): the emitter absorbs most of the photons above 2.7 eV. Complementary absorption occurs in the depleted region and the base which has the most important contribution close to the bandgap energy. Therefore, we studied how to maximize the blue response of the cells grown in our conditions. While there is a consensus on a thickness of 1µm for the absorber, various thicknesses are used for the emitter. 100 nm is commonly used, but some laboratories use an emitter as thin as 50 nm.

An interesting work from Masuda et al [START_REF] Masuda | Comparison of single junction AlGaInP and GaInP solar cells grown by molecular beam epitaxy[END_REF] highlights the interest of reducing the emitter thickness for MBE-grown cells. For cells without window layer, they showed that thinning the emitter, the IQE of cells increases, especially for small wavelengths (see Figure 3.10). Thinning the emitter, the depleted region is located closer to surface. Since a strong absorption occurs in the emitter, the carrier concentration is particularly high in the front of the cell. Since the depleted region expansion in the emitter is dictated by the doping levels of the p-n junction, the thinner the emitter, the more signicant is the depleted region share . Considering a p-n junction with n=4.5.10

17 cm -3 and p=2.10 17 cm -3 , the depletion region expands 24 nm into of the emitter layer. For a 100 nm thick emitter, the photocarriers diuse randomly within 76 nm of the emitter, while for an emitter thickness of 50 nm this zone is reduced to 26 nm. This minimizes drastically the photocarriers recombination in the front of the cells, as more photons are absorbed in the depletion region where carriers are drifted by an electrical eld.

Application of the emitter thinning method to our material

This optimisation highly depends on the quality of the materials in use. Once again, a good example showing the inuence of material quality on the optimization of the cell structure is the record GaInP cell elaborated by Geisz et al [START_REF] Geisz | Enhanced external radiative eciency for 20.8% ecient single-junction GaInP solar cells[END_REF]. . In their case, n-GaInP is of better quality than p-doped GaInP: the optimal strategy for them was to bring the p-n junction close to the rear of the cell, which is thus composed of a thick emitter and a thin base. We performed simulations to forecast the benet of a thin emitter. A model was developed in order to t the performance of a cell from the literature [START_REF] Lu | High-eciency GaAs and GaInP solar cells grown by all solid-state molecularbeam-epitaxy[END_REF]. A correct t was obtained despite a slight dierence in Jsc due to a lack of input on the ARC layer. We then changed a few parameters of the model with input from our experimental calibration, using mobilities obtained by van der Pauw measurements and reducing the carrier lifetime.

The results predict a weak impact on the Voc, but a strong increase of Jsc for the reasons explained earlier. While the ll factor decreases slightly with emitter thinning, the overall eciency increases. In our case, it is expected that thinner emitter cells will perform better than cells comprising a 100 nm thick emitter (Figure 3.11).

Two structures were processed, (Figure 3.12). Their characterization conrms the simulation results. As 3.2: Mean characteristics of the cells depending on emitter thickness shown in Figure 3.12, the cells with a 50 emitter have a better external quantum eciency in the whole absorbed spectrum, the dierence in EQE being the largest around 450 nm. Table 3.2 highlights the increase of current provided by the thinning, but the two sets of cells have similar eciencies due an unexpected drop of the Voc for the 50 nm emitter cells. The Voc and FF drop is not due to the design of the structure nor to the quality of the sample; this degradation is attributed to an increase of shunt resistance caused by the process. The reader is reminded that the cells from a single batch are fabricated from a small piece of a 2-inch sample and they undergo the same process. Another piece from the same wafer processed dierently exhibit good characteristics, as presented in the next section.

We carry on and grew a cell with a 25 nm emitter to see if further thinning would be benecial, as the modelling suggests. This attempt was done on passivated cells grown in the IPVF compact 21, thus another cell with 50 nm emitter was grown in the same conditions for comparison. The two cells compared here, are better optimized than the two cells above, thus they have much better eciency.

For this batch, all parameters degrade when thinning the emitter to 25 nm, including the Jsc that was supposed to increase with this modication of the emitter. With only 25 nm emitter, we may have transferred signicant absorption from the depleted region into the base, this is less favorable for the carrier collection.

Thus a thickness of 50 nm is a good compromise for the emitter. 

Passivation and window layer

Optimizing the window layer is another important step toward the improvement of the blue response of the cells. As explained in section 3.2.2, we focus on III-P alloys lattice-matched to GaAs with bandgap higher that of GaInP.

Tuning the composition of AlGaInP alloy, one can impact several properties of the window layer. First aspect is the AlGaInP/GaInP band osets. In our n-p conguration the window layer must provide a barrier for holes and a local eld repelling them towards the n-p junction. Figure 3.13 highlights that the more Al content in the alloy, the larger the valence band oset [START_REF] Adachi | Carrier Transport Properties[END_REF]. This explains why AlInP is often chosen for this use in the literature.

Second important aspect is the ability to dope the layer. At least 1.10 18 cm -3 concentration is required in our case in order to provide the desired band bending at the Al x Ga 1-x InP / GaInP interface and good lateral conduction to the contacts. This is essential to minimize the series resistance.

It is known that the more Al concentration in quaternary AlGaInP alloys, the more dicult the doping of this compound [START_REF] Masuda | Comparison of single junction AlGaInP and GaInP solar cells grown by molecular beam epitaxy[END_REF][START_REF] Sun | Electrical properties of silicon-and beryllium-doped GaInP and (AlGa)InP grown by solid source molecular beam epitaxy[END_REF]. At rst, we were not able to grow n-AlInP layer with the targeted doping concentration for using it as a window layer. Therefore, we rst grew a PV cell structure with an AlGaInP window (structure detailed in Table 3.5) .

Two dierent pieces of sample were processed, one with the normal process and the other with an additional etching step to remove the window at the cells surface (the 50-nm-emitter cell used for emitter thickness study in the previous section). We could then illustrate the impact of the window layer on the passivation of the front surface and on cell performances.

The AlGaInP layer provides an increase of 2% eciency. Without window, the cells have an average 6.15 mA.cm -2 current density, a 0.728 ll factor, a 1.11 V open circuit voltage and thus a 4.99% eciency. A AlGaInP passivation layer increases all these parameters: 7.6 mA.cm -2 for Jsc, a 0.768 FF, 1.18 Voc and 6.89% eciency. While the 2% increase in eciency is overestimated since the Voc of cells without window is most probably underestimated for reason explained earlier ( in section 3.2.3), the expected current improvement is indeed present.

Since we did not etch the window layer underneath the metallic/GaAs contact, we can reasonably assume that the barrier for current collection to the metallic contact is identical in the two samples. Thus, the eect which is observed must be related to minority carriers repel toward the p-n junction, as well as a diminution of the carrier concentration at the front of the cell. Moreover, placing AlGaInP on top of GaInP, reduces considerably the surface recombination velocity of the emitter region. In conclusion, the signicant increase Even though the absence of anti-reection coating was deposited on the cells limits the cell absorption, the collected current remains surprisingly low. Reectance measurement performed on 1-µm-thick calibration layers (Figure 3.15) suggests that increasing the Al content in the alloy would favor more absorption because light reection at the cell surface decreases in a wavelength range where the EQE of the cells is maximum, around 400 nm (see Figure 3.15 a)). Moreover, the band conguration at AlInP/GaInP interface is ideal.

Gudovskikh et al report that at the AlInP (n=5.10

18 cm -3 )/GaInP(n=2.10 18 cm -3 ) interface, electrons face only a 0.15 eV barrier, that the valence band bending eectively provides an electric eld repelling the holes from the interface and that those properties are not sensitive to the interface defect density [START_REF] Kaluzhniy | Numerical modelling of GaInP solar cells with AlInP and AlGaAs windows[END_REF].

To solve the problem of AlInP n-type doping mentioned before, we used the Si dopant source beyond the temperature limit that was xed. This allowed us to obtain 3.10 18 cm -3 doping in AlInP. Another solution would have been to reduce the growth rate, but it requires a longer growth interruption to change the Indium cell temperature. Moreover, we want to keep the growth rate at 1 µm /h because it is an important factor contributing to the cost of III-V cells. Indeed, much eorts are dedicated to fasten the growth rate of III-V cells [START_REF] Sodabanlu | Extremely High-Speed GaAs Growth by MOVPE for Low-Cost PV Application[END_REF]. In Figure 3.15, the light reection on the cell surface was indeed reduced by replacing the window material with AlInP. This translates into a better EQE at low wavelengths and therefore an increase of the short circuit current. The introduction of this AlInP window resulted in one additional percent of eciency.

Table 3.4 gathers the mean parameters for the three batches of this study. Regarding the back surface eld layer, the rear passivation layer, less impact on the carrier collection is expected. With a 1-µm-thick GaInP layer, most of the photons of energy higher than the bandgap will be absorbed away from the rear of the cell. Thus less minority carriers are generated close to the BSF layer than in the front of the cell. Thus the role of the former is less critical than that of the window layer: carrier recombination at the window interface impacts not only the blue response, but also the eciency on the whole absorbed spectrum while the BSF layer only impacts the red response of the cells [START_REF] Kibbler | Passivation of Interfaces in High-Eciency Photovoltaic Devices[END_REF].

It is noteworthy that the Al content has a drastic impact on the Be doping eciency, as illustrated Chapter 2, and that it is dicult to grow highly doped p-AlInP. Moreover, at the AlInP/GaInP interface, majority carriers (holes) have to face a non negligible 0.54 eV barrier (see band diagram Figure 3.16) [START_REF] Kaluzhniy | Numerical modelling of GaInP solar cells with AlInP and AlGaAs windows[END_REF] and the electric eld created at the interface would drive the few electrons generated at the rear toward the p-contact. AlInP is not a suitable chose for BSF in our case.

Then, we tested two compositions of the AlGaInP alloy, at 30% and 50% Al concentration. As expected and for additional reasons linked to the base that will be explained later, we did not notice any signicant impact of the composition of the BSF layer on the cell eciency and we chose a 30-nm-thick BSF layer with a 50% Al content doped at 3.10 18 cm -3 .

In order to compare our results with those reported in the literature, the best cells were then improved with an anti-reection coating (ARC), which is not the optimal ZnS/M gF 2 ARC. We use a 70 nm SiNx ARC deposited by sputtering, the best solution available in the laboratory. Thereby, the cell absorption was improved, providing a 31% raised of the Jsc. The cell with AlInP window and ARC has then a 10.42% mean eciency.

Performing STEM on a cell structure in Chapter 2, the passivation layers were investigated. We mentioned that EDX method can give a good estimation of the relative concentrations of each element in the layers. The passivation layers interfaces with GaInP and the GaAs contacts layer were characterized with this technique. This can be due to segregation eects. During the growth of these alloys, the bigger atoms tend to oat at the surface of the sample. This surface segregation eect was widely reported for In during the growth of GaInAs on GaAs [START_REF] Zheng | Interface segregation and clustering in strained-layer InGaAs/GaAs heterostructures studied by cross-sectional scanning tunneling microscopy[END_REF][START_REF] Toyoshima | In surface segregation and growth-mode transition during InGaAs growth by molecular-beam epitaxy[END_REF]. When switching o the Ga and starting the Al for the growth of the window, the Ga atoms that still diuse on the surface, keep on oating while Al starts to incorporate. Al incorporates faster and the incorporation of the remaining Ga atoms is delayed, causing the compositiongradient. Same We evaluated the impact of this gradient (whether real or not) on the band diagram at the window/emitter interface, a 16 nm linear gradient in composition was added in our interface simulation with Scaps. We see in In the previous studies, we have shown how to maximize the photoconversion in the front of the cells, a steep EQE raise was thus obtained at short wavelengths. However, all the structures exhibit a non-expected behavior at longer wavelengths. Their EQEs slowly decrease and the usual plateau is not observed. These issues are characteristic of a poor base quality. As illustrated in Figure 3.9, the base contribution on photons absorption increases with the wavelength. The most probable reason of the poor conversion in the base is that electrons generated within the base recombine before reaching the p-n junction.

One pathway to solve this issue is to increase the depletion region thickness by introducing an intrinsic layer (hereafter i-layer) between the n and p layers. With a p-i-n junction, the intrinsic layer thickness adds to the depletion region. Electrons in the base have a lower distance to cover in order to reach the junction.

This comes at the price of a lower electric eld driving the drift current in the pin junction than in the equivalent p-n junction. One can expect better carrier collection thanks to this larger depleted region.

Moreover, as seen chapter 2, the carrier mobility increases while reducing the doping of the alloy. Replacing some of the usual p-doped base with some intrinsic layer should enhance the carrier mobility in this region, and thus improves their collection.

For this study we compared several structures with a 550 nm GaInP absorber and investigated how the thickness of the intrinsic layer and the doping of the base layer inuence the cell performance. It is important to keep the GaInP absorber thickness constant to ensure that the changes observed in collected current are not related to dierent absorber thickness. Thus the emitter thickness was kept constant and a given thickness of i-layer replaced the last nanometers of the base layer.

Figure 3.22 shows how the depletion region (DR) thickness evolves while increasing the thickness of the i-layer within a p-i-n junction. These calculations are performed for doping levels of n=2.10

18 cm -3 in the emitter and p=2.10

17 cm -3 in the base, corresponding to the doping levels used in our structures. We plot the total DR thickness in black and the extent of the DR in the doped layers. Introducing the i-layer reduces the depletion width in the doped layers, but the total depletion region increases. We use the lowest reproducible p-doping for the GaInP base: increasing the DR by changing the doping levels would require to increase n-doping in the emitter which could be detrimental for the front response of the cells. The introduction of an i-layer is therefore an interesting solution to widen the DR without changing the doping levels.

Another eect of introducing i-layer is to separate the ionized donors from the ionized acceptors, therefore when a depleted region comprises a i-layer, the electric eld is lower than in a p-n junction. This might cause a decrease of the drift current due to less ecient carrier separation.

First sample were a 500 nm reference cell and a structure comprising: 50 nm emitter-50 nm i-layer-450 base layer (see Figure 3.21). Table 3.6 gives the characterization results from cells characterization, averaged from the cells on the sample. As expected the current increases, from 9 to 9.5 mA.cm -2 . But unfortunately, an important reduction of both FF and Voc caused the p-i-n cells to be less ecient than the reference cell.

Therefore, we grew several other structures to understand the results observed in this rst samples and discriminate the eect related to doping levels and i-layer thickness. We focus on Jsc and Voc as they are the most impacted gures and because the levers for FF improvement are similar to Voc. Using X-ray diraction, we noted slight variations of composition between the samples and will intend to discriminate this eect from Let us rst compare the reference structure with the structure comprising 50nm of i-layer. Using Equation 3.5 and EQE data, we can quantify the currents variation provided by specic zones of the cells (Figure 3.23, a)). The cells with intrinsic layer gain around 0.63 mA.cm -2 from the photons with wavelength above 500 nm. This results from the fact that the DR spreads more in the base (20 nm) and that half of the depleted region is non-doped. Less distance to be crossed and better mobility in the depleted region improve the collection of photons absorbed in the base. Then, 0.15 mA.cm -2 are lost in the front of the cell, this is attributed to less ecient carrier separation. In this region with high concentration of generated carriers, the decrease of the electric eld in the DR has more impact than in the p side of the pin junction, leading to this loss.

In order to recover Voc, the doping of the base was increased. This should have two advantages, reducing the resistance of the base, and increasing Vbi of the p-i-n junction. We expect Voc to increase with Vbi.

Then, the n doping was increased from 5.10 18 cm -3 to 8.10 18 cm -3 in the window layer. This aims to improve minority carrier repelling from the front surface and to improve the short wavelength response of the cells.

Those adjustments were successful in improving Voc and FF. For the two cells compared in Figure 3.23, the front surface response was also improved: 0.7 mA.cm -2 was recovered from the loss induced by the introduction of the i-layer.

However, a global reduction of 1 mA.cm -2 occurred on Jsc leading to no eciency improvement. Figure 3.23 the EQE suggests that the higher doping degraded the base quality as 1.1 mA.cm -2 was lost in the long wavelength range. This is mainly due to the reduction of the depletion region thickness (20 nm less than in the previous structure, see Figure 3.24 b)) and also from lower diusion length in the base due to lower carrier mobility at higher doping level.

In other words, the change for the higher base and window doping allowed the recovery of the FF and of the reduction of some current loss in the front of the cell. It also improved Voc. However, the benet provided by the insertion of the i-layer for the carrier collection in the base is suppressed. The point is to keep the benet of the doping dierence between the base and the emitter, while recovering collection of the carriers generated in the bulk. To benet from a long DR and reduced the base area limited by a high doping level, a cell with a gradual doping was fabricated: with 25 nm i-layer and a 100 nm layer with a gradual doping level varying from 8.10 17 cm -3 to intrinsic. Figure3.25 shows that this prole lengthens the DR to the same size as the reference structure. Consequently, the current is improved in the long wavelength range, Regarding the Voc variations, the bandgap value of the GaInP layer has an important inuence. Table 3.6 shows that the Vocs follow the bandgap variations, yet the introduction of the intrinsic layer also impacts the dierence in Vocs since it exceeds the bandgap variation. On the other hand, it seems that the bandgap variations were to small to impact the Jsc.

As a conclusion of this study, the use of an intrinsic layer in the cells does produce a higher Jsc current, however it tends to degrade the other gures of merit of the cells. Tuning the base doping prole can partially reduce this degradation, however the overall balance shows that the eciency could not be improved with the insertion of the intrinsic layer. The use of intrinsic layer is of interest when the material quality reduces its impact on the Voc and the FF.

Analysis of the results and limitations

Focus on cell base and associated issue

With the best eciency stagnating around 11%, we must identify the remaining limitations. Looking at state of art cells, it is obvious that work remains on all aspects of the cell. But the most signicant gap between our cells and those reported in the literature lies on the current collection. A Jsc increase of 30%, respectively 50% is needed to catch up with MBE [START_REF] Lu | High-eciency GaAs and GaInP solar cells grown by all solid-state molecularbeam-epitaxy[END_REF], respectively MOCVD [START_REF] Geisz | Enhanced external radiative eciency for 20.8% ecient single-junction GaInP solar cells[END_REF], state of the art. EQE data show how important is the room for improvement of absorption/collection. By comparing the EQE of the state-of-art cell and the EQE of our reference cell in the Figure 3.26, one sees that 68% of incident photons are collected at best with our cells, while almost 90% of incident photons are collected over a large range of the absorbed spectrum for good GaInP cells. In Figure 3.26 we clearly see a plateau in EQE from 500 to 650 nm for the Lu et al cell [START_REF] Lu | High-eciency GaAs and GaInP solar cells grown by all solid-state molecularbeam-epitaxy[END_REF]. In our case, there is no constant conversion eciency. EQE decreases after 450 nm. This is symptomatic of a lack of contribution from the base layer. The higher the wavelength, the bigger is the probability that photons will be absorbed in the base. Hence, all our EQE spectra suggest that an important part of carriers generated in the base recombine before being collected, i.e. electrons generated at the rear of the cell do not reach the depletion region.

To conrm this hypothesis, we modelled the variation of photogeneration and recombination rates with the cell depth. Their proles was extracted from the t of the 50 nm emitter cell (Table 3.2 ) with the model used to predict the eect of the thickness of the emitter (in Section 3.2.3) . They are shown in Figure 3.27. In the base, the generation and recombination rates are equal, except in the rst 200 nm near the p-n junction. This means that the probability that electrons generated in the base reach the p-n junction is small: no electron generated farther than 200 nm from the p-n junction contributes to the current. This is a major issue that need to be address. This poor base quality not only impact the Jsc but probably degrades both Voc and FF. Providing that we improve the base of our structure, we can expect to catch up with the state-of-art short circuit currents.

Experimental illustration of the base limitations

We have concluded that the performance of our cells is limited by the p-doped GaInP material quality. The cell structure is probably not optimal yet, but the latter issue can hide the improvement that would result from other adjustments of the structure. As an illustration, the composition and thickness of the BSF were varied. But as suggested in section 3.2.4, BSF eects are subtle and since our base material does not permit the collection of carriers generated at the rear of the cell, we did not observed any signicant eect by varying the BSF layer parameters. During this thesis we had to move our activities from a MBE machine belonging to the ELPHYSE group at C2N to an identical MBE at IPVF. We perform a second optimization of the growth conditions, to nd almost identical optimal condition as in Chapter 2. Interestingly, changing the MBE equipment provided an improvement of 1.79% eciency with the structure optimized at C2N. Table 3.7 shows that all the cell parameters improve with this new machine. This suggest how much can be gain from further work on the material quality. Changing the growth machine we beneted from a chamber dedicated to our photovoltaic project, where only eusion cells needed for our III-V structures where loaded. In the C2N MBE the presence of Antimony and Carbon might pollute the layer, we will develop later how the MBE conguration can be further improved.

To conrm the poor collection of photocarriers generated in the base, three structures with dierent base thickness where grown: 1 µm, 750 nm, 500 nm. The current is expected to decrease with the base thickness, because less incident photons will be absorbed. However we observed only a little impact on the cells current and eciency. Indeed halving the base thickness the current is only reduce by 3.5%. Furthermore, the cells with a 750 nm base have lower short circuit current than cells with 500 nm base. This leaves no doubt on the fact that all cells have a serious collection problem in the base as important reduction in absorption has no impact on the current collected.

On the control of the open circuit voltage

We have improved the Voc of our structures during our studies. However, some uctuations of the values were not fully comprehended.

The open circuit voltage is linked to the energy at which carriers are collected. Some intrinsic losses cannot be avoided resulting in maximum Voc values, then other losses are linked to the quality of the devices. A popular convention is to write Voc as:

V oc = Eg q -W oc
where Woc is a gure of merit, in volt, to evaluate the quality of the cell (material and contact quality) [START_REF] Yamaguchi | Eciency potential and recent activities of high-eciency solar cells[END_REF][START_REF] King | Band gap-voltage oset and energy production in next-generation multijunction solar cells[END_REF]. This Woc comprises thermalization, Carnot and Boltzman losses [START_REF] Hirst | Fundamental losses in solar cells[END_REF], other sources are resistances or saturation current J s :

V oc = kT q .ln(1 - J sc J s ) (3.6) J s = q.n 2 i ( D e n A .L e + D h n D .L h ) (3.7)
Where k is Boltzmann constant, q elemental charge, ni intrinsic carriers concentration, n A and n D are respectively acceptor and donnor concentration. De, respectively Dh, are electron respectively hole diusion coecient. Le, Lh, electron, respectively hole diusion length.

Cells are considered of good quality when Woc< 0.5 V. Equation 3.6 and 3.7 highlight that large Voc requires the smallest reverse saturation current possible. Moreover the saturation current Js is deeply related to material quality via intrinsic carriers concentration and diusion length.

The bandgap of every samples (from Section 3.2.5 and Section 3.3.2) was estimated with X-ray diraction on the solar cell stacks. First, we notice that, despite our daily calibration with RHEED oscillations, there is a variability in the GaInP composition of the dierent cells. Having the real composition of cells, we look at the bandgap inuence on the Voc. Figure 3.29 displays in black the mean Voc for a given structure and in red, the dierence between the band gap of its GaInP layers and that of the target composition, lattice-matched to GaAs. There is a clear correlation showing that the prime source of the Voc variation is the bandgap dispersion between samples.

The Wocs measured, which values exceed 0.6 for all the cells, reveals the room of improvement still available. The general tendency illustrated in Figure 3.29 can be exploited: growing slightly Ga-rich GaInP layers (without exceeding a composition, which would result in the formation of mist dislocations), Voc can be increased.

Base quality also impacts the Voc. The batch of p-n cells highlight how the Woc decreases with the base thickness. Figure 3.30 shows a reduction of 13 mV on the Woc when halving the base thickness. This reduction explains why in Figure 3.29 samples labeled A (which has 750 nm base structure) an B (500 nm base) do not follow the bandgap trend in Figure 3.29, and have Vocs above the expected value. Finally, the introduction of an intrinsic layer in the structure tends to increase the Woc. This indicates that the variation in composition between the dierent structures is not fully responsible for the reduction of Voc observed in section 3.2.5 and validates our observations in this section.

Summarizing the GaInP single junction cell study

Signicant progress was achieved, but much work remains before we reach the state-of-the-art conversion eciency.

The window and emitter layers are determinant for the eciency of the cell in the short-wavelength range.

By optimizing these layers, the eciency was increased from 4,9% to 11%. However, our GaInP cells collect poorly the photo-carriers excited by the longer wavelength range of the spectrum. At these wavelengths, the most of the photons are absorbed deeper in the structure: in the base layer. The problem is thus related to quality of the p-doped GaInP. However, Jsc could not be improved by inserting an intrinsic layer between the n and p layers. The purity of the nominally undoped GaInP alloy is probably not high enough. A better quality of the p-doped layer should also improve the Voc of the cells.

In the next chapter we will develop further on the material limitations degrading the cells and technical solutions will be proposed.

Top cell integration on Silicon cell

Despite the limitations observed on the top cells, we develop methods in order to transfer them and to progress toward a full tandem device. As developed Chapter 1, a 4-terminals design was chosen. This requires a robust bonding method that is both transparent and insulating. In this section, we will expose the dierent methods attempted and the issues encountered.

Additional process steps

The transfer of cells on a host requires additional process steps, the growth of the solar cell structure also needs to be adapted to such a process. First, the layer stack must be inverted during growth. Indeed, the back of the cell should be the surface of the epitaxial structure since it will be stuck on the host. Then the growth substrate is removed, ideally with epitaxial lift-o (ELO) [START_REF] Van Geelen | Epitaxial lift-o GaAs solar cell from a reusable GaAs substrate[END_REF][START_REF] Bauhuis | Wafer reuse for repeated growth of III-V solar cells[END_REF][START_REF] Bauhuis | 1% thin-lm GaAs solar cell using epitaxial lift-o[END_REF] which permits growth substrate reuse. In our process, we just etch the growth substrate completely. ELO which is an indispensable building block for the competitiveness of III-V tandem cell will be addressed later in IPVF projects. A specic layer is necessary to remove the substrate without any damage to the cell. To this end, a layer called etch-stop is grown prior to the cell structure. It will permit a selective etch of the GaAs substrate. Then, the etch-stop layer must itself be removed without damaging the next layer of the structure, which is the n-GaAs contact layer. Two good candidates are Al x Ga 1-x As alloy ( with x>0.6) and GaInP. We chose to use Al 0.8 Ga 0.2 As since the solution needed to remove a GaInP etch-stop layer may damage the GaInP layers of the cell if the sidewalls are not fully protected.

So, rst an AlGaAs etch-stop is grown, followed by the layers of the desired cell structure grown in the reverse order. Then, the cell process starts with the back contact metallization. It consists of either Ti/Au deposited on the whole back of the sample or the deposition described in section 3.1.2 (step 2) which enables the light to pass through and reach the bottom cell. Once the metallization is completed the sample can be bonded to a host (glass, Si wafer, Si cell). The bonding methods will be presented later on.

The growth wafer is removed via chemical etching. As the contact layers of the cell are also made of GaAs, the side of the sample is protected with wax. Once the stop etch is removed, normal process (described section 3.1.2) permits to complete the cells.

Solution Volumic Ratio

Usual etch time

H 2 SO 4 /H 2 O 2 /H 2 O at 50°C 2/1/1 25 min N H 3 /H 2 O 2 /H 2 O 1/1/2 50 min-1h Citric acid/H 2 O 2 5/1 2-3h
Table 3.8: GaAs substrate etching procedure

Bonding Methods

The method chosen needs to be simple and without demanding process steps. Mechanical stacking, intercalating a glass slide between cell is a successful method [START_REF] Essig | Realization of GaInP / Si Dual-Junction Solar Cells[END_REF], we would also like to be able to stack the III-V cell directly on the Si cell. Bonding tests were performed on samples with a back surface fully metallized (with Ti/Au/Cr). The process described earlier led to the following result: a GaInP structure of 9.30% eciency without transfer, showed a 8.57% eciency after transfer. The same transfer process applied to an AlGaAs structure (as AlGaAs is another III-V alloy studied in Project E), resulted also in a slight decrease of eciency, from 12.5% to 11.86%. Remarkably, the collected current is generally higher for transferred cells. This is highlighted by the EQE spectra in Figure 3.33: the cell transferred has a better response over the whole spectrum. The cells probably benet from reection from the glass slide, enhancing the base response. On the contrary, FF and Voc are lower when transferring the cell. In addition, the variability of the cell performances increases signicantly after the transfer. This may be due to the etching of the mesa, necessary for the isolation of the cells: the sample is dipped for a relatively long time in the solution in order to etch the whole III-V stack.

Etching might not be fully homogenous and cause side etch in some cells. Since the Si cells are textured (the depth of the surface pattern is about 4 µm and their top contacts are about 20µm thick), we used BCB to benet from its planarization capacity in order to bond the III-V stack directly on a Si cell. Inverted III-V structures were bonded to Si cell pieces (of larger surface), using the hot plate curing. Adhesion properties were satisfying. Before processing the top cell, the area of the Si cell surrounding the bonded surface was protected with wax. Growth substrate removal from the III-V cell after bonding was successful for the top cells bonded. Although, during this step, we could not avoid some damages of the metal contacts of the Si cell.

After the growth substrate is removed, the remaining III-V layers are only 1.6 µm thick. This stack starts to bend between the Si cell ngers because of an important stress at the bonded interface. As shown in Figure 3.35 , the III-V stack eventually breaks and strips of material start to peel between the ngers. Because of this issue, we could not process the top cell and we could not obtain functional cells.

The ngers thickness is close to the maximum thickness of the BCB coating. The bending may results from a too important volume reduction of the BCB lm during the curing.

Taking into account these issues (III-V bending and degradation of the Si bottom cell), we decided to bond each cell on one side of a glass slide. 

Poly-Di-Methyl-Siloxane (PDMS):

The PDMS is another polymer, used for micro-uidic applications for example [START_REF] Eddings | Determining the optimal PDMS-PDMS bonding technique for microuidic devices[END_REF][START_REF] Wu | Construction of microuidic chips using polydimethylsiloxane for adhesive bonding[END_REF]. It is cheaper and more adapted to bigger batches than the other two solutions. A bonding process consists in a few basic steps:

mixing of the precursor and the curing agent, spin coating on the sample, contact to the host material and nally curing on hot plate. In order to avoid bubbles to be trapped between the two pieces, we found that it was better to add a few steps. First a long degassing under a vacuum bell after mixing the two PDSM components, then another degassing step before the curing, so that the few bubbles trapped while bringing the two pieces into contact, can ow to the edges.

We fabricated two types of samples with the PDMS method. First type of samples is III-V top-cells with full plate GaAs back-contact. Second type corresponds to III-V top cell adapted to the tandem conguration, where the GaAs back-contact layer is etched when not covered by the back-metallization.

Regarding our rst type of samples: transferred cell not adapted to a tandem design (since the 300-nmthick GaAs layer will cause parasitic absorption for the Si bottom cell). Two dierent designs were tested, one design with a at bonding surface, the GaAs back-contact layer. The metallic back-contacts of the cell were deposited on the surface of the GaAs back contact (see Figure 3.36 for details) to permit the characterization of the cells.

The second design is closer to a viable top cell, the back-contact pattern is deposited on the GaAs and bonded to glass (Figure 3.36). The substrate removal and the solar cell process were successful. The rst design led to working cells.

The second design (a 1cm 2 cell), revealed lithography issues and could not be characterized. For this type of back-contact, the mesa etching (explained in section 3.4.3) must remove all the III-V layers and expose the metallic contacts at the rear of the stack. During this last etching step, over-etching has isolated the cell from its back-contacts and no current could be collected. More details on this issue will be developed in the next section. Apart from this issue, we did not detect any cracks or peeling related to PDSM bonding.

With adjustments on the lithography, the back-contact isolation issue was solved. The second type of sample was processed. With this type of sample, GaAs back-contact layer remains only under the backmetallization grid, while in the rst type, the GaAs was surface bonded to glass. For the six samples processed, cracks and peeling of the III-V stack was observed. From confocal microscope observation, the cracks seem to be ignited by the back-contact motifs: they mostly follow the metallization edges. Removing the GaAs layer, it seems that cracks cannot be avoided, and therefore this process is not a viable method for our project. However PDMS is a good candidate for the bonding of the glass slide assembly with the Si cell. We were able to perform such a bonding, using an oven at 100°C. If the adhesion works ne, one challenge is to guarantee that no bubbles remain in the PDMS. This cannot be checked easily since asthe opaque cells mask the bonded interface.

All in all the use of Ormostamp, that combines process simplicity and no arm to the III-V stack, is our best option at the moment. Cell with patterned back contacts were successfully bonded and removed from their growth substrate.

Back-contact metallization lithography

In this section we develop the adjustment of the back-contact metallization lithography. For the cell design, shown in Figure 3.36 , the back-contact metallization was obtained from adding pads on the usual topcontact mask. These pads serve to extend the back-contact metallization above the top-cell 1 cm 2 area and permit the cell characterization. However this method was not compatible with the mesa etching used during the process.

Indeed, in order to have access to the back-contact metallization, etching of the whole III-V stack is needed around the cell. We use a HBr solution which presents a side eect: etching is faster at the limit of the resist motif. This produces a notch in the III-V stack along the edge of the motif. This even leads to a discontinuity between the GaAs back-contact layer and the metallization (Figure 3. [START_REF] Thomas P White | Tandem Solar Cells Based on High-Eciency for > 30 % Eciency[END_REF]. This problem has impeded the characterization of the transferred samples.

In order to solve this issue and to improve reproducibility we design a new mask to make the mesa etching viable. Figure 3.39 details the specications of the new mask design.

The back-contact metallization mask adds a frame to the top contact mask that was used previously. Optical microscope top view of the etch notch at the mesa edge.

mask. A 1 cm 2 area is identical to the top-contact mask (free area with the grid pattern). The new mask comprises a 2 mm thick frame around this area and two pads also insure the continuity of the metallization between the grid pattern and the frame.

For the mesa etching the shaded area is now bigger than the area dened by the back-contact mask.

Indeed, it protects a 1.1 cm 2 area. The notch cause by the Hbr etching now occurs on top of the backmetallization frame, preventing insulation of the cell form the metallic frame used for the characterization contacting. Interfaces between layers are not abrupt, composition gradients revealed by EDX proles. These gradients should not degrade the performance of the cell.

Thinning the emitter improves the cell response by reducing the distance between cell surface and the depletion region. 50 nm was found to be the optimum thickness experimentally.

Several observations point the Be-doped GaInP layer (the base layer) as the limiting factor: the EQE spectrum shows a reduced eciency in the high wavelength range; a thicker base does not lead to more collected current but to an increase of Woc.

Adding intrinsic layer is of interest, however no signicant improvement could be obtained.

Best cells has a 9.66% conversion eciency, with Voc=1.3 V, FF=0.82 and a Jsc of 9.05 mA.cm -2 .

Adding SiNx antireection coating improves the eciency to: 11.6 % .

Process for the transfer of cells on glass and at Si wafer was developed. When the cells have full plate back-metallization, transfer and bonding were successful with Ormostamp, BCB and PDMS.

Little degradation of the conversion eciency was observed for the transfer process with BCB and Ormostamp.

Transfer fails when patterned surfaces are involved: direct bonding to textured Si cell and bonding of a top cell with a patterned back-contact metallization on glass were not successful.

Ormostamp seems to be viable for the transfer of cells with patterned back-contacts on glass.

However transferred cell could not be fully processed before the end of the thesis.

The back contact metallization process was modied in order to improve pattern reproducibility and solve the issues in reaching the top cell back contact.

Chapter 4

Be-doped GaInP limitations and perspectives for improvement

Luminescence characterization and comparison with MOVPE grown alloy

In the previous chapter, we noted that the material quality of the base layer is the main limitation to the performance of our GaInP solar cell. Despite the optimization of the growth conditions led in Chapter 2, it seems that further improvements are needed. As pointed out in Chapter 1, MOVPE-grown GaInP solar cells show better performance than MBE-grown cells. A lower material quality related to MBE growth conditions could be at the origin of their dierence in eciency.

In this section we will investigate further on the dierences between the GaInP alloy obtained with these two methods of epitaxy.

Comparing MBE and MOVPE materials

As stated in the rst chapter, MBE relies on solid element sources, high vacuum and growth temperatures in the 500-600 °C range. On the other hand, MOVPE is based on gas precursors and higher growth temperature (around 700°C).

These dierent growth conditions may be at the origin of the dierences in material quality between these two methods of epitaxy. Since MOVPE uses higher growth temperatures, annealing has been tested to improve the GaInP material grown with MBE.

Rapid thermal annealing (RTA) at temperatures from 700°C to 925°C of GaInP bulk samples could increase carriers lifetimes from 640 ps ( as grown) to 2.6 ns when annealed at 925 °C [START_REF] Dekker | Annealing of the deep recombination center in GaInP/AlGaInP quantum wells grown by solid-source molecular beam epitaxy[END_REF]. Nevertheless, annealing at such high temperature is not trivial. Important surface degradation may occur due to species desorption, especially the group V elements. RTA often consists in short temperature ramp, a plateau (a few s) and rapid cooling to room temperature. To protect the surface from group V desorption, a few nm of SiO 2 is deposited on the sample surface.

We tested annealing on the sample grown at 450°C, studied in Chapter 2. A one min RTA at 550°C was performed on the sample.

In Chapter 2, we have shown that this sample suers from deep levels that result in PL intensity lower than from the samples grown at higher temperatures. The study of the PL spectra of this sample at dierent excitation power, allowed to dierentiate the deep levels emission from the bandgap transition.

Same experiment was performed on the annealed sample, with laser power varying from 1 µW to 50 µW. Figure 4.2 shows that, at a power excitation of 50 µw, the sample exhibits better PL intensity ( x 2.5 higher) after annealing. Then as seen in Figure 4.3, the ratio of intensities of the bandgap emission relatively to the localized state emission, grows faster with the excitation power for the annealed sample. The band gap emission becomes dominant at 20 μW for the annealed sample, while 35 μW are needed for the as grown sample. This suggests that the deep states concentration is indeed reduced by annealing. RTA method was also applied to solar cell samples. In this case, SiO2 was not deposited to protect the surface because it would have requested an etching step before the processing cells. During the anneal step, the GaAs top contact is at the surface of the solar cell sample. We place another GaAs piece on the top of the sample, the surface of the sample is protected from As desorption by the GaAs cap.

Three pieces of cell sample processed of the cells. One piece was processed without annealing, the others were treated by RTA at 700 °C and 800°C. No degradation of the GaAs contact layer was observed. Figure 4.4 gathers the cell eciencies. Their mean eciency does not improve with the RTA treatment. A few cells perform better when annealed at 800°C, but the RTA provokes an important spreading of the eciency which decreases in most cases. Dopant diusion during the annealing could aect the p-n junction and might be involved in these degradations.

In order to avoid this eect we tested an in situ annealing during the MBE growth. The idea consists in performing the annealing before the start of the growth of the n-doped emitter. Doing so, interdiusion of the dopant at the p-n junction can be avoided while improving the base layer. In order to compensate the phosphorus desorption, the maximum P ux was provided to the sample. Raising the temperature, we observed that the RHEED pattern became spotty near 615 °C, indicating a degradation of the sample surface.

This method was thus considered as not viable with our present conditions. Chmielewski and al studied the dierence between MOVPE and MBE grown cells [START_REF] Daniel | Comparative study of 2.05 eV AIGaInP and metamorphic GalnP materials and solar cells grown by MBE and MOCVD[END_REF]. Identical structures (comprising p-doped base layer) were grown with the two methods. The cathodoluminescence spectra were measured at room temperature and at 10 K. This emphasizes the role of the BSF in preventing recombination at the rear of the structure and in improving the solar cells photoconversion. In the previous Chapter, we could not evidence this eect from the analysis of the cell performances, because this recombination was not an important limitation due to the short diusion length of carriers in the base layer.

Comparison of GaInP with AlGaAs:

During this campaign of CL measurements, we compared GaInP with potential material for the tandem cells:

AlGaAs. Figure 4.7 compares the CL of the two alloys at low temperature (10 K). GaInP presents multiple peaks, the bandgap emission at 1.953 eV and three peaks at lower energy ( around 1.90, 1.85 and 1.75 eV).We already noted multiple peaks in the PL emission of GaInP at low temperature in Chapter 2. As compared to PL, CL reveals more contributions, in particular, the lowest energy peak was not visible in PL. This is probably due to the CL excitation which generates more carriers than PL.

In the AlGaAs spectrum, three contributions can be identied, then the luminescence decreases exponentially at lower energies, revealing a tail of states in the forbidden band..

At this point, it is dicult to predict which alloy is preferable for the top-cell of the tandem device. corresponding to the bandgap emission. This emission can be attributed to impurities introduced in the alloy during the growth. For the MBE sample the impurity peak has an emission 10 times weaker than the peak attributed to the bandgap. For the MOVPE sample this ratio is of two orders of magnitude. Nevertheless, the MBE sample has a higher CL intensity than the sample grown with MOVPE, see Table 4.2.

Comparison of MBE with MOVPE

Table 4.2: Details on the CL measurement at 10 K and 300 K.

The evolution of the CL with the temperature, from 10 K to 300 K, was also investigated (Figure 4.9).

For the MBE sample the lower energy peak quickly quenches. The temperature dependence of its bandgap emission position follows a Varshni law. Signicant broadening of the emission occurs at room temperature.

The evolution of the CL with the temperature is very similar to the observations reported Chapter 2 for the optimal growth conditions.. The impurity peak is more pronounced with CL, probably due to higher injection conditions (bandgap emission was 100 times higher than impurity peak with PL). Another dierence concerns the intensity variation with temperature: the intensity is reduced by a factor of 105 between 5 K and 300 K in PL, while it is halved with temperature in CL (ratio from spectra in Figure 2.14 for PL and 

Experiment details

The TRFLIM setup allows to map the luminescence spatially, and record its evolution with time. The sample is illuminated with a 550 nm laser via an objective that focuses the beam to a 1µm spot. The laser is pulsed (6 ps pulse) with a frequency of 1 MHz; a CCD camera, triggered by the laser pulse, records the luminescence with a resolution of 750 ps.

When illuminated with the laser pulse, carriers are generated in the sample, they diuse and eventually recombine. As illustrated Figure 4.11 the setup permits to record I P L (r, t), the PL intensity in space and time. The number of carriers generated with the excitation pulse is known from the uence of the laser pulse.

Fitting the recorded I P L (r, t) to the continuity equation (Equation 4.2) applied to minority carriers, one can extract carriers lifetime and diusion coecient. Auger recombination was neglected: this mechanism involves three particles and thus becomes signicant at high doping levels or in high injection regime. In this study, all sample are doped below 5.10 17 cm -3 and the injection regime generate carrier concentration similar to 1 sun exposition conditions.

PL intensity is proportional to the square of the carrier concentration, indeed radiative recombination is described by the term R eh .n 

I P L (r, t) ∝ n 2 (r, t) (4.1) 
∂n ∂t = D n .∇n - n τ n -R eh .n 2 (4.2) 
where D n is the diusion coecient for electrons and R eh is the radiative recombination coecient.

The carriers concentration is assumed to be homogenous in depth (GaInP is only 200 nm thick) and initial conditions are xed with the spot of laser pulse. We can then t the experimental I P L (r, t) to Equation 4.2 and deduce D n and τ n . Bercegol et al developed this method to the study both the photo-recycling eect and the carrier transport in perovskites [START_REF] Bercegol | Quantitative optical assessment of photonic and electronic properties in halide perovskite[END_REF].

For this experiment, a passivated GaInP structure with doping level identical to the base layer was compared to sample with p-doping levels of 5.10 17 cm -3 ,5.10 16 cm -3 and 1.10 16 cm -3 grown with MOVPE. The measurement was performed for two photon uences: low injection corresponds to 3.10 5 photons/pulse generating a 10 17 cm -3 carrier concentration in the GaInP, medium injection corresponds to 3.10 6 photons/pulse generating 10 18 cm -3 carriers. These generation regimes are close to the one-sun injection regime. Table 4.3 gathers the results for the four samples. MOVPE sample doped at 5.10 17 cm -3 which exhibits a lower PL intensity than the others, could not be tted at low excitation. Input parameters of the t are majority carriers mobility, extracted from literature for Zn-doped MOVPE samples, GaInP radiative recombination coecient xed at 5.10 -11 cm 3 .s -1 [121], and p-doping level of the samples. Carrier lifetime MBE sample exhibits a relatively good carrier lifetime: 2.3 ns determined for low uence and 1.9 ns determined at medium uence. For MOVPE grown samples the lifetimes determined with the medium ux are 1.8 ns for sample doped in the 10 16 cm -3 range and 1.6 ns when doped at 5.10 17 cm -3 . At low uence, 1.8 ns is obtained for sample at a 5.10 16 cm -3 doping level and 2.3 ns for sample doped at 1.10 16 cm -3 .

The carrier lifetime τ n , tends to decrease slightly with the doping level, as expected since more majority carriers are present for minority carriers recombination. . An interesting result is the long lifetime determined for the MBE sample. 4.14 associates to these lifetimes, the photoconversion eciencies of GaInP single junctions (when available) reported by the same laboratories. Surprisingly, there is a weak correlation between these two parameters, eciency and lifetime. In particular, regarding our value of minority carrier lifetime, we could have expected a better eciency of our cell. Indeed record MBE cell only has a carrier lifetime of 0.5 ns. This suggests that the small diusion length in the base layer of our cells , is limited by the mobility of generated carriers. 

Minority carriers mobility:

In order to compare with values from the literature [START_REF] Scandrett | Doping dependence and anisotropy of minority electron mobility in molecular beam epitaxy-grown p type GaInP[END_REF] and expose the poor mobility determined for this batch of samples, Figure 4.15 displays the minority carriers mobility,µ n , calculated from the diusion coecient of Table 4.3 with the Einstein relationship:

µ n = D n .q k b .T (4.3)
Where q is the elemental charge, k b is the Boltzmann constant and T is the temperature.

For same doping levels, minority carrier mobility is two orders of magnitude lower than the values reported by the NREL (MBE-grown GaInP samples). This huge dierence explains the ratio of more than 10 between the diusion length of 258 nm in our material and that of 2.9 µm for the NREL material. This drastically impacts the cell eciency: the diusion length in NREL material is twice the thickness of their GaInP cells, it thus guarantees the collection of all carriers generated within the cell.

L n = D n .τ n (4.4)
The diusion length L n is calculated from the tted parameters with Equation 4.4

The MOVPE samples used in this study exhibit slightly higher mobilities than the MBE sample, resulting in diusion length of the order of 350-310 nm. Unfortunately we could not nd data on the mobility of minority carrier associated to Zn-doped MOVPE-grown GaInP. It is therefore hard to compare our material with state of the art GaInP cells. The GaInP single junction cells reported by NREL are grown by MOCVD and their carrier mobility might be at least as high as the values reported for their MBE material. Carrier lifetime of 10 ns was reported by Haegel et al and Takamoto et al [START_REF] Haegel | Direct imaging of anisotropic minority-carrier diusion in ordered GaInP[END_REF][START_REF] Takamoto | Structural optimization for single junction InGaP solar cells[END_REF] in MOVPE-grown GaInP. These gures would be consistent with a carrier diusion length of about 6 µm in the state-of the-art GaInP cells, a value well above that we inferred for GaInP cells.

With this TRFLIM study, we further investigated the properties of our GaInP material. Our growth optimization (Chapter 2) led to satisfying carrier lifetime (around 2 ns). On the contrary, the minority carrier mobility is too low. This parameter limits the carrier diusion length to about 260 nm, a distance smaller than the thickness of the neutral region in the base of our cells. This result is consistent with our simulations in section 3.3.1.

Perspectives related to Phosphorus sources

Improving the carrier mobility requires to minimize impurity incorporation during GaInP growth. Two dierent types of impurities can be distinguished, impurities responsible for residual doping of the alloy and impurities acting as traps which can favor non-radiative carrier recombination.

Oxygen incorporation has been discussed in Chapter 2. It could be related to Be doping via Be-O complex formation, which would reduce the Be-doping eciency. The inuence of the phosphorus source on the concentration of oxygen incorporated in GaInP layer has also been studied by Nadja et al. [START_REF] Najda | SIMS measurements of oxygen impurities in AlGaInP semiconductor material and laser diodes[END_REF].

The standard MBE sources, corresponding to our conguration, are elemental solid sources (SSMBE). Gas source MBE (GSMBE) consists in replacing the group V solid sources with gas sources (phosphine and arsine). Nadja et al had an MBE oering both possibilities. They used either a GaP decomposition cell or phosphine gas as the P source for AlGaInP growth. GaP cell corresponds to SS-MBE conguration, phosphine gas is used in GS MBE. From [START_REF] Najda | SIMS measurements of oxygen impurities in AlGaInP semiconductor material and laser diodes[END_REF].

Hence, impurity incorporation in GaInP must also strongly depends on the type of P source which is used. This may be one of the reasons for the gap of performance between MBE-and MOVPE-grown materials. In our case, we use an elemental P source in the form of a red phosphorus ingot of 6N nominal purity. Moreover, elemental P source must be used with a cracking zone which can generate additional contamination. Indeed, increasing the cracker temperature from 800 to 1000°C can result in a multiplication by ten of the O concentration [START_REF] Xiang | Oxygen impurities in Ga<inf>0.51</inf>In<inf>0.49</inf>P grown by solid-source molecular beam epitaxy[END_REF] .

The presence of n-type impurities in red phosphorus source is known for a long time. In 1985, Martin et al noticed that for SSMBE-grown InP, no residual doping below n=10

16 cm -3 was ever reported [START_REF] Martin | Identication of the major residual donor in unintentionally doped InP grown by molecular beam epitaxy[END_REF].

They identied S and Si as the impurities causing this high level of residual doping (concentration as high as 10 16 cm -3 for S and 10 15 cm -3 for Si). Using GS-MBE, Yokotsuka et al could obtain p-doping levels in GaInP and AlInP three times higher than the maximum p-concentration obtained with SSMBE [START_REF] Yokotsuka | Growth of heavily Be-doped AlInP by gas source molecular beam epitaxy[END_REF].

Solid sources purity is graded in Ns, a 2 Ns phosphorus source has a purity of 99%, in fact N corresponds to the number of 9s in the material purity percentage. As a second example a 99.999% pure ingot is graded 5N. In our case, the phosphorus cells was charged with 6N P ingots, which was also the case of Martin et al..

Considering the 6N purity of the elemental P source we used, a simple calculation indicates that 2.21.10 16 cm -3

impurities coming from the P ux, could be incorporated in the III-P lattice. This concentration is of the same order of magnitude than the residual doping level of 1.10 16 cm -3 measured in our GaInP material. Taking into account that S and Si are known contaminants of solid phosphorus and n-type dopants of III-Vs, these impurities are likely responsible for the residual doping of our GaInP layers.

This highlights the importance of the phosphorus source on the limitation observed in our cells. Today, 7N grade red phosphorus is available on the market. If the use of such material results in a reduction of the GaInP residual doping level by a factor of 10, we would be able to reproducibly dope the base in the According to the EQE of Figure 4.17 , beyond 500 nm wavelength, the AlGaAs cell performs better than the GaInP cell. First, the AlGaAs cell absorption drops at higher wavelength due to its smaller bandgap (1.77 eV at this absorber composition compared to 1.85 eV for the GaInP absorber). Then, the photoconversion in this high wavelength range is more ecient than in the GaInP cell. Indeed, the EQE of the AlGaAs cell exhibits a steep drop near the absorption limit and a value around 60% from 500 to 700 nm.

In the short wavelength range, the GaInP cell performs better, having both steeper slope and higher EQE value than the AlGaAs one. This results partly from the front cell optimization of the GaInP cell.

Quantifying the dierences in current (the dashed area in the EQE spectra) with Equation 3.5 , the AlGaAs cell provides 3.81 mA.cm -2 more than the GaInP cell above 500 nm. In the spectrum range below 500 nm the GaInP generates 0.41 mA.cm -2 more than the AlGaAs cell.

The comparison of the EQEs reveals that the problem of photo-conversion at long wavelengths is not observed with the AlGaAs cell. On the contrary, the better response of the GaInP cell in the short wavelength range suggests a lower quality of the n-doped AlGaAs compared to n-doped GaInP. Combining the best layers of the two structures is an interesting solution to improve the PV eciency.

The two alloys present the advantage of being almost lattice-matched to GaAs. The usual growth temperature of AlGaAs is higher than that of GaInP, but the temperature can be easily changed before forming the interface between these alloys. To this end, a short growth interruption can be applied, during which one can also switch the group V uxes.

In the following section, we will focus on the electronic properties of these alloys and to understand their impact on the dierences observed between AlGaAs and GaInP single junction cells.

Complementarity of AlGaAs and GaInP

In our growth conguration, the p-GaInP alloy exhibits low carrier mobility and therefore short diusion length in the cells. We have seen that Be and P may play a signicant role in the degradation of the alloy quality.

On the contrary Be doping in AlGaAs does not present any particular problems. This is another sign pointing P as the main source impurities in GaInP, since this element is absent in AlGaAs . Comparing our Hall eect characterizations of Be-doped III-V alloys in Figure 4.18 we note: Lower p-doping levels are accessible with AlGaAs, 2.4.10 16 cm -3 in comparison with 2.10 17 cm -3 in GaInP.

For identical doping level, majority carriers mobility is higher in AlGaAs than in GaInP. Moreover since lower doping levels are accessible with AlGaAs, one can benet from mobilities signicantly higher than in our GaInP base.

Hence, Be-doped AlGaAs is an attractive alternative to Be-doped GaInP for the base layer of solar cells. On the other hand, Si-doping of AlGaAs is known for being a source of degradation. Watanabe et al observed that Si-doping of the AlGaAs causes the introduction of DX centers in the alloy [START_REF] Oku Watanabe | Donor levels in si-doped algaas grown by mbe[END_REF]. The concentration of these defects increases with the Si-doping level and the Al content. Concentrations of DX centers as high as 10 18 cm -3 were measured for an Al 0.34 GaAs with a free electron concentration of 3.10 17 cm -3 [START_REF] Oku Watanabe | Donor levels in si-doped algaas grown by mbe[END_REF]. Therefore, a signicant concentration of these defects may degrade the properties of the Al 0.28 GaAs emitter and the Al 0.7 GaAs window layer of the cells. Moreover, the Si doping eciency depends on the Al x Ga 1-x As composition. Around this composition of 0.34 in Al, Si-doping eciency was found to decrease by an order of magnitude in comparison to other alloy compositions [START_REF] Okamoto | Si and Sn doping in AlGaAs grown by MBE[END_REF] .The presence of inactive Si impurities is a factor which degrades the free carrier mobility. The emitter composition in AlGaAs cells Thus, the two materials present a remarkable complementarity. Using phosphides for the n-doped layers of the cell and AlGaAs for the p-type side, we can expect great benet for the cell photocurrent. Indeed the main recombination sources of both materials can be avoided.

However, in order to improve the PV eciency, the heterojunction must collect enough photocurrent to compensate the shrinkage of Voc that will be caused by the band o-set at the hetero-interface and by the lower bandgap of the AlGaAs. Indeed at the Al content tested for the heterostructures, the GaInP/AlGaAs hetero-interface will present a staggered junction ( with ∆Ec = 110mEv and ∆Ev = 220meV for a GaInP with a 1.9 eV bandgap and an Al 0.29 Ga 0. [START_REF] Dorin | Lateral composition modulation in short period superlattices: The role of growth mode[END_REF] As alloy with a bandgap of 1.79eV [START_REF] Kim | Band lineup transition in AlGaAs / InGaP from capacitance voltage analysis[END_REF]), see Figure 4.20.

Realisation of GaInP/AlGaAs heterojunction cell

For the realization of the heterojunction, the structure of the window and emitter of the GaInP cell are grown on the base and BSF of the AlGaAs structure (Figure 4.21).

During the epitaxy we interrupt the growth interruption between the base and the emitter in order to switch the group V and adjust the Ga eusion cell and substrate temperature. Such a growth interruption might favor impurities incorporation in a critical region (the p-n junction). To minimize possible detrimental eect, we used a short interruption of 1 min.

In We then studied the inuence of the Al x Ga 1-x As base composition on the heterojunction cell performances. Increasing the Al content in the alloy induces an increase of the bandgap Eg, this is of interest to improve the Voc. On the other hand, higher AlGaAs bandgap reduces the absorption range and thus the Jsc. Let us recall that AlGaAs oers the possibility to approach the optimal value of 1.73 eV for tandem application with Si cell, for an Al content of 0.25.

Al

x Ga 1-x As cells with x= 0.37, 0.28 and 0.25 were fabricated. With 37% of Al, the improvement of Jsc is not sucient to compensate from the Voc reduction and the heterojunction does no surpass the GaInP cell. At lower Al content, the current increase is signicant and Voc is only slightly penalized. This results in an important boost of eciency and Woc reaches 0.487 V.

Figure 6 shows that the increase of Al content does not only shift the absorption edge of the cell to short wavelengths. Indeed, in the 450-600 nm wavelength range, the EQE lowers signicantly with the Al content. This is probably related to the DX centers concentration or/and Oxygen incorporation which increase with the Al content of the alloy [START_REF] Islam | The growth and characterization of AlGaAs double heterostructures for the evaluation of reactor and source quality[END_REF]. Acting as carrier traps and non-radiative recombination centers, these punctual defects degrade the carrier lifetime [START_REF] Amano | The eect of oxygen on the properties of AlGaAs solar cells grown by molecularbeam epitaxy[END_REF][START_REF] Islam | The growth and characterization of AlGaAs double heterostructures for the evaluation of reactor and source quality[END_REF]. and thereby the PV eciency. This might be at the origin of the improvements observed when decreasing the Al content of our heterojunction cells.

In conclusion, the GaInP/AlGaAs heterojunction appears as a very eective way to circumvent the base limitations that we faced in our GaInP PV cells.

4.3.4 Towards a state-of-the-art MBE-grown III-V cell for tandem on Si

We evidenced that the heterojunction is a promising architecture for the elaboration of a performant III-V top cell. Further optimization, described elsewhere [START_REF] Ben Slimane | 1.73 eV AlGaAs solar cell grown by MBE[END_REF], allowed to improve the cell eciency much farther.

In section 3.2.5, we have seen that inserting an intrinsic layer in the middle of the p-n junction could be benecial if the gain of photocarrier collection compensates the negative impact of this intrinsic layer on the Voc and FF. This was not the case when the residual doping level of the intrinsic layer was too high.

The Al 0.25 Ga 0. [START_REF] Liu | Temperature-dependent photoluminescence of GaInP/AlGaInP multiple quantum well laser structure grown by metalorganic chemical vapor deposition with tertiarybutylarsine and tertiarybutylphosphine[END_REF] As, has been selected for its low residual doping and for the range of low p-type doping levels which is accessible in this alloy. It was therefore very relevant to test the insertion of an undoped region as well as a low p-type doped region ( p=2.10

16 cm -3 ) in the AlGaAs base. Such cells were fabricated, they comprise a 50 nm GaInP emitter, a 100 nm AlGaAs i-layer and a 900 or 1900 nm AlGaAs base. A 65 nm SiNx anti reection coating was sputtered on the cells. Two devices were certied by the Fraunhofer ISE calibration laboratory, Figure 4.24 displays the certied results.

The cell with a 2-µm-thick base has the following characteristics: Jsc reaches 17.66 mA.cm -2 , for a FF of 84.37% and a Voc of 1.254 V. This thicker cell has then an eciency of 18.7%. The cell with a 1-µm-thick base has a lower Jsc of 16.33 mA.cm -2 , FF 86.06%, and a Voc 1.292 V. This thinner cell has thus an eciency of 18.16%.

We see that high performances have been obtained. Remarkable gures are, for instance, the FF of 86% and the Woc of 0.44 V of the 1-µm-base cell. Increasing the base thickness does improve the photocurrent, indicating that absorption of light above the bandgap is not complete in the 1-µm-base cell. Although for the 2-µm-thick cell, the decrease of FF and Voc indicates that recombination of minority carriers in the bulk limits the cell performance. The optimal thickness of the base probably lies between 1 and 2 µm.

With this heterojunction architecture, we establish a record of eciency for a MBE-grown III-V cell designed for a tandem cell based on a bottom Si cell: previous record was a GaInP cell with 16.6% eciency [START_REF] Dai | The investigation of GaInP solar cell grown by all-solid MBE[END_REF]. We are condent that the 20% goal, xed for the tandem top cell, is accessible. Indeed, there is still room for improvement: replacing our anti-reection coating with an optimal MgF2/ZnS stack will be protable, residual impurities in the phosphide layers could be reduced in the emitter side with a purer phosphorus source, the exact design of the heterostructure can be further optimized. The large dierence of substrate temperature between MBE and MOCVD growth of GaInP alloy, may explain the dierent properties of this compound elaborated by these two techniques. Annealing of MBE-grown GaInP has been tested to improve the quality of this material. No real benet was observed on the performance of the solar cells.

We have evidenced by PL and CL spectroscopies that Be doping degrades the GaInP properties.

Comparing MBE and MOPVE samples fabricated at C2N, we inferred that impurity incorporation is lower with MOVPE. Nevertheless, we carried out TRFLIM on both samples and found that minority carriers have similar diusion lengths for the two types of sample. MBE sample has a satisfying carrier lifetime of 2.3 ns.

The mobilities of minority carrier determined by the TRFLIM experiment are low in comparison to values reported in the literature. This parameter was identied as the main limitation of the performance of our cells.

MBE sample has as a diusion length of 260nm, while data gathered from MOVPE samples from other laboratories indicate a diusion length longer than 2 μm in GaInP solar cells grown by MOVPE.

One path toward improvement of GaInP is to load an elemental phosphorus source of higher quality.

It will be tested as soon as possible.

Heterojunction combining n-GaInP and p-AlGaAs is an eective solution to circumvent the low carrier mobility in Be-doped GaInP and the poor properties of Si-doped AlGaAs. Heterojunction cell with an eciency of 18.7% was elaborated. This result represents the new state-of-the-art for MBE-grown single junction solar cell with a wide bandgap.

General conclusion and perspectives

Conclusion

The GaInP material which we chose for the III-V cell fabrication, was grown on GaAs and extensively studied.

This alloy exhibits various properties depending on its growth conditions. Dierent growth temperatures and V/III ratio were tested and optimized by maximizing the photoluminescence intensity of the epitaxial layers.

At a growth rate of 1 µm/h, we selected a growth temperature of 500°C and a V/III ratio of 12. For lower growth temperature, the GaInP exhibits a weaker PL intensity, dominated by transitions from impurity levels at energies below the bandgap. Moreover, at lower V/III ratio, a columnar modulation of the group III composition was observed. The amplitude of the composition change is slightly superior to 2%.

Then, we focused on the dierent layers composing the cell, by investigating their inuence on the solar cell photoconversion eciency. The passivation of the GaInP p-n junction with AlGaInP layer of dierent compositions was tested. AlInP proves to be the best material for the window by increasing the photocurrent of the cell by 2 mA.cm -2 . Indeed, AlInP oers more transparency to the wavelengths absorbed by GaInP. On the other hand, the composition of the back surface eld passivation layer has little impact on the performance of the cells. Thinning the n-doped emitter from 100 nm to 50 nm also enhances the photocurrent. Placing the depleted region of the p-n junction closer to the surface, where absorption is more important, increases the number of electron-hole pairs separated and collected.

Despite further optimization of the structure of the GaInP cells, their eciency was found to plateau at 11.6%. It appears that the photocurrent is the limiting factor of the cells and the p-doped base layer is at the origin of this eect. The introduction of non-intentionally doped layer in the structure did not improve the eciency of the cell.

Time-resolved uorescence imaging permitted to study the dynamic of carriers transport in the GaInP base layer. We measured a carrier diusion length of 260 nm. This value is too short to ensure ecient collection of photo-carriers generated at the rear of the cell. However, the carrier lifetime is found to be comparable to state-of-the-art lifetimes for MBE-grown GaInP. Improving the minority carrier mobility is the road that will allow the improvement of the diusion length and therefore the increase of photocurrent collected in the cells.

Combining the front of the GaInP cell with the rear of an AlGaAs cell is demonstrated as an eective solution to improve the cell response at long wavelengths. A record eciency for high bandgap III-V cell grown with MBE was certied at 18.7%.

Finally, a process was elaborated to transfer the active III-V layers on a host support (glass or Si wafers).

With a full back-metallization of the III-V cell and a planar host, the transfer process was successful and the photo-conversion eciency of the transferred structures was similar to that of the normal cells. First attempts to implement the transfer with grid back-contacts (necessary for a tandem use) have revealed mechanical problems due to the stress at the interface between the III-V stack and the bonding polymer during curing. Solutions have been tested and are apparently satisfying, but need a validation by cell measurements.

Perspectives

The results presented above give good hints to improve the GaInP cells. In the future, a better understanding of the factor impacting the electronic properties of the material is needed. The impurities responsible for the residual doping of GaInP and for its poor hole mobility have to be identied. The test of purer elemental P sources may already lead to signicant improvements. Then, growth contaminants could be limited by adjusting the growth procedure. As an example, substrate deoxidation in a separate chamber could avoid Oxygen release in the growth chamber. The use of phosphine as a P precursor could also be a relevant solution.

Indeed, hydrogen radicals can be benecial to prevent the incorporation of impurities in the growing layers or be ecient to passivate some punctual defects (this might partly explain the good MOCVD-grown GaInP properties obtained by some groups). This benet could be exploited in the so-called gas-source MBE conguration (with elemental sources for group III + hydrides for group V species).

It is at the price of an acute attention to conditions reducing the presence of impurities in the MBE chamber that the photo-conversion eciency of the PV cells will reach state-of-the-art gures.

In my opinion the short-term perspectives for the project must focus on the tandem process. Catching up with best high bandgap III-V cells is demanding, moreover intrinsic limits of MBE growth may be dicult to overcome and could prevent the team to compete with the best MOVPE-grown cells.

Finally, the GaInP/AlGaAs hetero-structure appears as an interesting path to remove these barriers and reach the 20% eciency goal for the top cell. That is why, the main work axis for the laboratory has to be the development of the transfer of III-V cell and its bonding for the elaboration of a full tandem. First challenge to overcome, is related to the patterned back-contact of the III-V cell and the cleaving issues observed here.

Then, the increase of the sample area which can be transferred on Si cells can be a major obstacle for the IPVF, and more generally for the large-scale production of this particular III-V/Si tandem process. Currently the tandem cells are limited to a 1 cm 2 area. Increasing the cells to a few cm 2 and then to a full wafer is not straightforward, the mechanical and inhomogeneity issues scaling with the wafer size.

Longer term perspectives lies at the IPVF project scale. During these three years, I became aware of other stakes of Photovoltaics. Too often, we focus ourselves on physical gures while the eld is highly competitive and somehow in race for the highest eciency. However, the development of PV technologies for market application demand so many resources in both investment and time, that the community must also tackles the issues linked to the sustainability of the solution, and their compatibility with production lines. Indeed, technologies which are not based on Si, struggle to enter the PV market and eventually lose market share with the years. Next processes have to develop the tandem solution as an upgrade of standard Si solar cells, meaning that the tandem devices can be fabricated with minor changes to the Si cell and add the less steps to the Si process ow. Regarding the sustainability, the use of AlGaAs appears as underrated solution to my eyes. Indeed, GaInP performs better that its arsenide competitor but AlGaAs oer less sensible growth:

no ordering or composition modulations, no specic composition needed for lattice matching, a bandgap value only depending on the composition. . . AlGaAs permit to avoid the use of Indium, much rarer than Aluminum, which should prevent any raise of the price of the raw material composing the devices. It appears more sustainable from a resource point of view and more robust to growth and process variations. It therefore leads to equivalent eciency for less constrains. The ideal solar cell is not the highest eciency cell, it is a cell combining eciency to low costs. Therefore a PV cell using abundant resources and oering the less challenges for fabrication has an advantage. 
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 1 Figure 1.1: From photosynthesis to photovoltaics. a) Natural photosynthesis process where solar energy is transformed in organic matter. b) Photovoltaic device transforming solar energy in electrical power.
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 1 2 illustrates how important is the PV capacity installed each year, further 100 GW installation is forecasted for 2019. Silicon-based technologies dominate the market: they accounted for 95% of the module production in 2018. Indeed thin lm cell (CIGS, CdTe based) share have gradually decreased over the years (Figure 1.2).
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 1 Figure 1.2: a) Evolution of the global PV capacity (in GW). In orange, the capacity installed each year [4]. b) Repartition of the shares of the dierent technologies on the global PV production per year[3].
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 1415 Figure 1.4: BP prediction of Energy demand growth depending on: the sector, the geographic area, or the energy source [7].
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 1 Figure 1.7: a) Dierent losses leading to 28.3% eciency for GaAs single junction cell and associated solutions. b) Sketch of the thermalisation process.
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 18191 Figure 1.8: Single junction limitations. a) In blue the power converted by a Si cell from the sun spectral irradiance. b) Distribution of the dierent losses depending on the single junction bandgap Eg. From [11].
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 113 Figure 1.13: Lattice parameters and Bandgap of Si, Ge and III-V semiconductors. AlGaAs alloys have lattice constants close to GaAs, GaInP is lattice matched to GaAs at one composition. Direct growth of III-V on Si requires the use of buer layers, based on GaP alloy (path b on the graph) or SiGe (path a).
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 1116151 Figure 1.15: a) High denition TEM image of the interface of wafer bonded III-V cell on Silicon cell [44]. b) Scanning Acoustic Microscopy image of III-V cell bonded on Si. Black area are properly bonded, white areas are voids due to surface contamination. [46].
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 21 Figure 2.1: Sketch of a MOVPE reactor.
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 22 Figure 2.2: Photoconversion eciencies reported for GaInP single junction solar cells. In black cells grown with MOVPE, in red MBE grown cells.
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 23 Figure 2.3: Sketch of the assembly of materials with dierent lattice parameters. a) layer grown strained on substrate b) apparition of dislocation due too important lattice mismatch.
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 24 Figure 2.4: Eect of Threading dislocation density on the dislocation spacing in black, the diusion length of minority carriers in red and the cell's Voc in blue. From[START_REF] Cariou | Material Science Epitaxial growth of Si(Ge) materials on Si and GaAs by low temperature PECVD: towards tandem devices[END_REF] calculated using[START_REF] Ringel | Single-junction InGaP/GaAs solar cells grown on Si substrates with SiGe buer layers[END_REF][START_REF] Yamaguchi | Eciency calculations of thin lm GaAs solar cells on Si substrates[END_REF] 
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 26 Figure 2.6: Details on the use of RHEED for growth assessment. a) RHEED diraction pattern of a rough surface in 1) and smooth surface in 2) from [57]. b) Use of RHEED oscillations for growth rate calibration, how the sample surface changes the RHEED streaks intensity.
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 31 Ordering eects (a)[58] 

Figure 2 . 7 :

 27 Figure 2.7: The zinc-blende structure a) for GaAs, grey spheres are group III elements sites, yellow spheres are for group V.

  (a) From[START_REF] Christian | Amber-green light-emitting diodes using order-disorder Al xIn1-xP heterostructures[END_REF] (b) From[START_REF] Mascarenhas | Spontaneous Ordering in Semiconductor Alloys[END_REF] 

Figure 2 .

 2 Figure 2.8: a) Tg inuence on AlInP ordering. STEM image of a LED structure, area grown at 650°C exhibits a layered contrast revealing the ordering. b) Eect of the MOVPE growth conditions on GaInP bandgap.

Figure 2 .Figure 2 . 9 :

 229 Figure 2.9: Illustration of the V/III ratio inuence on the LCM properties. a) Increase of the modulation width when the III/V ratio is reduced, In rich bands occupy more space when modulation period increases. b) Carrier lifetime decrease with the LCM width (ie) while increasing V/III ratio.

Figure 2 . 10 :

 210 Figure 2.10: Low temperature PL spectra of the Tg batch. a) in nanometers scale b) in eV and logarithmic scales.

Figure 2 . 11 :

 211 Figure 2.11: Comparison of the bandgap variation predicted from the average composition changes (in red)

Figure 2 . 12 :

 212 Figure 2.12: Evolution of the PL spectra with excitation laser power increase, measured at 10 K. a) Sample grown at 495°C b) Sample grown at 450°C, two distinct peaks: low energy peak labeled A and high energy peak labeled B.

Figure 2 .

 2 Figure 2.13 a) shows the PL intensity maximum for samples grown at 450°C (in red) and 495°C (in black).

Figure 2 . 13 :

 213 Figure 2.13: Evolution of PL intensity with the excitation power. a) Comparison of maximum PL intensity between samples grown at 450°C and 495°C. ) Comparison of the PL intensity of the two peaks visible in the spectra of sample grown at 450°C: I(P eakB) /I(P eakA).

Figure 2 . 14 :

 214 Figure 2.14: Evolution with temperature of PL spectra of two samples. a) Tg=450°C, one can discriminate peak A and B and follow their evolution with temperature. b) Tg=495°C, apparition of a second peak when T is above 70K.

Figure 2 . 15 .Figure 2 . 15 :

 215215 Figure 2.15: Evolution of PL intensity with temperature for both of the studied samples. a) Integrated PL intensity of sample grown at 495°C and t with Equation 2.1 b) Integrated PL intensity of sample grown at 450°C.

Figure 2 . 16 :

 216 Figure 2.16: Fit of the evolution of the PL intensity of the sample grown at 450°C. In blue, t of localisation PL eect with Equation 2.3, in red t of delocalised eects with Arrhenius law E quation 2.1.

  At low temperatures, carriers are frozen in shallow localized states. This results in a PL emission red shift in comparison to the bandgap value. When the temperature is increased, the carriers can escape from these localized states and reach the delocalized states of the conduction band. The PL emission then corresponds to the conduction to valence band transition and the peak position follows a Varshni trend. Peak A is the emission form deep localized states. Its inverted S shaped with temperature also corresponds to a freezing eect. At lowest temperature, carriers are frozen and emit from their localized state. Increasing the temperature slightly, allows spatial carrier motion and thermalization to lower energy states localized close-by. Consequently the energy emission reduces slightly. Then, further increase of the temperature provokes a mixed regime and nally the quenching of the peak A emission in favor of peak B emission.

Figure 2 . 17 :

 217 Figure 2.17: Evolution of peak positions in the PL spectra with temperature. Blue upright triangles show the position of the peak B, reversed triangle shows the position of the peak of highest intensity in the spectrum. Peak A quenches at 75 K.

Figure 2 .

 2 Figure 2.18 gathers the positions of PL emission peaks of the sample grown at 495°C. Main peak (peak 1) exhibits a behavior comparable to that of the peak B in the other sample and corresponds to the bandgap emission. The second peak (peak 2) also behaves like a bandgap emission, but at higher energy. Note that the apparition of the peak 2 matches the temperature at which Equation 2.1 starts to fail in tting the PL intensity of the sample.

Figure 2 . 18 :

 218 Figure 2.18: Focus on sample grown at 495°C, in black peak 1 position in red peak 2 position.

Figure 2 . 19 :

 219 Figure 2.19: Schematic of the PL processes observed for the sample grown at 450°C. PL emission results mainly from a near-band-edge transition and transitions from 30-40 meV deep states.

Figure 2 . 20 :

 220 Figure 2.20: Schematic of PL transitions observed for the sample grown at 495°C. Presence of shallow states and of bandgap spatial uctuations.

Figure 2 . 21 :

 221 Figure 2.21: Scheme of Cathodoluminescence set up. From [78].

Figure 2 . 22 :

 222 Figure 2.22: Cathodoluminescence of the samples grown at dierent phosphorus pressures.

Figure 2 . 23 :

 223 Figure 2.23: Bandgap of all the samples of this study. Samples grown at dierent temperatures and a 12

Figure 2 .

 2 Figure 2.24: a) Sketch of the STEM principle to focus and collect the electron beam. b) Image of a sample slice prepared with FIB for STEM imaging.

Figure 2 .

 2 [START_REF] Sahli | Fully textured monolithic perovskite/silicon tandem solar cells with 25.2% power conversion eciency[END_REF] displays HAADF images of this sample: the GaAs layer is homogenous but the two phosphides layers show pronounced variations of intensity along the direction perpendicular to the (100) growth axis. The intensity uctuations start at the AlGaInP/GaAs interface and propagate through the AlGaInP and GaInP layers. They correspond to short and quite regular chemical modulations in these layer. The modulation period appears larger in the GaInP layer.

Figure 2 . 25 :

 225 Figure 2.25: STEM images of solar cell sample grown in A conditions a) image of a whole cell structure b) higher magnication of the back of the cell: GaAs, AlGaInP and GaInP layers appear homogenous.

Figure 2 .

 2 Figure 2.28 is plotted in dark the HAADF intensity prole. The mean intensity varies slightly due to a drift of the lamella thickness. Around this baseline, the HAADF intensity uctuates between maxima, indicating

Figure 2 .

 2 Figure 2.26: STEM images of the sample grown at low phosphorus pressure. a) view of the whole structure b) higher magnication of the GaAs buer, AlGaInP and GaInP layers c) Focus on AlGaInP/ GaInP interface.

Figure 2 . 28 :

 228 Figure 2.28: In black HAADF intensity prole measured in the GaInP. In red In content (y) deduce from the HAADF data.

Figure 2 . 29 :

 229 Figure 2.29: Determination of the modulation period with GIXRD a) GIXRD scan conguration b) Diractogram measured at an incidence angle w=0.6°( black dots) and t for period determination.

Figure 2 . 30 :

 230 Figure 2.30: Mobility of majority carriers (holes) in Be doped GaInP depending on the dopant concentration.

Figure 2 . 31 :%

 231 Figure 2.31: Evolution of the doping level in Be doped Al x Ga 1-x InP with the Al content x.

3. 1

 1 Elaboration of the cell 3.1.1 Structure of a GaInP PV cell A III-V solar cell is usually composed of a stack of dierent materials, each of them serving a specic purpose in the electrical carrier collection. In this section we detail the structure of cells and explain the use of each stacked layers.The p-n junctionThe core element of the cell is a thick p-n junction absorber. As explained in Chapter 1, for optimal combination with a Si bottom cell this absorber must have bandgap close to 1.73 eV. Therefore, we use GaInP (~1.85 eV) and Al 0.25 Ga 0.75 As (1.73 eV) alloys for these layers. The absorber is composed of two layers of the same material, the emitter, n-doped, and the p-doped base.

Figure 3 .

 3 Figure 3.1: P-n junction

ForFigure 3 . 2 :

 32 Figure 3.2: Band diagram for passivation layers. a) Eect of the doping level for an AlInP window. b) band structure for AlGaInP and GaInP back surface eld.

Figure 3 .Figure 3 . 3 :

 333 Figure 3.2 b) shows the band diagram at the base/BSF interface with a (Al 0.5 Ga 0.5 ) 0.52 In 0.48 P BSF and with a completely disordered GaInP BSF. The band diagram were computed with SCAPS, a software for solar cell simulation[START_REF] Burgelman | Modelling polycrystalline semiconductor solar cells[END_REF]. The disordered GaInP provides a small potential barrier for electrons, while AlGaInP creates a higher barrier of 0.16 eV, which is more benecial to the device performance. Ordering eects are weak with MBE growth (Chapter 2); therefore, it cannot be exploited to create an adequate base/BSF heterostructure. We thus decided to use the quaternary alloy.On the left, the eect of the doping level in the AlInP window is presented. Potential barrier for holes at the emitter/window interface increases with the doping while the barrier thickness for electrons decreases, facilitating tunneling.Contact layersFinally highly doped GaAs layers allow the formation of ohmic contacts between the passivation layers and the metallization. It is important that no resistance arises from GaAs/ metallic interfaces. Ideally the work

  3 shows resistivity measurements for our metallic/GaAs contact. The measurements were performed on GaAs doping characterization samples, via Transmission Line Matrix method (TLM). The TLM method consists in evaporating several metal contacts on the GaAs with dierent spacing between each contacts. Measuring how the resistance varies with the contact spacing, the specic resistivity of the metal/GaAs interface can be extracted. Resistivity of 4.29.10 -4 Ω.cm -2 for the Ti/Au p-contact and 2.39.10 -4 Ω.cm -2 for the n-contact (Ni/Ge/Au based) were measured. If these values are two orders of magnitude above what can be achieved for metallic contacts on GaAs[START_REF] Kuan | Electron microscope studies of an alloyed Au/Ni/Au-Ge ohmic contact to GaAs[END_REF][START_REF] Stareev | Formation of extremely low resistance Ti/Pt/Au ohmic contacts to p-GaAs[END_REF], it is satisfying for us as this resistivity is negligible in comparison to the resistivity of the cells ( around 0.1 Ω.cm -2 ).

Figure 3 . 4 :

 34 Figure 3.4: Structure of a III-V cell and associated band diagram detailing carriers path to contacts.

(step 6 )

 6 . The sample, where all cells are thus protected, is soaked in a HBr based solution. The solution etches all phosphide layers and isolates the cells to prevent any shunt. The back contact Ti/Au(20/200 nm) 

Figure 3 . 5 :Figure 3 . 6 :

 3536 Figure 3.5: Process ow for cells.

  7): Jsc the short-circuit current density, Voc the open circuit voltage and the maximum power point corresponding to a Vmpp and Jmpp. The ll factor FF is dened as F F = VmppJmpp VocJsc , it quanties the squareness of the J-V characteristic. This parameter is aected by the resistance values.

Figure 3 .

 3 Figure 3.7 shows how resistances change the J-V characteristic shape.

Figure 3 . 7 :

 37 Figure 3.7: On the left, one-sun characterization example with important points displayed. On the right, resistance eect on the J-V curve. Ideal cell is a 1 cm 2 Si cell with R s = 0Ω.cm -2 and R sh = 1.10 4 Ω.cm -2 (Data from pveducation.org)

Figure 3 . 8 :

 38 Figure 3.8: EQE of GaInP cell [104] and ideal EQE expected when no reection occurs at the surface of the cells and carriers do not recombines in the bulk absorber.

Figure 3 . 9 :

 39 Figure 3.9: IQE of the dierent zones of a GaInP cell, from [100]. Crosses experimental data, lines model tting the data and expliciting the contribution of each regions of the cell

Figure 3 . 11 :

 311 Figure 3.11: Simulation results on the emitter thickness. a) IV characteristics simulated for 50 nm and 100 nm emitter thickness. b) Variation of the gure of merit of cells with the emitter thickness.

  Figure 3.12

Figure 3 . 13 :

 313 Figure 3.13: AlGaInP quaternary alloy properties of interest for the window layer. Band o-set between GaInP and (Al x Ga 1-x ) 0.52 In 0.48 P alloy depending on the Al content x.[106].

Figure 3 . 14 :

 314 Figure 3.14: AlGaInP window eect on GaInP cell performance

Figure 3 .

 3 Figure 3.17 and 3.18 shows that these interfaces are not abrupt but present composition gradients. It is particularly striking in the window layer (Figure 3.18). Starting from the GaInP interface, the window has a 15 nm gradient before reaching an (Al 0.75 Ga 0.25 ) 0.5 In 0.5 P composition instead of the nominal AlInP. The GaAs/window interface also presents a composition gradient; In, P and Al are still present in the rst 10 nm. The HAADF image of the AlInP window at high magnication (Figure 3.3.19) conrms the presence of a composition gradient in the window layer.

Figure 3 .

 3 Figure 3.15: a) Eect of the (Al x Ga 1-x ) 0.53 In 0.47 P composition on the reectivity of a 1-µm-thick layers. b) Reectance measured on solar cell with (Al x Ga 1-x ) 0.53 In 0.47 P and AlInP window. The cell passivated with AlInP benets from the blue shift of the reectance peak when increasing the Al content observed in a).

Figure 3 . 16 :

 316 Figure 3.16: Band diagram of a p-AlInP/p-GaInP/n-GaInP structure. Non-negligible barrier appear in the red circle a, disturbing holes collection.

Figure 3 .

 3 Figure 3.17: EDX prole at the rear of a solar cell. Concentration of constituents across the GaAs/ AlGaInP BSF/ GaInP stack.

Figure 3 .

 3 Figure 3.18: EDX characterisation at the front of a cell. Concentration of the constituents across the GaAs/AlInP window/ GaInP stack.

Figure 3 . 19 :

 319 Figure 3.19: HAADF image of the AlInP window of the cell. High magnication on the GaInP/AlInP/GaAs stack.

Figure 3 .

 3 Figure 3.20 that the band diagram is in fact more favorable to the hole repel and that the barrier for electron is smaller. Thus unavoidable segregation eects during growth should not degrade the electrical properties of our cells.

Figure 3 . 20 :

 320 Figure 3.20: Simulation of the Window/emitter interface with a 16 nm composition gradient between GaInP and AlInP.

Figure 3 . 21 :

 321 Figure 3.21: Sketch of the dierent structures tested in the study

Figure 3 . 22 :

 322 Figure 3.22: Depleted region thickness depending on the thickness of intrinsic layer introduced in the structure

Figure 3 .

 3 Figure 3.21 sketches the dierent absorbers tested and table 3.6 summarizes the characterization results.

Figure 3 .

 3 Figure 3.23: a) EQE comparison of cells with 50 nm i-layer and reference cell. Current gain or loss of specic spectral ranges displayed as dJsc. b) Comparison of the structures with 50 nm i-layer. Inuence of base and window doping concentration increase.

Figure 3 . 24 :

 324 Figure 3.24: Band diagram of the reference and structures comprising 50 nm intrinsic layer.

Figure 3 . 25 :

 325 Figure 3.25: Band diagram of the reference and structures comprising 25 nm intrinsic layer.

Figure 3 . 26 :

 326 Figure 3.26: Comparison of EQE with state of the art cell. In red, data from best MBE-grown GaInP single junction cell [104], in dark our best GaInP cell.

Figure 3 . 27 :

 327 Figure 3.27: Photogeneration rate and recombination rate prole with depth. Obtained from the simulation of a 50 nm thick emitter cell with no window.

Figure 3 . 28 :

 328 Figure 3.28: Inuence of the base thickness on the IV and EQE of GaInP single junction cells.

Figure 3 . 29 :

 329 Figure 3.29: Strain impact on Voc. Voc mostly follows bandgap variation induced by the composition variations. If not stated otherwise, data points are for solar cell with 500-nm-thick base.

Figure 3 . 30 :

 330 Figure 3.30: Woc for the cells. a) Eect of the base thickness on the Woc for p-n cell. b) Woc of all cells: p-n cells with dierent base thickness and p-i-n cells from Section 3.2.5.

Figure 3 . 31 :

 331 Figure 3.31: Cells study wrap-up

Figure 3 . 32 :

 332 Figure 3.32: Additional steps required for the transfer of cells on glass

3. 4 . 2 . 1 Figure 3 . 33 :

 421333 Figure 3.33: Comparison of GaInP cell structures characteristics for normal conguration in black, bonded to glass with Ormostamp in red. a) JV b) EQE

Figure 3 . 34 :

 334 Figure 3.34: Pictures of transferred cells: a) bonded to glass slide with Ormostamp. b) bonded to Si wafer with BCB.

Figure 3 .

 3 Figure 3.34 shows a batch of cells transferred on Si with this process. A very little degradation of the cell performance was noticed: eciency changed from 11.94 % to 11.85 %, without and with the bonding, respectively.

Figure 3 . 35 :

 335 Figure 3.35: Picture of a III-V stack bonded to Si cell with BCB. Once mechanical support from the GaAs substrate is lacking, the cell stack eventually bends and peels.

Figure 3 . 36 :

 336 Figure 3.36: Structure of the two cells samples transferred on glass, on the left version with ngers on the back of a 1cm 2 cell, on the right metallization of the full front the surface of the GaAs back-contact layer.

Figure 3 . 37 :

 337 Figure 3.37: Confocal images of III-V top cells bonded to glass. The back contact metallization visible through the cell seems to cause the cracks.

Figure 3 .Figure 3 . 38 :

 3338 Figure 3.39 shows in blue the usual top-contact pattern, the black area are the shadings added by the new

Figure3. 40 Figure 3 . 39 :

 40339 Figure3.40 displays the results after this lithography step. Clear areas correspond to exposed III-V while the darker areas are protected by the resist.

Figure 3 . 40 :%

 340 Figure 3.40: Pictures of the modied back-contact lithography. Bright areas correspond to III-V surface that will be metallized, darker areas correspond to the resist covering the III-Vs.

  Deep level transient spectroscopy (DLTS) evidenced that RTA reduces the deep traps concentration within the bandgap (Figure 4.1), this reduction coincide with an increase of carrier lifetimes observed by Dekker et al.

Figure 4 . 1 :

 41 Figure 4.1: Deep state levels in MBE grown GaInP and eect of annealing their concentration. From [118].

Figure 4 . 2 :

 42 Figure 4.2: Comparison of the evolution of the PL spectra with excitation power. In a) sample grown at 450 °C studied Chapter 2. b) Sample annealed at 550 °C.

Figure 4 . 3 :

 43 Figure 4.3: Comparison of the deep state and bandgap transition PL intensity depending on the excitation power. In black the annealed sample, in red the as-grown sample.

Figure 4 . 4 :

 44 Figure 4.4: Eect of RTA on GaInP solar cells eciency.

Figure 4 .Figure 4 . 5 :

 445 Figure 4.5: Comparison of MBE and MOVPE GaInP solar cells. a) EQE of the cells. b) Trap concentration measured with DLOS. From [119].

  Figure 4.6 displays the spectra measured at room temperature (red curves are undoped samples; black curves corresponds to p-doped samples; dash line: passivated samples; solid lines: samples without rear passivation). Be clearly degrades the PL intensity of the samples. Without rear passivation, integrated intensity is 24 times higher for the intrinsic sample compared to the Be-doped sample. A factor 8 remains between intrinsic and doped samples when the back-side is passivated. Table 4.1: Samples details for the study of doping and rear passivation eect. Comparison of the integrated CL intensities.

Figure 4 . 6 :

 46 Figure 4.6: CL spectra measured at 300 K. Eect of Be doping and rear passivation with AlInP.

AFigure 4 . 7 :

 47 Figure 4.7: Comparison of the CL spectra of a) AlGaAs and b) GaInP measured at 10 K.

Figure 4 . 8 :

 48 Figure 4.8: CL spectra measured at 10 K for sample grown with the two epitaxy methods compared.

Figure 4 .Figure 4 . 9 :

 449 Figure 4.9for CL).The MOVPE sample exhibits a similar behavior, except that the impurity peak is weaker at low temperature.Thus, we can retain that the MOCVD-grown GaInP sample has incorporated less impurities than the MBE sample. The MOCVD sample seems to be a random alloy with no severe localization eect. MBE sample exhibit more CL intensity, suggesting similar material quality to MOVPE grown GaInP despite a notable impurity incorporation.

Figure 4 . 10 :

 410 Figure 4.10: Dierent recombination mechanisms in semiconductors.

Figure 4 . 11 :

 411 Figure 4.11: Illustration of the TRFLIM experiment. a) The focused laser beam generates carriers in the GaInP. Carriers diuse in the layer and eventually recombine radiatively, allowing the study of diusion and recombination of carriers by mapping the sample luminescence. b) Top view of the sample, at t 0 :carrier generation with green laser; at t>t 0 : luminescence from the sample is recorded. I P L depends on the distance from initial laser spot and on the delay time after the excitation pulse..

Figure 4 .

 4 Figure 4.12 displays data acquired at dierent times for one the MOVPE sample, one notices that the luminescence spreads with time.

Figure 4 . 12 :

 412 Figure 4.12: Plot of the acquired map of phtoluminescence intensity with time. The emission spreads with time and will then vanish.

Figure 4 .

 4 [START_REF] Fertig | Economic feasibility of bifacial silicon solar cells[END_REF] gathers the carrier lifetimes in GaInP reported in the literature. The lifetime of our MBE sample is comparable to the best values reported for MBE grown material. Although it is under the value reported for MOVPE-grown GaInP, which is 5.4 ns in Figure4.13, better values are probably achieved by the PV reference laboratories.

Figure 4 . 13 :

 413 Figure 4.13: Comparison of carrier lifetime in GaInP for various laboratories and growth methods.

Figure

  Figure 4.14 associates to these lifetimes, the photoconversion eciencies of GaInP single junctions (when

Figure 4 . 14 :

 414 Figure 4.14: Lifetimes and associated eciency for GaInP single junction cells.a) addition of the eciencies reported to the lifetimes values presented in Figure 4.13. b) Eciencies of GaInP cells depending on their carrier lifetime, no correlation exhibited.

Figure 4 . 15 :

 415 Figure 4.15: Comparison of minority carrier mobilities in p-doped GaInP. Data from literature [97] and our data deduced from TRFLIM measurements.

Figure 4 .

 4 [START_REF] Takamoto | Application of InGaP/GaAs/InGaAs triple junction solar cells to space use and concentrator photovoltaic[END_REF] shows the oxygen concentration prole in their samples measured by SIMS. It evidences that the GaP solid source causes about an order of magnitude higher incorporation of Oxygen than the gas source. Removing the background contribution, they measured an oxygen concentration of 2.10 16 cm -3 when solid source is used while the concentration was below detection threshold when gas source MBE was used.

Figure 4 . 16 :

 416 Figure 4.16: Impact of the type Phosphorus source on the O concentration incorporated in the AlGaInP.

10 16 cm - 3 . 4 . 3

 343 The carrier mobility should be improved accordingly, with benecial eect for the PV eciency of the cells 7N grade phosphorus ingots are already purchased, but were unfortunately not loaded in the growth chamber during the PhD. A long interruption is forecasted for moving the MBE machine in the new IPVF's building. It was decided to wait for this long interruption before loading a new phosphorus charge in the cracker cell and we shall see in the future how the change of the phosphorus purity improves the GaInP cells quality. Overcoming the GaInP base limitations: the heterojunction4.3.1 The heterojunction ideaHaving noticed the current limitations of GaInP material used in this work and being aware that further improvement requires a maintenance of the MBE system that would interrupt our activities for a long time, another path was investigated for the improvement of the base of the cells.Within project E, my colleague Ahmed Ben Slimane was focusing on AlGaAs solar cells. We have seen in the rst chapter that AlGaAs and GaInP are both interesting candidates for the elaboration of wide-bandgap top cell for double junction tandem solar cell based on Si. Although state-of-art GaInP cells have reached better eciencies, AlGaAs cells oer optimal an bandgap value for 2-terminal tandem junction solar cells on Si. Moreover p-GaInP has been identied as the limiting factor of the cells grown in our MBE.In parallel to the GaInP cell, an AlGaAs cell was developed. Best cell has a 9.93% eciency obtained with a FF of 0.82, Voc of 1.139 V and Jsc of 10.62 mA.cm -2 , The Al concentration of the AlGaAs layer was of 28%.

Figure 4 . 17 :

 417 Figure 4.17: Comparison of the EQE of the GaInP and AlGaAs cells fabricated in the project (cells without ARC).

Figure 4 . 18 :

 418 Figure 4.18: Mobility of majority carriers in Be-doped III-V alloys measured by Hall eect.

(

  xAl= 0.38 to xAl=0.24 tested) is in the range where decrease of the Si-doping eciency is observed. Takashi et al tested the eects of Si doping on AlGaAs properties and cells eciency [128]. They grew p-n cells (thick n-doped base in this cell conguration) and compared two n-dopants, Si and Se. They measured the PL decay time for these two dopants. The DX centers present in the sample doped with Si cause severe degradation of the carrier lifetime (less than 0.3 ns) in comparison to the sample doped with Se (lifetime above 4 ns).

Figure 4 .

 4 [START_REF] Van Riesen | New module design with 4-junction solar cells for high eciencies[END_REF] shows that the degradation is also visible in the EQE of the cells. Clear decrease of the PV conversion occurs at the wavelengths absorbed in the Si-doped area (the back of the cell, i.e. long wavelengths).GaInP does not exhibit degradation caused by Si-doping, which leads to the better performance of the GaInP cell in the short wavelengths range Figure4.17.(a) From[START_REF] Takahashi | Improved eciency of Al Ga As solar cells with a pp \ n \ n structure[END_REF] (b) (c) From[START_REF] Takahashi | Improved eciency of Al Ga As solar cells with a pp \ n \ n structure[END_REF] 

Figure 4 . 19 :

 419 Figure 4.19: Inuence of Si doping on AlGaAs properties, comparison with Se doping. a) Eect on the PL decay time. b) Simple sketch of the n-p cell structure used by Takahashi and al. c) EQE degradation related to the Si-doped area of AlGaAs base of the cells.

Figure 4 .

 4 [START_REF]Current Status of Concentrator Photovoltaik Technology[END_REF] , the EQE of the heterojunction cell is plotted and compared with the EQE of the two homojunction cells (their structure are detailed in Figure4.21). The heterojunction cell adds the benets of its two components, the structure shows good conversion in the short and long wavelengths, cumulating the GaInP and AlGaAs responses.

Figure 4 .

 4 Figure 4.20: a) Details on the band o-set between GaInP and Al 0.29 Ga 0.71 As. b) Band diagram at the hetero-interface for GaInP doped at n=2.10 18 cm -3 and AlGaAs doped at p=2.10 16 cm -3 .

Figure 4 . 21 :

 421 Figure 4.21: The Heterojunction combines the front of the GaInP cell with the rear of an AlGaAs cell.

Figure 4 .

 4 Figure 4.22: EQE of the GaInP, AlGaAs and heterojunction cell.

Figure 4 .

 4 23 show very clearly the shift of the absorption edge induced by the reduction of the Al content. Table 4.4 gives more details on the cells characteristics of these cells which do not include any anti-reection coating. With xAl=0.37 the bandgap of AlGaAs is close to the GaInP bandgap and only little improvement of Jsc is observed. Lowering the Al content provides remarkable improvement of the Jsc which reaches 12.05 mA.cm -2 at 0.25 Al content. On the other hand, the Voc decreases with the bandgap energy, lowering from 1.26 V at xAl=0.37, to 1.247 V for xAl=0.25 Al content. In other words, this Voc reduction is only 13 meV while the AlGaAs bandgap decreases by 150 meV. This translates into a remarkable reduction of the Woc: 0.624 V for xAl=0.37 to 0.487 V for xAl = 0.25 (in the very best III-V solar cells, Woc ≈ 0.4 V). Besides, the FF increase between xAl = 0.37 and xAl = 0.25 indicates that the alloy quality improves with the reduction of the Al content (see in

Figure 4 .%

 4 Figure 4.24: IV curve and EQE of the best GaInP/AlGaAs heterojunction cells.
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Table 2 .

 2 

2: Fit parameter for samples modeling with Equation

2

.1(Arrhenius activation of non-radiative channel) and Equation

2

.3 (localization eects ).

Table 2 .

 2 

	angle (°)	Modulation measured (nm)
	0.3	7.7
	0.4	6.2
	0.5	5.2
	0.6	4.6

3: Modulation periods calculated from GIXRD data.

Table 3 . 1 :

 31 Structure of the best GaInP single junction solar cells.

Table 3 .

 3 

	Sample	Jsc (mA.cm -2 )	FF	Voc (V)	Eciency
	50 nm emitter	9.05	0.804	1.28	9.08
	25 nm emitter	8.53	0.766	1.26	8.18

3: Results from a second set of cells and inuence of emitter thickness

Table 3 .

 3 

	Sample	Jsc (mA.cm -2 )	FF	Voc (V)	n
	No window *	6.15	0.728	1.11	4.99
	AlGaInP window	7.60	0.768	1.18	6.89
	AlInP	8.15	0.784	1.23	7.87
	AlInP and SiNx ARC	10.68	0.784	1.243	10.42

4: Mean parameters for the dierent batches on the window study of the Jsc can be attributed to a drastic decrease of the carrier recombination at the cell surface.

Table 3 .

 3 

	prole type	Eg* (eV)	Jsc (mA.cm	-2 )	FF	Voc (V)	Eciency (%)
	reference	1.93	9		0.82	1.3	9.66
	50 nm i layer		9.5		0.77	1.21	8.99
	50 nm i layer and higher doping	1.925	8.5		0.81	1.29	8.95
	25 nm i layer and 100 nm pseudo-intrinsic	1.895	8.8		0.8	1.24	9.09

6: Recap of the results from cells comprising an intrinsic layer. * Indication of the bandgap extracted from XRD while FF and Voc do not change. Yet the eciency of this structure does not overcome the performance of the reference structure.

Table 3 .

 3 7: On the inuence of the material and growth quality. Comparison of identical cells grown in dierent MBE.

	Sample	Jsc (mA.cm	-2 ) FF Voc (V) Eciency (%)
	C2N reference cell	8.15	0.78	1.23	7.87
	IPVF reference cell	9.05	0.82	1.3	9.66
	C2N reference cell (with ARC)	10.69	0.78	1.24	10.42
	IPVF reference cell (with ARC)	10.94	0.8	1.29	11.60

  The sample is then etch in H 2 SO 4 /H 2 O 2 /H 2 O 2:1:1 for 25 min, while rotating the sample of 90°every 5 min for better homogeneity. In order to continue the etching at more moderate speed, a N H 3 /H 2 O 2 /H 2 O 1:1:2 solution is then used. The sample remain in the solution until the etch-stop layer appears, with again a 90°rotation every 10 min. The etching is nished in a Citric acid/H 2 O 2 5:1 solution that allows a selective etch of GaAs on the AlGaAs etch-stop. AlGaAs layer is removed with a deep of a few seconds in 1% HF solution. Table3.8 recapitulates the substrate removal process.

  2 in Equation 4.2. The carrier concentration at given moment and position follows the continuity equation (Equation 4.2) which include a carrier diusion term D n .∇n, and the SRH

	recombination term,	n τn .

Table 4 . 3 :

 43 Results obtained with TRFLIM transient t.

Table 4 . 4

 44 

		GaInP cell	Heterojunction cells
	Al content	-	xAl=0.37	xAl=0.28	xAl=0.25
	Jsc (mA.cm -2 )	8.15	8.78	11.46	12.05
	FF	0.82	0.77	0.81	0.82
	Voc (V)	1.3	1.26	1.26	1.247
	Eciency	9.66	8.5	11.7	12.3
	Eg (eV)	1.89	1.884	1.771	1.734
	Woc (V)	0.59	0.624	0.511	0.487

). Figure 4.23: Inuence of the AlGaAs composition on the EQE of heterojunction cells.

Table 4 .

 4 4: Characterization results for comparison of GaInP cell and heterostructure cells with various Al x Ga 1-x As composition.

Remerciements to be written

to promote O incorporation in phosphide layers when they are grown with a solid phosphorus sources. Using GaP decomposition cell as a source for phosphorus, concentration levels as high as 1.10 17 cm -3 in GaInP and 2.10 17 cm -3 in AlGaInP was measured [START_REF] Najda | SIMS measurements of oxygen impurities in AlGaInP semiconductor material and laser diodes[END_REF]. Al is also known for similar eect on Oxygen impurity incorporation, creating DX centers in AlGaAs alloys [START_REF] Heckelmann | Material quality frontiers of MOVPE grown AlGaAs for minority carrier devices[END_REF][START_REF] Akimoto | Photoluminescence killer center in AlGaAs grown by molecular-beam epitaxy[END_REF]. The combination of both eect might result in an increasing incorporation of O in the layer with the Al content in the AlGaInP alloy.

In presence of Be, Oxygen forms Be-O complex that causes non radiative traps [START_REF] Xiang | Oxygen-related deep level defects in solid-source MBE grown GaInP[END_REF]. Those complex may stop the doping role of the Be atoms associated to Oxygen and therefore reduce the active dopant concentration. Indeed, Be-O are also known for creating deep donor state in GaAs [START_REF] Le Corre | Inuence of oxygen incorporation on beryllium-doped InGaAs grown by molecular beam epitaxy[END_REF] and AlGaAs [START_REF] Zolper | Thermally stable oxygen implant isolation of p-type Al0.2Ga 0.8As[END_REF], resulting in Be doping compensation, same eect was observed in MBE grown InGaAs [START_REF] Von Neida | Interaction of Be and O in GaAs[END_REF].

Increasing incorporation O impurities in AlGaInP with Al concentration may thus cause increasing compensation of the p doping, resulting in the trend displayed Figure 2.31.