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v Introduction III-Nitride semiconductor materials are predominately used for applications including light emitting diodes (LEDs), high electron mobility transistors etc. In the early 90's, Indium Gallium Nitride (InGaN) was developed as a new material to be used in LEDs. However, after the re-evaluation of the InN bandgap (0.64 eV), making possible to tune the InGaN bandgap (with indium incorporation) across nearly the entire solar spectrum (0.64 -3.4 eV), attracted much more attention of the scientific community for another possible application: Photovltaics. In addition to that, InGaN material possesses the desired properties, such as high radiation resistance and high absorption coefficient (10 5 cm ≠1 ), for high efficiency concentrated PV technologies, in which lenses and mirrors focus the sunlight on a small area solar cell, significantly decreasing the amount of material required and, consequently, the overall cost of the photovoltaic device. The varying badgap of InGaN alloy offers unique opportunity to design multijunction solar cells, with the flexibility of choosing the number and bandgap energies of the constituent junctions. It (bandgap tunability) is also able to utilize high energy photons with more efficiency than those made from traditional III-V alloys, which are limited to bandgaps of less than 2.2 eV, making possible to overcome the required bandgap >2. [START_REF] Kirill | Assessment of factors limiting conversion efficiency of single-junction iii-nitride solar cells[END_REF] eV to go beyond the 50% efficiency barrier [START_REF] Marti | Limiting efficiencies for photovoltaic energy conversion in multigap systems[END_REF] for III-V (GaAs) based 4-junction solar cell with current efficiency of 46% under concentrated light (508 suns) [START_REF]New world record for solar cell efficiency at 46% french-german cooperation confirms competitive advantage of european photovoltaic industry[END_REF]. Similarly InGaN added on top of Si (In-GaN/Si multijunction solar cell) has a predicted power conversion efficiency of 36% under 500 times concentrated AM 1.5G solar spectrum [START_REF] Hsu | Modeling of ingan/si tandem solar cells[END_REF]. In theory the unique properties of InGaN should translate into high efficiency, long lifetimes, and ultra thin solar cells. However, tuning the bandgap of InGaN epitaxial layer to lower energy with high indium incorporation has proven difficulties such as phase separation (compositional instability) due to the poor miscibility of InN and GaN and relaxation of the mismatch stress accommodated in the InGaN layers due to its growth on foreign substrates (with lattice and thermal expansion coefficient mismatch) restricts the critical layer thickness of the InGaN epilayer for a given indium concentration. These factors result in intensive generation of extended defects (threading dislocations) in InGaN that (i) lead to formation of the conductive channels shunting the PV device and (ii) make shorter the carrier lifetime in the InGaN light absorption region [START_REF] Kirill | Assessment of factors limiting conversion efficiency of single-junction iii-nitride solar cells[END_REF]. Therefore, InGaN solar cells reported until now results in low power conversion efficiency than what is expected theoretically.

In this context, the objective of this work is to investigate new approaches that could help to obtain high efficiency InGaN solar cells by overcoming the challenges mentioned above. These new approaches are developed by our joint team at UMI GT-CNRS 2958 (Georgia Tech Lorraine) and LMOPS EA 4423 (Université de Lorraine et Centrale-Supélec). The two laboratories with the state-of-the-art equipment's work on the growth of III-Nitride materials. For this project of realization of high efficiency InGaN solar cells using those newly developed approaches, all the InGaN PIN structures are grown using MOCVD by our joint team at UMI GT-CNRS 2958 and LMOPS EA 4423. The device vii fabrication is partially carried out at LMOPS EA 4423 and partner laboratories, including CNRS /LPN : Laboratoire de Photonique et de Nanostructures (France), IEMN -Institut d'électronique de microélectronique et de nanotechnologie (France) and Georgia Institute of Technology, (Atlanta, USA). The device design is done by UMI GT-CNRS 2958 and Geeps -Génie Electrique et Electronique de Paris-Saclay (France). The structural, morphological and electro-optical characterization of these InGaN solar cells is carried out at UMI GT-CNRS 2958 and LMOPS EA 4423. I contributed to the device design in collaboration with Geeps. I also worked on optimization of the p-GaN metal contacting, and partially contributed to the final device processing of InGaN solar cells. I performed the morphological and electro-optical characterization of the functional InGaN solar cells. In this study, the structural and morphological investigations are carried out using X-ray diffraction (XRD), Scanning electron microscopy (SEM) and High angular annular dark field electron microscopy (HAADF-STEM), and the electro-optical characterization of the solar cells are performed using, current-voltage, external quantum efficiency (EQE) and electron beam induced current (EBIC) measurements. These results are organized in the manuscript as follows;

Chapter 1 presents a brief introduction to III-Nitride materials, followed by the context and goals of the study. The chapter provide details of the two new solar cell design concepts developed by our team, for the realization of high efficiency InGaN solar cells.

Chapter 2 introduces the main challenges in InGaN materials that limits the potential use of InGaN for high efficiency solar cells. A literature study of the current state-of-the-art is presented for InGaN PV cells, with different active region designs, i.e. InGaN bulk heterojunction, InGaN multiple quantum wells (MQWs) and InGaN homojunction solar cells. Finally the two new solar cell design concepts developed by our team, i.e. Semibulk (multi-layered InGaN/GaN) and Nano-structure are presented.

Chapter 3 presents the results for bulk InGaN heterojunction solar cells. This type of solar cell design is used as a reference, for comparison with the new approaches developed by our team. During this study, we investigated the influence of V-pits in the p-GaN layer on the overall conversion efficiency of InGaN solar cells.

Chapter 4 presents the results for the first approach "semibulk" developed by our team. The power conversion efficiency for this type of PV cells is almost three times higher than state of the art, and the short circuit current density is almost four times higher than the typical bulk InGaN heterojunction solar cells.

Chapter 5 presents the results for the second approach "nano-structure" developed by our team. A PIN heterojunction structure based on nano selective area growth consisting of thick InGaN nano-pyramid coalesced by a p-GaN layer is presented. This unique structure solves the key challenges with the crystalline quality of thick InGaN epitaxial layers with high indium concentration thus enabling the potential use of high indium composition defect-free InGaN layers for realization of high efficiency solar cells. The structure fabricated into working solar cells exhibiting photoresponse is a proof-of-concept that this new approach developed by our team is a new route to develop monolithic InGaN-based high efficiency solar cells.

Finally a conclusion and perspectives of the study are presented in Chapter 6. Several suggestions for exploring the further capabilities of the semibulk approach and particularly the InGaN nano-structure approach for high indium (>30%) concentration are discussed. In addition to that, InGaN based Schottky solar cells and regrowth of p-GaN epitaxial layer using MBE technique are discussed and proposed for the future study.

The manuscript also includes five appendices as described below;

viii Chapter 1

Context and Goals of the Study 1.1 Harnessing of Solar Energy

O ne of the most important ingredients for continued human progress is an ample supply of energy. It is sensible, then, to concern ourselves with the sources of this energy. The main sector contributing to the huge amount of energy generation is the fossil fuel with limited resources. At present, oil covers approximately 40% of the world's energy and one-quarter of the supply comes from natural gas and coal. The remaining energy is supplied by wood, nuclear fission, and hydroelectric, in that order. The difficulty and cost of safety disposing radioactive material and toxic waste, makes the use of nuclear and chemical energy a questionable solution. There is in point of fact a massive belief that the use of fossil fuel is a contributing factor to the cause of global warming, which will ultimately result in the demise of the planet altogether. The burning of fossil fuel also detracts from public health by contributing to ground-level ozone which has been found to significantly increase the risk of premature death, in addition each 1% loss of total ozone due to environmental pollution leads to a 3 -5% increase in skin cancer cases [START_REF]Climate change 2007: The physical science basis[END_REF]. These quality-of-life concerns, however, pale in comparison to the drastic damage greenhouse gases to our environment. The scientific community is largely in agreement that greenhouse gas emissions are the most probable cause of the global warming, that the damage to the environment is irreversible on a timescale of hundreds of years, and that reducing CO 2 emissions should be a priority [START_REF]Climate change 2007: The physical science basis[END_REF][START_REF] Hansen | Earth's energy imbalance: Confirmation and implications[END_REF][START_REF] Thomas | Modern global climate change[END_REF]. The emission levels of carbon dioxide that we generate by the constant use of fossil fuel are literally killing our planet. So a basic question is why not to put them in storage and use something more useful. Fortunately, our earth offers numerous renewable energy sources such as solar, wind, hydro, tidal, geothermal heat and biomass. At this time, renewable sources account for an inconsequential portion of the world's energy supply [START_REF] Podobnik | Global energy shifts. The Energy and Resources Institute (TERI)[END_REF]. Renewable sources of energy need to be considered seriously. Hence, now it is the right time to start switching our habit of using conventional energy sources and provide better life quality for next generations.

Sun is one of the most potential candidates among the renewable energy sources. In fact, the solar energy received on the top of the atmosphere in an hour (1.7 × 10 5 terawatts) is remarkably much greater than the annual energy consumption of the world [START_REF] Aj Nozik | Exciton multiplication and relaxation dynamics in quantum dots: applications to ultrahigh-efficiency solar photon conversion[END_REF]. Nathan Lewis [START_REF] Nathan S Lewis | Global energy perspective. Caltech, The Lewis Group[END_REF] survey of energy sources reveals that only solar energy has a large enough resource base to meet the world Õ s energy demands without contributing greenhouse gases to the atmosphere. Sunlight reaching the earth Õ s surface is almost 6000 times the average power consumed by humans. These figures encourage us to look for ways to harness solar energy and convert it into other convenient forms. The direct process of converting sunlight into electricity is called Photovoltaic (PV) process. This is the most environmental friendly and reliable way of harnessing energy. Sunlight is described as fullspectrum light and includes the range of wavelengths necessary to sustain life on Earth: infrared, visible and ultraviolet (UV) as shown shown in Figure 1.1. The light that we Figure 1.1: The solar spectrum (http://www.digiolighting.com/full-spectrum-lighting/). see (visible spectrum) everyday is only a fraction of the total energy emitted by the sun incident on the earth.

The power conversion efficiency of a solar cell is sensitive to the variations in both power and spectrum of the incident light. Therefore for an accurate comparison between solar cells measured at different location i.e. at the earths surface and/or outsides the earth's atmosphere, standard solar spectrum and power density has been defined. The standard solar spectra refer to generic locations. The solar spectra are prefixed "AM", which stands for "Air Mass" and followed by a number which refers to the length of the path through the atmosphere in relation to the shortest length if the sun was in the apex. Figure 1.2 shows a comparison of the different air mass spectra at different locations. Figure 1.3 shows the spectral irradiance of sunlight as a function of photon energy for standard AM 0 and AM 1.5 G. The spectral density for a standard AM 0 and AM 1.5 G solar spectrum is 136 mW/cm 2 and 100 mW/cm 2 respectively.

The modern solar cell was first realized at Bell Laboratories in 1954 in the form of a 6% efficient crystalline-silicon (c-Si) device. Silicon solar cells has the dominant share of 80% in the PV market, because crystalline silicon based devices are well-understood and the manufacturing process is mature [START_REF]Solar Generation. 6: Solar photovoltaic electricity empowering the world[END_REF]. Due to the established crystalline silicon solar cell technology, the end product advances in efficiency are generally accomplished through incremental improvements to the production line instead of revolutionary advances [START_REF] Fath | Latest developments in crystalline silicon based photovoltaics manufacturing process technologies[END_REF]. The most important drawback of commercially available silicon solar cells is its low conversion efficiency. Since 2009, the solar cell industry has been rapidly growing more than 30% per year. But, in spite of the fast increase, the solar energy production makes less than 1% of the overall produced energy. Germany is able to generate 50.6% of electricity using solar energy. In 2014, the total PV-generated power of 35.2 TWh covered approximately 6.9% of Germany Õ s net electricity consumption [START_REF] Wirth | Recent facts about photovoltaics in germany[END_REF]. The limited utilization of the solar energy is partly related to its high cost. Levelized Cost of Elec- tricity (LCOE) is a technique of calculating and comparing the prices of electrical energy generated via different sources. It shows the ratio between the expected cost of the system during its lifetime (including construction, financing, fuel, maintenance, taxes, insurance etc) and the working lifetime of this system for a given technology. Figure 1.4 shows the comparison of levelized costs of different energy technologies to solar energy in Germany for different electricity sources. In the year 2013, the LCOE for PV panels varied from 0.078 to 0.142 e/kWh that is twice more expensive than the brow coal (0.142 e/kWh-0.053 e/kWh). The LCOE values for concentrator PV (CPV) technology that contrary to conventional PV cells uses lenses and curved mirrors to focus sunlight onto small device, are from 0.10e/kWh to 0.15e/kWh at locations with a DNI of 2000 kWh/(m 2 a) and 0.08e/kWh to 0.12e/kWh with 2500 kWh/(m 2 a). The analysis shows that CPV has potential for reducing the LCOE, which encourages a continued development of this technology. The cost and the performance of solar panel directly depend on the power zed Cost of Electricity of renewable energy technologies and Figure 1.4:

Levelized cost of electricity of conventional and renewable energy technologies, for 2013 and 2014 in Germany (http://www.ise.fraunhofer.de/en/publications/studies/cost-of-electricity). conversion efficiency of the PV cells that consist of semiconductor material capturing and transforming the sunlight.

The reliability, durability, cost and power conversion efficiency of the photovoltaics developed using different materials led the solar community to designate them into three generations as shown in Figure 1.5. The first generation contains solar cells that are oncept of "third generation" PV, which has a advantage of "second generation" thin re 1.5: Efficiency and cost projections for first, second and third generation PV Figure 1.5: Efficiency vs. cost projections for the first, second and third generation PV cells [START_REF] Martin A Green | Third generation photovoltaics: advanced solar electricity generation[END_REF]. relatively expensive to produce, and have a low efficiency. The second generation contains types of solar cells that have an even lower efficiency, but are much cheaper to produce, such that the cost per watt is lower than in first generation cells. The term third generation is used about cells that are very efficient. Most technologies in this generation are not yet commercial, but there is a lot of research going on in this area. These three generations of solar cells developed over the time are discussed below.

First generation solar cells

The first generation solar cells consist of large-area, high quality and single junction devices that are predominately made of silicon. Silicon has an indirect bandgap of 1.12 eV, that allows the absorption of the visible light. The highest power conversion efficiency achieved with crystalline silicon solar cell is 25% under non-concentrator by SunPower and 27.6% under concentrator (92x) by Amonix. This generation of the solar cells dominates the market and are mainly those seen on the rooftops. However, they are rigid and require a lot of energy in production, thus making them relatively expensive as shown in Figure 1.5. Major challenges involved in this generation of solar cells are [START_REF] Oliva-Chatelain | An introduction to solar cell technology[END_REF]: i). The light energy lower than the energy bandgap is not absorbed and is lost. ii). The light energy higher than the energy bandgap is lost and excess energy appears as heat.

The demonstration of 24.5% of power conversion efficiency shows that this generation of solar cells are very close to their maximum theoretical limit of 31% [START_REF] Oliva-Chatelain | An introduction to solar cell technology[END_REF], which leaves little room for further improvement, and because of this, different approaches to solar cells are investigated.

Second generation solar cells

The second generation of solar cells (Thin film solar cells) emerged due to their lower production costs (see Figure 1.5) and minimal material consumption, which makes these cells attractive to the end user. These solar cells also called thin film technology PV cells, are based on amorphous silicon, micro-amorphous silicon, copper indium gallium diselenide (CuInGaSe 2 , CIGS) and cadmium telluride (CdTe), with typical power conversion efficiency of 10 -20%. Amorphous silicon based solar cells are the most common and commercially used solar cells, in this generation of PV cells. Amorphous silicon solar cells are reported with a maximum conversion efficiency of 13.6%. These solar cells comes with several challenges, including degradation of the devices with the time and poor light absorption resulting in low conversion efficiency compared to other silicon solar cells. However, the solar cells based on CIGS and CdTe materials are more stable and results in higher power conversion efficiency. For instance, the US national renewable energy research facility (NREL) achieved an efficiency of 23.3% for the solar cells based on CIGS under concentrated light (14.7x) and 22.3% by Solar Frontier unde rnon-concentrated light, whereas the maximum power conversion efficiency reported for a PV cell based on CdTe is 22.1% by First Solar. Although the second generation PV cells have a competitive edge over the first generation PV cells, e.g. CIGS and CdTe PV cells offer high efficiency at a lower cost than silicon, the future of this technology may run into difficulty due to the use of scarce and toxic materials [START_REF] Jimbo | Cu 2 znsns 4-type thin film solar cells using abundant materials[END_REF][START_REF] Katagiri | Development of czts-based thin film solar cells[END_REF][START_REF] Wang | Thermally evaporated cu2znsns4 solar cells[END_REF]. These drawbacks inspired the PV community to search for a new generation of solar cells.

Third generation solar cells

Third generation technologies aim to enhance the power conversion efficiency of second generation (thin-film technologies) while maintaining very low production costs. This generation of solar cells has the potential to achieve the goal of $1/W as shown in Figure 1.5, which is equivalent to the price of fossil-based electricity.

Multijunction solar cells

Multijunction solar cells consists of materials with different bandgaps that can absorb the different useful photon energies. It largely eliminates the process of thermalization and non-absorption caused by the photons with energies higher than the bandgap of the material. Multijunction solar cells with multiple cells makes possible to absorb a narrow range of photons close to its bandgap by each cell as shown in Figure 1.6. Multijunction Figure 1.6: Schematic of the absorbance of the multijunction solar cell. solar cells are one of the most promising options to obtain high efficiency, as they reduces transmission losses by splitting the spectrum and absorbing efficiently different sections of the spectrum by stacking several cells with different bandgaps. This generation of solar cells are currently successfully employed in concentrator photovoltaic (CPV) technologies, in which lenses and mirrors focus the sunlight on a small area solar cell, significantly decreasing the amount of material required and, consequently, the overall cost of the photovoltaic device. These solar cells have been extensively used in space applications because of their high power conversion efficiency, small sizes, low weights, and superior radiation resistance.

Current power conversion efficiency of 46% is held by GaAs based 4-junction (GaInP/ GaAs/ GaInAsP/ GaInAs) solar cell under concentrated light (508 suns) [START_REF]New world record for solar cell efficiency at 46% french-german cooperation confirms competitive advantage of european photovoltaic industry[END_REF]. Boeing Spectrolab obtained an efficiency of 38.8% for a 5-junction solar cells under non-concentrator conditions. A power conversion efficiency of 44.4% under concentrated light (302x) and 37.8% under non-concentrated is achieved using a three junction by Sharp. For a two junction solar cell, a power conversion efficeincy of 31.6% is obtained by Alta Devices under non-concentrator and 34.1% under concentrator (467x) by NREL.

During the 1980s and early 1990s a sustained period of improvements to PV cell efficiencies took place in various laboratories, principally at the University of New South Wales (UNSW -Australia) and at Stanford University (USA). This is illustrated in the chart of best research cell efficiencies maintained by the National Renewable Energy Laboratories shown in Figure 1.7. The NREL data shows the power conversion efficiency for the first generation solar cells improved until 1995, than saturates with no further obvious improvements. The timeline for second generation solar cell (thin film technologies) shows that the power conversion efficeincy for these PV cells improved until 2000, with a little improvement in the last decade. These solar cells are cheaper compared to the first generation solar cells but the power conversion efficiency remains lower then the silicon based solar cells. The multijunction concentrator devices have shown a dramatic increase in power conversion efficiency compared to the other technologies. They offer high power conversion efficiency compared to traditional solar cells that are made of semiconductor materials with a single layer. The emerging technologies (see Figure 1.7) received tremendous attention in the public especially after the achievements in the research of perovskite cells, as their research efficiencies recently soared above 20%. The third generation (multijunction ) solar cells are typically made of compound semiconductors from III-V groups of the periodic table, because these alloys have bandgaps ranging from 0.3 eV to 2.3 eV, covering most of the solar spectrum. Nevertheless, there is an urgent search for a monolithic design that will convert sunlight into electricity with practical efficiencies higher than 50% [START_REF] Marina S Leite | Towards an optimized all lattice-matched inalas/ingaasp/ingaas multijunction solar cell with efficiency> 50%[END_REF]. To achieve this goal, new approaches of solar cells which consist of four or more bandgaps are required, as shown in Figure 1.8. Although, the current efficiency achieved using multijunction solar cells is very high compared to silicon based solar cells. However, practically, there is a very little range of materials that could be used to make these cells. Multijunction solar cells rely on materials with, matching bandgap with the solar spectrum, high mobility and lifetimes, thermal and lattice matching. These critical parameters makes it very challenging in finding the right fabrication materials. In order to overcome the 50% power conversion efficiency barrier [START_REF] Marti | Limiting efficiencies for photovoltaic energy conversion in multigap systems[END_REF] in a GaAs based 4-junction solar cell, material with a bandgap >2.4 eV is needed. However, there are not many materials offering a bandgap greater than 2.4 eV. The III-nitride alloys are among the few materials that can provide bandgap of greater than 2.4 eV [START_REF] Bhuiyan | Ingan solar cells: present state of the art and important challenges[END_REF]. 

III-Nitride Materials

The key application of InGaN material is its varying badgap energy with indium incorporation, which is a critical factor in targeting the power conversion efficiency beyond 50% with a bandgap energy greater than 2.4 eV in a quadruple junction solar cell. It possesses the desired characteristics, i.e. wide and direct bandgap covering almost the entire visible solar spectrum (0.64-3.4 eV), high absorption coefficient (10 5 cm ≠1 ), high thermal resistance and radiation tolerance, for achieving high efficiency PV devices. The varying badgap of InGaN alloy offers unique opportunity to design multi-junction solar cells, with the flexibility of choosing the number and band gap energies of the constituent junctions. A two-layer multi-junction cell with bandgaps of 1.1 eV and 1.7 eV can attain a theoretical 50% maximum efficiency, and by depositing multiple layers tuned to a wide range of bandgaps an efficiency up to 70% is theoretically expected [22].

In theory the unique properties of InGaN should translate into high efficiency, long lifetimes, and ultra thin solar cells. However, tuning the bandgap of InGaN epitaxial layer to lower energy with high indium incorporation has proven difficulties such as phase separation (compositional instability) due to the poor miscibility of InN and GaN and relaxation of the mismatch stress accommodated in the InGaN layers due to its growth on foreign substrates (with lattice and thermal expansion coefficient mismatch) restricts the critical layer thickness of the InGaN epilayer for a given indium concentration. These factors result in intensive generation of extended defects (threading dislocations) in InGaN that (i) lead to formation of conductive channels shunting the PV device and (ii) make shorter the carrier lifetime in the InGaN light absorption region [START_REF] Kirill | Assessment of factors limiting conversion efficiency of single-junction iii-nitride solar cells[END_REF]. Other issues, such as, sensitivity of InGaN absorber to the growth temperature of the subsequent top p-GaN layer for realization of PIN devices [START_REF] Liang | The effects of a low-temperature gan interlayer on the performance of ingan/gan solar cells[END_REF] and polarization [START_REF] Jj Wierer | The impact of piezoelectric polarization and nonradiative recombination on the performance of (0001) face gan/ingan photovoltaic devices[END_REF] further reduces the efficiency of the InGaN based solar cells.

Objective of This Dissertation

The objective of this study is to investigate new approaches that may overcome as discussed previously the issues of phase separation and high dislocation density in InGaNbased PIN solar cells. Two novel approaches are proposed for the realization of high efficiency InGaN solar cells, and compared to the classical approach of bulk InGaN heterojunction solar cells (see Figure 1.9). The first approach referred as "semibulk" consists in replacing the conventional bulk absorber by a thick multilayered InGaN/GaN absorber as shown in Figure 1.9(b). The periodical insertion of the thin GaN interlayers should absorb the excess indium and relieve compressive strain. These GaN interlayers need to be thick enough to be effective and thin enough to allow carrier transport through tunneling. The InGaN layers need to be thick and numerous enough to absorb efficiently the incoming light beam, and thin enough to remain fully strained and without phase separation.

Figure 1.9(c) show the second approach that consists in the growth of InGaN nanostructures for the achievement of high indium content thick InGaN layers. It allows the elimination of the preexisting dislocations in the underlying template. It also allows strain relaxation of InGaN layers without any dislocations, leading to higher indium incorporation and reduced piezoelectric effect.

Chapter 2

InGaN Materials and Solar Cells

InGaN Materials

With the revision of bandgap for InN from 1.89 eV to 0.64 eV by Wu et al. [START_REF] Wu | Small band gap bowing in in1àxgaxn alloys[END_REF], the InGaN material system now covers almost the entire visible solar spectrum as shown in Figure 2.1. The bandgap variation of InGaN alloy obtained with the indium concentration makes Figure 2.1: Band gap energies of the InGaN alloy system covering the entire solar spectrum [START_REF] Wu | Small band gap bowing in in1àxgaxn alloys[END_REF]. it a potential candidate in multi-junction solar cells, to overcome the 50% conversion efficiency barrier [START_REF] Barnett | Milestones toward 50% efficient solar cell modules[END_REF]. Table 2.1 list the optimum values of bandgaps of multijunction solar cells calculated through detailed balance modeling. The triple junction solar cell listed in Table 2.1 has a maximum conversion efficiency of 56%, however, its thermodynamic limit can be improved to around 80% [START_REF] Kujadkumar | Development of wide-band gap InGaN solar cells for highefficiency photovoltaics[END_REF]. InGaN is a direct bandgap semiconductor which means that the creation of electron-hole pairs does not require participation of crystal lattice vibrations, that results in waste of energy [START_REF] Anani | Inxga 1-xn refractive index calculations[END_REF]. Following the re-revision of InGaN bandgap, several groups reported InGaN layers over whole composition range with moderate dislocations densities for re-evaluation of the absorption coefficient of InGaN alloys grown with different techniques, including metallic beam epitaxy (MBE) by Hori et al. [START_REF] Hori | Optical properties of inxga1xn with entire alloy composition on inn buffer layer grown by rf-mbe[END_REF] and Wu et al. [START_REF] Wu | Small band gap bowing in in1àxgaxn alloys[END_REF], while MOVPE by Jani et al. [START_REF] Kujadkumar | Development of wide-band gap InGaN solar cells for highefficiency photovoltaics[END_REF]. of the study performed by these three groups, that fits good the absorption model, given 

α(E)=α 0 Ò (E -E g ) E (2.1)
where α(E) is the absorption coefficient of the semiconductor as a function of photon energy (given in eV), E g is the bandgap (given in eV) and α 0 is a fitting parameter that is usually given in eV 1/2 cm ≠1 . The absorption coefficient is high in all of the InGaN range, and importantly increases rapidly near the band edge. The average value of α 0 over the whole alloy composition range, computed from the data presented in Figure 2.2, is 5 × 10 5 eV 1/2 cm ≠1 . This high absorption coefficient makes possible to absorb 90% of incident above-bandgap light within 120 nm, making it a potential candidate for ultra thin high efficiency solar cells. A high absorption is a critical factor in achieving high collection since the absorption depth must be shorter than the diffusion length [START_REF] Honsberg | Ingan-a new solar cell material[END_REF]. The diffusion length depends on both the minority carrier lifetime and the diffusion coefficient.

The reported diffusion lengths are between 0.2 to 0.8 µm [START_REF] Honsberg | Ingan-a new solar cell material[END_REF], but several reports [START_REF] Matoussi | Minority carrier diffusion lengths and optical self-absorption coefficient in undoped gan[END_REF][START_REF] Zz Bandiê | Minority carrier diffusion length and lifetime in gan[END_REF] measured diffusion lengths over 1 µm. Apart from the above mentioned properties,InGaN material do not contain toxic elements like cadmium, arsenic or phosphorous which are present in other PV technologies being currently used [START_REF] Jain | Impact of electrical contacting scheme on performance of ingan/gan schottky solar cells[END_REF]. These properties contribute to the potential of InGaN based solar cells for use in harsh environments, especially for space applications. Despite recent significant progress in InGaN technology, several critical challenges still exist in potential use of InGaN for high efficiency solar cells. Therefore, InGaN based PV devices demonstrated so far have low experimental power conversion efficiency, compared to what is expected theoretically.

Challenges in InGaN Materials

Critical Layer Thickness

The epitaxial growth of InGaN III-nitride on lattice mis-matched sapphire substrates (29% between InN and sapphire, 14% between GaN and sapphire) results in the presence of in-plane strain. This in-plane strain can be compressive or tensile, depending on the lattice parameter of the top layer and the substrate. The mechanical deformations that may happen for the two possible outcomes of the lattice parameters i.e. in-strain plane or out-of-plane strain plane are shown in Figure 2.3. The elastic energy stored by the InGaN epilayers is proportional to its thickness. This mechanism limits the growth of InGaN epitaxial layer to a certain thickness called the "critical layer thickness", denoted by h c . InGaN epilayers grown beyond the critical layer thickness cannot be indefinitely strained on the underlying GaN buffer, resulting in severe degradation of the InGaN crystalline quality. The excess elastic energy stored in the InGaN layer exceeding critical layer thickness contributes to the creation of misfit dislocations (threading dislocations) in the InGaN layer, eventually the InGaN epitaxial layer appears to relax on the GaN buffer layer. These threading dislocations may terminate at the layer surface as V-defects (see Appendix A) and absorb photons above and below the InGaN band gap, resulting in a shadowing of the solar cells [START_REF] Kim | Formation of v-shaped pits in ingan/gan multiquantum wells and bulk ingan films[END_REF].

Several theoretical models have been developed to determine the InGaN critical layer thickness depending on the type of misfit dislocation, like People and Bean [START_REF] People | Calculation of critical layer thickness versus lattice mismatch for gexsi1-x/si strained-layer heterostructures[END_REF][START_REF] People | Erratum: Calculation of critical layer thickness versus lattice mismatch for gexsi1-x/si strained-layer heterostructures[END_REF], Fischer et al. [START_REF] Fischer | New approach in equilibrium theory for strained layer relaxation[END_REF] and Matthews and Blakeslee [START_REF] Matthews | Defects in epitaxial multilayers: I. misfit dislocations[END_REF]. Our team recently published [START_REF] Orsal | Bandgap energy bowing parameter of strained and relaxed ingan layers[END_REF] a comparison The theoretical critical layer thickness as deduced from the model of Fischer et al. [START_REF] Fischer | New approach in equilibrium theory for strained layer relaxation[END_REF] is also reported (dashed line) [START_REF] Orsal | Bandgap energy bowing parameter of strained and relaxed ingan layers[END_REF]. set B also exceeding the critical layer thickness shows 2D surface morphology, in which 3D indium rich inclusions embedded in the 2D InGaN matrix tend to appear [START_REF] El Gmili | Characteristics of the surface microstructures in thick ingan layers on gan[END_REF], and partially relaxed InGaN layers. These results show that the thickness of fully strained InGaN epilayer significantly depends on the indium concentration.

Phase Separation

The large difference in the inter-atomic spacing and chemical affinity between InN and GaN (11% of lattice mismatch between InN and GaN) causes a solid phase miscibility gap and phase separation in the InGaN epitaxial layers [START_REF] Ho | Solid phase immiscibility in gainn[END_REF]. The formation of micro-and nano-scale regions within the InGaN epitaxial layer with different indium concentration is referred as phase separation [START_REF] Oliver | Microstructural origins of localization in ingan quantum wells[END_REF]. Evidence of phase separation in InGaN ternary compounds has been found in material grown by a number of techniques -molecular beam epitaxy (MBE) [START_REF] Singh | Phase separation in ingan thick films and formation of ingan/gan double heterostructures in the entire alloy composition[END_REF], metal-organic chemical vapor phase deposition (MOCVD) [START_REF] El-Masry | Phase separation in ingan grown by metalorganic chemical vapor deposition[END_REF] and hydride vapor phase epitaxy (HVPE) [START_REF] Sato | Hydride vapor phase epitaxy of inxga1-xn thin films[END_REF]. This results in compositional nonuniformity and defects [START_REF] Yu | Suppression of phase separation in ingan due to elastic strain[END_REF]. Lai et al. [START_REF] Lai | Effect of indium fluctuation on the photovoltaic characteristics of ingan/gan multiple quantum well solar cells[END_REF] reported the trapping of carriers in the shallow quantum wells created by the indium fluctuations leads to the poor device performance. In contrary to the solar cells, the fluctuation of indium composition within the InGaN epitaxial layers is considered beneficial in the operation of high efficiency GaN based light emitting diodes. Karpov et al. [START_REF] Yu | Suppression of phase separation in ingan due to elastic strain[END_REF] reported that the elastic strain effect considerably suppresses the phase separation in the strained InGaN layers. It can also (possibly) be controlled by optimization of the InGaN growth conditions, such as decreasing the InGaN growth rate for low indium concentration and increasing the growth rate for high indium concentration [START_REF] Mukhtarova | Puits quantiques de composés nitrures InGaN/GaN pour le photovaoltaique[END_REF].

InGaN Solar Cells

Among the ternary compounds of III-nitride materials, InGaN has drawn a great deal of attention. It has been considered as the most important and indispensable material for realization of high efficiency solar cells, over the past ten years. During the early period, InGaN alloy was exclusively evaluated for single junction photovoltaic applications with Ga-rich materials owing to mature growth and doping technologies of GaN. After the revision of the InN bandgap energy, an attempt to fabricate InGaN solar cells is under way by different groups since 2003, including Dr. Anderson Õ s group at the University of Florida and groups at the Georgia Institute of Technology, Atlanta USA, the University of Delaware, and the National Renewable Energy Laboratories (NREL) [START_REF] Bhuiyan | Ingan solar cells: present state of the art and important challenges[END_REF][START_REF] Jani | Characterization and analysis of ingan photovoltaic devices[END_REF].

The first clear demonstrations of photovoltaic effect using InGaN material system were achieved by the design of Jani et al. [START_REF] Jani | Design, growth, fabrication and characterization of high-band gap ingan/gan solar cells[END_REF] and Yang et al. [START_REF] Yang | Photovoltaic effects in ingan structures with p-n junctions[END_REF] having Ga-rich PN InGaN homojunction and p-GaN/InGaN/n-GaN heterojunctions grown by metal-organic vapor phase epitaxy (MOVPE) in 2006 and 2007. Jani et al. [START_REF] Jani | Design and characterization of gan/ ingan solar cells[END_REF] demonstrated the photovoltaic response with single layer solar cell with an indium content of 4-5%, in a PIN InGaN hoterojunction (i.e. an InGaN epitaxial layer sandwiched between p-type GaN and n-type GaN). Later on Yang et al. [START_REF] Yang | Photovoltaic effects in ingan structures with p-n junctions[END_REF] and Jani et al. [START_REF] Jani | Effect of phase separation on performance of iii-v nitride solar cells[END_REF] demonstrated the photovoltaic response using InGaN homojunction (i.e. p-InGaN/n-InGaN) solar cells. With the passage of time, significant efforts were carried out to overcome the challenges of achieving high quality thick InGaN absorber with high indium content. These efforts include the growth of indium-rich InGaN layers by molecular beam epitaxy (MBE) [START_REF] Chen | Growth, fabrication, and characterization of ingan solar cells[END_REF], and the use of different designs including, bulk InGaN, multiple quantum wells (MQWs) and InGaN homojunction absorbers, which will be discussed in detail in the next section.

InGaN Bulk PIN Heterojunction Solar Cells

InGaN PIN heterojunction solar cells based on a single thick InGaN absorber layer also referred as bulk InGaN sandwiched between p-type GaN and n-type GaN, is the most extensively studied type of InGaN solar cells. The initiative of bulk type InGaN solar cells benefited mostly from the mature growth and fabrication of InGaN/GaN LEDs technology.

Jani et al. [START_REF] Jani | Design and characterization of gan/ ingan solar cells[END_REF] demonstrated the first bulk InGaN PIN hoterojunction solar cell shown in Figure 2.5, with 5% of indium concentration, corresponding to an energy bandgap of [START_REF] Jani | Design and characterization of gan/ ingan solar cells[END_REF] showing V oc of 2,4 V, a J sc 3,7 mA/cm 2 and fill factor 78% under concentrated UV light source.

3.2 eV. They demonstrated a V oc , J sc and fill factor (FF) of 2,4 V, 3.7 mA/cm 2 and 78% respectively under concentrated UV light source as shown in Figure 2.6. In addition the device shows internal and external quantum efficiency around 60% and 43% respectively. Since the device was illuminated under concentrated UV light source, therefore the power conversion efficiency under one sun illumination was not reported. The primary challenge, that affected the device performance, was the phase separation in the InGaN epitaxial layer, that not only reduced the V oc but also enhanced the recombination decreasing the photogenerated current. Phase separation that contributes to the charge carrier confinement is beneficial to the operation of InGaN based light emitting diodes [START_REF] Huang | Growth and characterization of inxga1xn alloys by metalorganic chemical vapor deposition for solar cell applications[END_REF]. However, the occurrence of phase separation is detrimental to InGaN solar cell performance, because it results in the trapping of the photogenerated carriers and thus reduces the carrier lifetime that ultimately reduces the J sc [START_REF] Ag Melton | Development of indium-rich ingan epilayers for integrated tandem solar cells[END_REF]. Furthermore, due to the phase separation, the V oc of the device typically collapses towards the lowest effective bandgap in the material [START_REF] Ag Melton | Development of indium-rich ingan epilayers for integrated tandem solar cells[END_REF]. The trap-filling due to the high dislocation density of bulk, 5.5 × 10 8 cm ≠2 , and surface traps in GaN/InGaN photovoltaic devices has been postulated as reducing the collection efficiency of the photogenerated carriers. This trapping mechanism increases the series resistance and reduce the shunt resistance (see Appendix B for details of the effect of shunt and series resistance on the performance of the PV cells), that eventually affects the power conversion efficiency of the solar cells. The issue of phase separation was addressed by Zheng et al. [START_REF] Zheng | High-quality ingan/gan heterojunctions and their photovoltaic effects[END_REF], demonstrating a high-quality p-GaN/i-In 0.10 Ga 0.90 N/n-GaN bulk heterojunction solar cell (Figure 2.7), with no observable phase separation and relaxation grown by MOCVD. The device results in a power conversion efficiency of 0.5% under an AM 1.5G illumination as shown in Figure 2.8. However, the measured V oc of the device was substantially less than that reported by Jani et al. [START_REF] Jani | Design and characterization of gan/ ingan solar cells[END_REF] 2.4 V for p-GaN/i-In 0.05 Ga 0.95 N/n-GaN. The lower V oc [START_REF] Zheng | High-quality ingan/gan heterojunctions and their photovoltaic effects[END_REF] was ascribed to the relatively low built-in potential caused by The effect of light absorption in metal contacts on power conversion efficiency p-GaN/i-In 0.12 Ga 0.88 N/n-GaN bulk heterojunction solar cell was studied by Neufeld et al. [START_REF] Carl J Neufeld | High quantum efficiency ingan/gan solar cells with 2.95 ev band gap[END_REF]. They show that the performance of the device improved by increasing the distance between the p-GaN metal grid contacting. The different measured values for both the solar cells are listed in Table 2.2. They attributed the improvement in performance to the less The difficulty in the growth of high quality thick InGaN absorber layer with high indium concentration has significantly limited the power conversion efficiency of bulk InGaN heterojunction solar cells, due to the incomplete light absorption in thin InGaN absorber layers. Liang et al. [START_REF] Liang | The effects of ingan layer thickness on the performance of ingan/gan pin solar cells[END_REF] reported that when the thickness of the InGaN absorber layer was increased from 75 nm to 150 nm, the magnitude of the external quantum efficiency of the InGaN solar cell slightly increased. However, when the thickness of the InGaN ab-sorber layer was increased to 300 nm, the external quantum efficiency sharply decreased as shown in Figure 2.9. It is well understood that thin InGaN absorber will result in [START_REF] Liang | The effects of ingan layer thickness on the performance of ingan/gan pin solar cells[END_REF].

incomplete light absorption, on the contrary, if the InGaN absorber is grown too thick, then quality of the InGaN layer and the collection efficiency will quickly be degraded, resulting in poor photovoltaic performance. Therefore, the crystalline quality and thickness of the InGaN layer is a key parameter for improving the performance of InGaN solar cells. Zheng et al. [START_REF] Zheng | High-quality ingan/gan heterojunctions and their photovoltaic effects[END_REF] reported that as the thickness of an InGaN absorber layer was increased from 150 nm to 250 nm for 10% of indium concentration, the devices display the poorer photovoltaic effect, attributed to the worse crystal quality of the absorber caused by a relaxation of InGaN because the growth thickness exceeded the critical layer thickness of InGaN on GaN. An efficient conversion of lower energy photons requires high indium content InGaN, which limits the maximum thickness of this layer, reducing its light absorption. This is why many researchers, (with respect to the InGaN critical layer thickness for a given indium concentration) tried improving light absorption by surface roughening or backside reflection methods. Several other techniques have been reported for the reduction of threading dislocations and incomplete light absorption in thin InGaN absorber layer. Liang et al. [START_REF] Li | Effects of polarization charge on the photovoltaic properties of ingan solar cells[END_REF]r e p o r t e d that by changing the growth conditions, especially the temperature and the growth rate, the structural quality of the In 0.12 Ga 0.88 N absorber layer was improved, resulting in an increase in peak external quantum efficiency from 17% to 57%. The use of patterned sapphire substrate for reduction of threading dislocations and improvement in the absorption of the useful light has shown very promising results [START_REF] Chu | Growth and characterization of p-ingan/iingan/n-gan double-heterojunction solar cells on patterned sapphire substrates[END_REF]. In order to stop the extension of threading dislocations via the InGaN absorber into the p-GaN, Liang et al. [START_REF] Liang | The effects of a low-temperature gan interlayer on the performance of ingan/gan solar cells[END_REF] proposed the use of a thin low temperature GaN cap layer between p-GaN and InGaN absorber layer. This thin GaN cap layer effectively reduced the leakage current resulting in improved device performance.

The power conversion efficiency of the bulk InGaN heterojunction solar cells is not only limited by the epitaxial quality of the InGaN absorber, but also by the surface morphology and structural quality of the p-GaN epitaxial layer. The light absorption in the p-GaN layer can be significantly reduced by decreasing its thickness, that eventually results in a high J sc [START_REF] Carl J Neufeld | Optimization of the p-gan window layer for ingan/gan solar cells[END_REF]. A similar impact was also observed for the external quantum efficiency measurements. Neufeld et al. [START_REF] Carl J Neufeld | Optimization of the p-gan window layer for ingan/gan solar cells[END_REF] demonstrated that optimization of the p-GaN epitaxial layer has a significant role in improving the conversion efficiency of the InGaN solar cells.

They show that the p-GaN epitaxial layers grown at low temperature results in poor crystalline quality, that contributes to the leakage current, resulting in a low V oc . However, these devices results in a high J sc and high external quantum efficiency, attributed to the optical path length enhancement associated with increased scattering off of the rougher, pitted p-GaN surface observed for the low temperature p-GaN growth conditions. The Vpit density was significantly reduced by growing the p-GaN layer at higher temperatures. P-GaN epitaxial layers grown at high temperature results in smoother surfaces because of longer diffusion lengths of the growth species resulting in planarization of the V-pits [START_REF] Wu | Structural origin of v-defects and correlation with localized excitonic centers in ingan/gan multiple quantum wells[END_REF]. A similar study of the impact of p-GaN surface morphology on the overall conversion efficiency of In 0.12 Ga 0.88 N solar cells was also studied by Matioli et al. [START_REF] Matioli | High internal and external quantum efficiency ingan/gan solar cells[END_REF]. It was shown that an intentional texturing of the p-GaN surface results in a high internal quantum efficiency and an improved light in-coupling, yields high external quantum efficiency (72%). The intentional texturing of p-GaN surface was achieved by growing p-GaN layer at relatively low temperature. The high measured internal quantum efficiency shows an efficient conversion of absorbed photons into electrons and holes and an efficient transport of these carriers outside the device. The textured p-GaN surface, reduced the reflection of incident light and increased the path length of the light inside the device active region, resulting in enhancement of 35% in maximum output power of the device. The different values for smooth and rough p-GaN surface measured by Matioli et al. [START_REF] Matioli | High internal and external quantum efficiency ingan/gan solar cells[END_REF] are listed in Table 2.3. A similar conclusion was also reported by Farell et al. [START_REF] Farrell | Effect of intentional p-gan surface roughening on the performance of ingan/gan solar cells[END_REF], who demonstrated that the growth temperature of p-GaN has a significant role in the overall conversion efficiency of InGaN solar cells. They concluded that there is a correlation between an increase in the surface roughness of the p-GaN and an increase in the optical coupling between the InGaN/GaN cells and the incoming light. Although the p-GaN layer grown at low temperature results in improvement of the J sc , at the same time, the V-defects results in a high leakage current, results in reduction of the V oc . The V-pits (see Appendix A) associated to threading dislocations are the major contributors to the efficiency limiting factors. They act as current leakage paths such that shunt resistance and hence V oc is reduced. Zhang et al. [START_REF] Zhang | The effect of dislocations on the efficiency of ingan/gan solar cells[END_REF] reported that the presence of high density of threading dislocations shown in Figure 2.10 significantly reduced the power conversion efficiency of the device. They speculated that due to the conditions adopted to grow the thick InGaN epilayers, threading dislocations opened up to form V-pits in the active region. The facets of the V-pits were probably relaxed and have a large lattice mismatch with GaN grown on the top. Consequently, the growth of the capping layer introduces in the active region more dislocations, acting as recombination centers [START_REF] Sj Rosner | Correlation of cathodoluminescence inhomogeneity with microstructural defects in epitaxial gan grown by metalorganic chemical-vapor deposition[END_REF]o r become charged cores [START_REF] Cherns | Electron holography studies of the charge on dislocations in gan[END_REF] to hinder photon-induced carriers from being collected. Hence the degradation of the InGaN epilayer with high indium concentration and the presence of threading dislocations severely damaged the performance of the solar cells. Similar Figure 2.10: STEM images of the cross-section of (a) the low dislocation density sample and (b) the high dislocation density sample. Note that in addition to threading dislocations in the GaN template, there are V-pits and dislocations in the InGaN epilayer, as well as horizontal dislocations in the GaN template near the interface. Each V-pit is associated with a threading dislocation. Dislocation loops are visible in the InGaN [START_REF] Zhang | The effect of dislocations on the efficiency of ingan/gan solar cells[END_REF]. observations were reported by Wu et al. [START_REF] Wu | Characteristics of gan/ingan double-heterostructure photovoltaic cells[END_REF], where a large difference in power conversion efficiency between experimental and theoretical values was attributed to the inferior quality of InGaN absorber and InGaN/GaN interface generated with increase of indium composition. They show using transmission electron microscopy that the solar cell with 10% of indium concentration gives an abrupt interface and there was no phase separated indium-rich quantum dots or dislocations in the InGaN active layer. However, as the indium concentration was increased to 14%, rough InGaN/GaN interface and dark spots occurred within the InGaN active layer and InGaN/GaN interface, which contributed to the degradation of the In 0.14 Ga 0.86 N absorber layer resulting in poor device performance.

Despite all these encouraging results, the crystalline quality and high dislocation density in thick InGaN absorber layers for high indium concentration (> 15%) grown on sapphire substrate remained a major challenge in achieving high efficiency bulk InGaN heterojunction solar cells. Table 2.4 summarizes the state-of-the-art for bulk InGaN heterojunction solar cells. 

InGaN MQWs PIN Heterojunction Solar Cells

The development of Multiple Quantum Wells (MQWs) absorber provided an alternative approach to improve the performance of InGaN PIN heterojunction solar cells. It enabled the growth of thick InGaN layers with high indium concentration, that could overcome the issues of incomplete light absorption. In the beginning, a key issue in using MQWs was, whether the increase in J sc , due to the addition of lower bandgap well materials, can outweight the voltage drop of V oc due to the recombination loss at the heterojunction interfaces. MQWs structures are extensively studied for high efficiency solar cells, by varying various parameters: Voltage (P -V ) measured under AM 1.5G, as shown in Figure 2.12 have significantly higher values than the values reported by Lai et al. [START_REF] Lai | Effect of indium fluctuation on the photovoltaic characteristics of ingan/gan multiple quantum well solar cells[END_REF]. They attributed the improvements to the V oc ,J sc , FF and η are 1.8 V, 2.56 mA/cm 2 , 64% and 2.95%, respectively [START_REF] Dahal | Ingan/gan multiple quantum well concentrator solar cells[END_REF].

high crystalline quality of InGaN material in MQWs. Though they obtained a power conversion efficiency of 2.95% under AM 1.5G and 3.03% under 30 suns but it was still much lower than the theoretically expected value of a single junction solar cell of about 8% with that optical energy band gap. A major reason for the large difference between theoretical and experimental efficiency was attributed to the insufficient light absorption in InGaN QWs (36nm), that should, at least, be greater than 200 nm for complete light absorption. This was evidenced by the increase in photocurrent density by more than 15% when an aluminum back reflector was deposited. They also stated that it is rather challenging to obtain indium-rich InGaN/GaN MQW structures thicker than 150 nm. Additionally, they reported that the fill factor of the device decreased under concentrated sun light. This was attributed to the enhanced carrier recombination at the interface region due to high carrier densities under concentrated sun light. The reduction of the junction electric field caused by the increase of indium content was also suggested as a leading source of poor fill factor (30%) by varying the different parameters of the MQW solar cells [START_REF] Lai | Effect of indium fluctuation on the photovoltaic characteristics of ingan/gan multiple quantum well solar cells[END_REF]. It has been reported [START_REF] Lai | Effect of indium fluctuation on the photovoltaic characteristics of ingan/gan multiple quantum well solar cells[END_REF] that fill factor and efficiency of the device are substantially enhanced by increasing the temperature from 250K to 300K. The strong temperature-dependent enhancement was attributed to the additional contribution to the photocurrents by the thermally activated carriers, which were originally trapped in the shallow quantum wells resulting from the inhomogeneous indium distribution. The poor fill factor of the device has been also attributed to the high series resistance contributed induced the poor quality of metal contacts and quality of the MQW absorber [START_REF] Xiao-Bin | Ingan/gan multiple quantum well solar cells with an enhanced open-circuit voltage[END_REF].

Dependence on the barrier thickness

Wierer et al. [START_REF] Jj Wierer | Influence of barrier thickness on the performance of ingan/gan multiple quantum well solar cells[END_REF] studied the influence of the barrier thickness on the performance of InGaN MQW solar cells. The J -V characteristics given in Figure 2.13 shows that samples with barrier thickness of 3.0 nm and 10.0 nm display more leakage current compared to the 6.3 nm barrier sample, impacting the overall efficiency of these devices. They attributed the high leakage current to the carrier tunneling via non-radiative centers in the MQW. They reported that the sample with 6.3 nm barrier thickness exhibits the best overall performance with a V oc of 2.05 V, FF of 63% and power conversion efficiency of 1.66%. The power conversion efficiency for 3.0 nm and 10.0 nm samples were 0.96% and 0.61% respectively, greatly affected by the leakage currents. Similarly, Watanab et al. [START_REF] Watanabe | Barrier thickness dependence of photovoltaic characteristics of ingan/gan multiple quantum well solar cells[END_REF] reported that under illumination, as the barrier thickness decreases, J sc increases and V oc decreases, shown in 

Methods to improve light absorption

To maximize the incident light into the solar cell, Neufeld et al. [START_REF] Carl | Observation of positive thermal power coefficient in ingan/gan quantum well solar cells[END_REF] reported In 0.28 Ga 0.72 N/GaN MQW solar cells with rough p-GaN surface. The devices exhibited an external quantum efficiency of 69% (26%) at 390 nm (460 nm), an open circuit voltage of 2.04 V, a fill factor of 63% and a short circuit current density of 2 mA/cm 2 , under an AM 1.5G illumination. Tsai et al. [START_REF] Tsai | Substrate-free large gap ingan solar cells with bottom reflector[END_REF] reported improved conversion efficiency from 0.17% to 0.27% in substrate free InGaN MQW solar cell with a bottom reflector. Ho et al.. [START_REF] Ho | An efficient light-harvesting scheme using sio 2 nanorods for ingan multiple quantum well solar cells[END_REF] reported an efficient light-harvesting scheme using SiO 2 nanorods for InGaN MQW solar cells, improving the power conversion efficiency from 0.37% to 0.45%. Jeng et al. [START_REF] Jeng | Increasing solar efficiency of ingan/gan multiple quantum well solar cells with a reflective aluminum layer or a flip-chip structure[END_REF] demonstrated an increase in solar cell efficiency by using a reflective aluminum layer. Seo et al. [START_REF] Seo | Efficiency improvement in ingan-based solar cells by indium tin oxide nano dots covered with ito films[END_REF] reported efficiency improvement by using indium tin oxide nano dots covered with ITO films. They observed that the solar cell with the ITO (50 nm) nano-dots under AM 1.5G conditions showed the best results: 2.3 V for V oc , 0.69 mA/cm 2 for J sc , 41.8% for peak EQE, leading to a conversion efficiency of 0.91%. They attributed the efficiency improvement to the decreased reflectance achieved by the ITO nano-dots covered with an ITO film with an optimized thickness.

Young et al. [START_REF] Ng Young | High-performance broadband optical coatings on ingan/gan solar cells for multijunction device integration[END_REF] reported InGaN/GaN MQW solar cells grown by MOCVD on a bulk (0001) substrate shown in Figure 2.16, with high-performance broadband optical coatings to improve light absorption. The device had anti-reflective coating and back-side dichroic mirror in order to minimize the reflection from the surface and maximize the rear reflection, respectively, that enhanced the power conversion efficiency of the device, as shown in Figure 2.17. The device had a power conversion efficiency of 3.33% under AM 0 illumination. These results suggested that well designed broadband optical coatings can enhance the performance of InGaN-based solar cells while also allowing for high transparency to underlying junctions. Table 2.5 summarizes the state-of the art of InGaN MQW heterojunction solar cells. ern" and 1x10 19 ern", respectively. Figure 5 shows the current density J-voltage V characteristics of the device in the dark and under AM1.5 100 mW/cm 2 illumination. The structure of the device fabricated is shown in the inset in Fig. 5. As can be seen in Fig. 5, the curve in the dark (2.57eV) and poor quality of the thick InGaN (0.5-1 µm) films. The steep increase observed in forward current compared with that in the dark, indicated the photoconductive nature of the p-layer. The devices also suffered from the poor-doping capability of p-InGaN causing high series resistance, resulting in a poor fill factor eventually leading to a lower conversion efficiency.

In the year 2009, Cai et al. [102] reported values of V oc as 2.24, 1.34, and 0.96 V, for 2%, 12%, and 15%, of indium concentration respectively. The J -V characteristics in Figure 2.19 shows that the J sc increases with the increase of indium concentration, attributed to the enhanced absorption of incident light due to the reduction of the bandgap of InGaN. The V oc decreased significantly with the increase of indium concentration, mainly due to the degradation of the InGaN crystalline quality. Jampana et al. [START_REF] Balakrishnam R Jampana | Design and realization of wide-band-gap (2.67 ev) ingan pn junction solar cell[END_REF] reported a conversion efficiency of 0.17% under AM 0 equivalent. Zeng et al. [START_REF] Zeng | Demonstration and study of photovoltaic performances of ingan pin homojunction solar cells[END_REF] reported a V oc , J sc and FF of 1.35 V, 1.68 mA/cm 2 and 64.8% respectively for 12% of indium concentration. Boney et al. [START_REF] Boney | Growth and characterization of ingan for photovoltaic devices[END_REF] reported an InGaN homojunction solar cell with the highest indium concentration (39%). They observed an increase in the J sc but the V oc was extremely low.

In 2013, Cait et al. [START_REF] Cai | Investigation of ingan pin homojunction and heterojunction solar cells[END_REF] compared the performance of a InGaN PIN homojunction and p-GaN/i-InGaN/n-GaN heterojunction solar cells. Figure 2.20 shows the structures of the devices. Figure 2.20(a) shows the design of the homojunction solar cells, HOJ-L and HOJ-H, with x = 0.12 and x = 0.15, respectively. It was demonstrated that heterojunction samples show two times higher performance (÷ = 0.62% for HEJ-L) compared to homojunction solar cells (÷ = 0.32% for HOJ-L) under AM1.5G equivalent illumination. For a more extended review, the state-of-the-art for InGaN-based homojunction solar cells is given in Table 2.6. 

New InGaN Solar Cell Design Concepts

Semibulk InGaN PIN Heterojunction Solar Cells

Our team recently proposed a novel approach for the growth of high quality thick InGaN epitaxial layers with high indium concentrated for the realization of high efficiency solar cells. It consists in replacing the conventional bulk absorber by a thick multi-layered InGaN/GaN absorber. To distinguish the structures from Multiple-Quantum Well (MQW) and Super-lattice (SL), it is referred as "Semibulk" [START_REF] Pantzas | Investigation of a relaxation mechanism specific to ingan for improved movpe growth of nitride solar cell materials[END_REF], as shown by schematic in Figure 2.22. The periodical insertion of the thin GaN interlayers should absorb the excess indium and relieve compressive strain, effectively resetting the growth conditions to those of the initial, two-dimensional InGaN layer. As shown in Figure 2.23 the three-dimensional sublayer in bulk InGaN has been suppressed in the semibulk, which is two-dimensional all the way to the top. These GaN interlayers need to be thick enough to be effective and thin enough to allow carrier transport through tunneling. The InGaN layers need to be thick and numerous enough to absorb efficiently the incoming light beam, and thin enough to remain fully strained and without phase separation. Gmili et al. [START_REF] El Gmili | Multilayered ingan/gan structure vs. single ingan layer for solar cell applications: A comparative study[END_REF] demonstrated that semibulk InGaN structure suppresses the indium concentration fluctuations and corresponding different states of strain relaxation with depth, both detrimental to solar cell applications. As shown by (10.5) reciprocal space maps and (00.2) Ê -2◊ scans as well ws SEM surface morphology in Figure 2.24. One can clearly observe a broad InGaN diffraction spot for the bulk InGaN. The extended profile observed along the isocompositional line indicates the presence of different strain relaxation states in the film. For the semibulk, the InGaN diffraction spot is more intense and lies on the vertical line corresponding to pseudomorphic InGaN on GaN template substrate. The GaN interlayers within the semibulk InGaN should reduce the effect of both surface indium accumulation and V-pit formation, improves the crystalline quality of the epitaxial layer as demonstrated by Van et al. [START_REF] Van Den | Growth and characterization of high-quality, relaxed in y ga1-y n templates for optoelectronic applications[END_REF] during a comparison of bulk and semibulk structures shown in Figure 2.26. They show that semibulk growth approach effectively suppressed formation of surface V-pits in the InGaN layers, resulting in vastly superior crystal quality and homogeneous indium distribution compared with bulk InGaN. Improved indium consistency throughout layer growth was also observed for the semibulk InGaN layer.

GaN template (Not to scale)

n-GaN In x Ga 1-x N In x Ga 1-x N NID-GaN NID-GaN n-GaN In x Ga 1-x N NID-GaN In x Ga 1-x N GaN template (Not to scale) (a) (b) NID-GaN
All these encouraging results show that the semibulk InGaN approach is a promising solution for growth of high-quality, thick InGaN epitaxial layers with high indium concentration, required for the realization of high efficiency InGaN solar cells. To utilize this novel technique for fabrication of high efficiency solar cells is one of the objective of this dissertation.

Nano-structure InGaN PIN Heterojunction Solar Cells

Nano-structured InGaN epitaxial layers are widely used in improving the efficiency of light emitting diodes (LEDs) [START_REF] Lin | Ingan/gan nanorod array white light-emitting diode[END_REF][START_REF] Qian | Core/multishell nanowire heterostructures as multicolor, high-efficiency light-emitting diodes[END_REF][START_REF] Kishino | Ingan/gan nanocolumn leds emitting from blue to red[END_REF][START_REF] Keyan | Low dimensional nanostructured ingan multi-quantum wells by selective area heteroepitaxy[END_REF], however, very few studies have been reported with PV cells using nanowire arrays [START_REF] Goto | Growth of core-shell inp nanowires for photovoltaic application by selective-area metal organic vapor phase epitaxy[END_REF][START_REF] Colombo | Gallium arsenide pin radial structures for photovoltaic applications[END_REF] and core-shell (coaxial) nanowire [START_REF] Jr | Iii-nitride core-shell nanowire arrayed solar cells[END_REF][START_REF] Dong | Coaxial group iiinitride nanowire photovoltaics[END_REF]. Tang et al. [START_REF] Tang | Vertically aligned p-type single-crystalline gan nanorod arrays on n-type si for heterojunction photovoltaic cells[END_REF] reported vertically aligned Mg-doped GaN nanorod arrays on n-type Si substrates for heterojunction PV Cells. The cell has a high short-circuit photocurrent density of 7.6 mA/cm 2 and energy conversion efficiency of 2.73% under AM 1.5G illumination at 100 mW/cm 2 . Goto et al. [START_REF] Goto | Growth of core-shell inp nanowires for photovoltaic application by selective-area metal organic vapor phase epitaxy[END_REF] reported the growth of core-shell InP nanowires for PV applications by selective-area metal organic vapor phase epitaxy. The device exhibited open-circuit voltage (V oc ), short-circuit current (I sc ) and fill 111) substrate [START_REF] Goto | Growth of core-shell inp nanowires for photovoltaic application by selective-area metal organic vapor phase epitaxy[END_REF].

a nanowire photovoltaic device using a Si-based core-shell structure and obtained a conversion efficiency of 3.4%. Wierer et al. [START_REF] Jr | Iii-nitride core-shell nanowire arrayed solar cells[END_REF] reported a J sc , V oc and fill factor of 1 mA/cm 2 , 0.50 V and 54% respectively under 1 sun illumination, as shown in Figure 2.28. Although the resulting power conversion efficiency reported by Wierer et al. [START_REF] Jr | Iii-nitride core-shell nanowire arrayed solar cells[END_REF] is around 0.3%, it does represent the highest recorded efficiency in a III-nitride nanowire solar cell.

Zang et al. [START_REF] Keyan | Low dimensional nanostructured ingan multi-quantum wells by selective area heteroepitaxy[END_REF] demonstrated nano-structured InGaN/GaN multiple quantum wells (MQWs) grown by metalorganic chemical vapor deposition (MOCVD) on a nano-patterned SiO 2 /GaN template, as shown in Figure 2.29. They observed that the intensity from the InGaN MQWs nanorods was one order of magnitude higher compared to that of the control InGaN MQWs. [START_REF] Goto | Growth of core-shell inp nanowires for photovoltaic application by selective-area metal organic vapor phase epitaxy[END_REF] nanowire

The improvement in light emission was attributed to the benefit of the reduction in the number of non-radiative recombination centers associated with threading dislocations. The dislocation density reduction was attributed partially due to blocking effect of the SiO 2 mask and partially due to strain relaxation in the nanometer sized nucleation and growth. However, it is difficult to grow high quality indium rich InGaN nanostructures on GaN nano-columns without interfacial defects [START_REF] Kong | Lattice pulling effect and strain relaxation in axial (in, ga) n/gan nanowire heterostructures grown on gan-buffered si (111) substrate[END_REF]. Good quality, InGaN nanostructures with around 20% indium incorporation have been selectively grown on the GaN templates by either pulsing the precursors [START_REF] Wang | High-density arrays of ingan nanorings, nanodots, and nanoarrows fabricated by a template-assisted approach[END_REF][START_REF] Jindal | Selective area heteroepitaxy of low dimensional a-plane and c-plane ingan nanostructures using pulsed mocvd[END_REF][START_REF] Song | Growth, structural and optical properties of ternary ingan nanorods prepared by selective-area metalorganic chemical vapor deposition[END_REF], or using the continuous precursors flow method [START_REF] Sundaram | High quality thick ingan nanostructures grown by nanoselective area growth for new generation photovoltaic devices[END_REF]. Zubia et al. [START_REF] Zubia | Nanoheteroepitaxial growth of gan on si by organometallic vapor phase epitaxy[END_REF] reported GaN Nano-Selective Area Growth (NSAG) on silicon substrates, by MOCVD (See Appendix C for details of NSAG and MOCVD).

Our team demonstrated the growth of bulk InGaN nanopyramids. The novelty of the InGaN nano-structures grown by our team is the high quality thick InGaN nanopyramid as shown by 

Chapter 3 InGaN Bulk PIN Heterojunction Solar Cells

T he development of bulk InGaN heterojunction solar cells, benefited mostly from the mature growth and fabrication technology of InGaN/GaN LEDs. They have been extensively studied, but failed in accomplishing the goal of high efficiency InGaN solar cells. There are two major challenges that limit the realization of high efficiency InGaN solar cells. The first challenge is the growth of high crystalline structural quality thick InGaN absorber layer with high indium concentration [START_REF] Orsal | Bandgap energy bowing parameter of strained and relaxed ingan layers[END_REF]. Despite the high optical absorption coefficient, InGaN films with thicknesses in excess of 120 nm are required for the absorption of 90% of incident abovebandgap light. However, InGaN epitaxial layers for a given indium concentration are restricted to a certain thickness and epitaxial layer exceeding this critical layer thickness result in a poor crystalline quality [START_REF] Zheng | High-quality ingan/gan heterojunctions and their photovoltaic effects[END_REF]. The second challenge is the degradation of the optical and structural properties of the InGaN absorber during the growth of the subsequent top p-GaN layer. The latter is generally grown at a temperature (>1000 ¶ C in MOVPE) which is much higher than what the InGaN layer can withstand. InGaN is grown at temperature around 700 ¶ C-800 ¶ C (in MOVPE). Therefore, the high growth temperature of the subsequent p-GaN layer leads to unfavorable effects such as lattice relaxation and composition redistribution in the InGaN absorber [START_REF] Liang | The effects of ingan layer thickness on the performance of ingan/gan pin solar cells[END_REF]. However, decreasing the growth temperature of the p-GaN layer leads to a rather low crystal quality resulting in a high leakage current, thus affects the performance of the InGaN solar cells.

This chapter present a detailed investigation of the effect of the subsequent top p-GaN growth temperature on the crystalline quality of the InGaN absorber layer. In addition, using combined electro-optical, scanning electron microscopy, high angular annular dark field scanning transmission electron microscopy (HAADF-STEM) and electron beam induced current (EBIC) characterization techniques, we study the influence of V-pits on the overall conversion efficiency of bulk In 0.12 Ga 0.88 N absorber based heterojunction solar cells.

Design of the Structure

The design for bulk InGaN absorber PV device followed the well understood classical InGaN PIN structure, where a thick InGaN layer is sandwiched between a p-type GaN (Magnesium doped) and n-type GaN layers. For this, the structure shown in Figure 3.1, is grown on 3.5 µmt h i c k GaN/sapphire templates. An 850 nm thick n-type GaN doped with silicon is grown, followed by a 50 nm GaN layer, used to stop the diffusion of the silicon into the InGaN absorber. The InGaN PV structure shown in Figure 3.1, afterwards will be referred as T1185-B. A 60 nm InGaN is grown to form the active region. This thickness is selected to make sure that layer remain within the critical layer thickness discussed in the previous chapter. The bulk InGaN absorber epitaxial layer is then followed by the growth of a thin low temperature (800 ¶ C) GaN cap layer. This GaN layer is a multitask epitaxial layer, as it not only prevent indium evaporation during the growth of the top p-GaN layer but also suppresses the propagation of threading dislocations from InGaN in to p-GaN [START_REF] Yoon | Reduction of threading dislocations in ingan/gan double heterostructure through the introduction of lowtemperature gan intermediate layer[END_REF]. The GaN cap layer is also useful in stopping the diffusion of Mg into the InGaN absorber. Finally the p-GaN epitaxial layer is grown at different temperatures that will be discussed in next section.

Effect of the P-GaN Growth Temperature

The growth temperature of the subsequent top p-GaN layer is quite challenging, due to the fact that the crystalline quality of the InGaN absorber significantly depends on the p-GaN growth temperature. The high p-GaN growth temperature (>1000 ¶ C) leads to unfavorable effects such as lattice relaxation and composition redistribution in the InGaN absorber [START_REF] Liang | The effects of a low-temperature gan interlayer on the performance of ingan/gan solar cells[END_REF]. In contrary, when the p-GaN epitaxial layer is grown at low temperature, the crystal quality of p-GaN tends to be degraded, hindering the performance of the PV cell.

It has been reported [START_REF] Carl J Neufeld | Optimization of the p-gan window layer for ingan/gan solar cells[END_REF][START_REF] Matioli | High internal and external quantum efficiency ingan/gan solar cells[END_REF][START_REF] Farrell | Effect of intentional p-gan surface roughening on the performance of ingan/gan solar cells[END_REF][START_REF] Rober | High quantum efficiency ingan/gan multiple quantum well solar cells with spectral response extending out to 520 nm[END_REF] that InGaN solar cells with p-GaN grown at low temperature results in a high leakage current, that reduces the open circuit voltage (V oc ). This is expected due to the high density of threading dislocations (TDs) and V-pits in the p-GaN epitaxial layer which give rise to carrier recombination that should also limit the photocurrent. Surprisingly, all of these authors reported InGaN PV cells with a high short circuit current density (J sc ). This is explained by a possible reduction of the light reflection at the rough p-GaN surface. Nevertheless the role of p-GaN surface morphology is not only limited to the PV cells but several reports [START_REF] Yeon | Enhancement of device performances in gan-based light-emitting diodes using nano-sized surface pit[END_REF][START_REF] Huang | Improvement of ingan-gan light-emitting diode performance with a nano-roughened p-gan surface[END_REF][START_REF] Koike | Improvement of light extraction efficiency and reduction of leakage current in gan-based led via v-pit formation[END_REF] show that the presence of nano-sized surface V-pit results in enhancements of the performance of GaN based light emitting diodes (LEDs). However, the role of V-pit in a given device significantly depends upon the size of the V-pits, that can be controlled by the growth conditions of the p-GaN layer [START_REF] Koike | Improvement of light extraction efficiency and reduction of leakage current in gan-based led via v-pit formation[END_REF]. These results show that the growth temperature of the subsequent top p-GaN layer, may play a significant role in the overall conversion efficiency of the InGaN PV cells. To do an in-depth study of the effect of p-GaN growth temperature on the bulk InGaN absorber discussed in the previous section, several InGaN PV structures are grown, with p-type GaN grown at different temperatures i.e. 1000 ¶ C, 900 ¶ C, 850 ¶ C and 800 ¶ C. shows the HAADF-STEM image of the InGaN PV structures, with p-GaN grown at 800 ¶ C, 850 ¶ C, 900 ¶ C and 1000 ¶ C respectively. The growth of the p-GaN layer at low temperature (800 ¶ C) allows reduction of the thermal budget effect on the active region, resulting in a well preserved InGaN absorber layer as well as an abrupt and smooth interface between the InGaN absorber and the p-GaN layer as shown in the HAADF-STEM image in Figure 3.2(a). However, as expected, a high density of threading dislocations is observed in the p-GaN layer due to the low growth temperature. These threading dislocations open up to give nanotubes or open-core defects, hence result in a high density of V-pits [START_REF] Sharma | Chemical mapping and formation of v-defects in ingan multiple quantum wells[END_REF], as shown in the inset of the Figure 3.2(a). The depth of these V-pits varies from 30 nm to 100 nm. To attempt to improve the crystalline quality of the p-GaN layer, the growth temperature is increased to 850 ¶ C and 900 ¶ C but, as shown in Figure 3.2(b) and 3.2(c), the InGaN absorber degraded. Indium-rich regions that can be attributed to the inter-diffusion and re-evaporation of indium in the InGaN absorber [START_REF] Moon | Effects of thermal and hydrogen treatment on indium segregation in ingan/gan multiple quantum wells[END_REF] appear (area with a dark contrast in the HAADF-STEM image of (Figure 3.2(b)). The interface between the InGaN absorber and the p-GaN layer is no longer abrupt and smooth. It is to be noticed that the InGaN absorber is degraded only in the region close to the interface with the p-GaN layer. Although a higher p-GaN growth temperature is used the density of threading dislocations in the p-GaN layer is still high. A further increase of the p-GaN growth temperature to 1000 ¶ C allows to obtain a smooth p-GaN layer with a low density of threading dislocations (see Figure 3.2(d)) but the InGaN material is degraded in the full depth of the layer. 

Micro-structural Properties

Morphological Properties

The evolution of the p-GaN layer surface morphology with its growth temperature is confirmed by the SEM analysis of the top surface (see Figure 3.3) which reveals a decrease of the p-GaN layer roughness with increasing growth temperature. The rough surface obtained at the lowest growth temperature Figure 3.3(a) can be attributed to the fact that Ga adatoms do not have enough energy to migrate to proper lattice sites limiting the lateral growth rate because of the shorter Ga diffusion length [START_REF] Kitamura | Fabrication of gan hexagonal pyramids on dot-patterned gan/sapphire substrates via selective metalorganic vapor phase epitaxy[END_REF]. This is evidenced in Figure 3.3(b), where an increase in the p-GaN growth temperature results in a drastic decrease of the surface roughness. However, the growth temperature (850 ¶ C) is not high enough to planarize the V-pits. This is then achieved by further increasing the p-GaN growth temperature (900 ¶ C) as shown in Figure 3.3(c). The density of V-pits is significantly reduced transitioning the rough morphology into a smooth surface. The high p-GaN growth temperature (1000 ¶ C) leads to a better planarization of the V-pits, and thus to a flat surface. Since the In x Ga 1≠x N absorber for the PV structures with p-GaN grown at 850 ¶ C, 900 ¶ C and 1000 ¶ C has been degraded, the structure with the p-GaN layer grown at 800 ¶ C is further characterized and processed to fabricate PV cells. 

Device Processing

The typical mask and the processed devices on T1185-B are shown in 

Characterization

The J -V measurements are performed under both AM 1.5G solar simulator and UV concentrated light. External quantum efficiency (EQE) measurements are performed using a 100 W Xenon arc lamp calibrated with respect to a silicon photodetector. The V-pit and threading dislocation contribution to carrier generation and collection efficiency at micro-and nano-scale are characterized using electron beam induced current (EBIC) measurements in planar geometry.

Electro-Optical Characterization

Current-Voltage and EQE Measurements

During the electrical characterization of the devices described in Figure 3.7, we observed a rather large dispersion of their performance under dark and illuminated conditions (UV concentrated light). According to these preliminary measurements, the devices can be sorted into three sets. The first set of devices exhibits low values of both J sc (less than 8 mA/cm 2 ) and V oc (less than 0.25 V). The second one exhibits high values of both J sc (more than 12 mA/cm 2 ) and V oc (more than 0.4 V). The last set consists of devices exhibiting high values of J sc (more than 12 mA/cm 2 ) and low value of V oc (less than 0.25 V). A detailed study on why the devices show different performance will be presented in the next section of EBIC measurements. However, the In 0.12 Ga 0.88 N PV cell H-3 (Figure 3.7) was chosen for further characterization under AM 1.5G illumination. Figure 3.8 shows the external quantum efficiency spectrum obtained for the device (labeled H-3 in Figure 3.7, second set) having the best performance in terms of J sc and V oc under UV illumination. Without any bias light, the external quantum efficiency curve has a maximum peak of 42% at a wavelength of 387 nm. This is a rather low value which is not expected since from Figure 3.9 showing the current density -voltage (J -V ) dependence measured in device H-3 under AM 1.5G solar spectrum, a value of 2.56 mA/cm 2 for J sc can be determined, which is the maximum value ever reported for a PIN heterojunction solar cell, with a 60 nm thick In 0.12 Ga 0.88 N absorber layer under 1 sun illumination. Simple calculation shows that to get such a high value of J sc , a peak EQE larger than 90% is required (see dotted curve in Figure 3.8). Since dislocations are known to behave mainly as hole traps in p-type GaN materials [START_REF] Wright | The effect of doping and growth stoichiometry on the core structure of a threading edge dislocation in gan[END_REF], we make the assumption that this hole trapping mechanism that takes place within the dislocations and V-pits of the p-GaN layer is responsible for the low external quantum efficiency which is observed. Indeed, this hole trapping mechanism leads to a decrease of the effective p-doping concentration and thus a decrease of the barrier height which in turn decreases the photo-carrier collection and then the photo-current and external quantum efficiency. Nevertheless, this effect could be compensated under illumination. According to a similar mechanism that has been reported for Voltage (V) Figure 3.9: Current density -Voltage (J -V ) measured for the bulk In 0.12 Ga 0.88 NP V cell under AM 1.5G solar spectrum, inset shows the dark J -V .

CdS/CdTe [START_REF] Hegedus | Photoconductive cds: how does it affect cdte/cds solar cell performance[END_REF] solar cells, under white bias light illumination, the photo generated holes in the In 0.12 Ga 0.88 N layer are transported in the p-GaN layer where they are trapped. This leads to an increase of the positive space charge but without changing the p-doping concentration. Consequently, the depletion width in the In 0.12 Ga 0.88 N layer must increase to maintain space charge neutrality, thus enhancing the collection of carriers in the PV cell. This is confirmed by the external quantum efficiency curve recorded under bias light (see Figure 3.8)w h i c hs h o w s a large increase of the peak external quantum efficiency up to 79%. To our knowledge, this is one of the maximum external quantum efficiency results reported so far for an InGaN PIN heterojunction solar cell. The power of the bias light that we used is equivalent to around 12% of the available power of the solar simulator used to measure the J sc . The power distribution spectrum of the bias light used during the external quantum efficiency measurements is presented in Figure 3.10. A further increase of the peak external quantum efficiency could thus be expected if the bias light power is increased. Whatever the bias light conditions, above the wavelength of 387 nm, a sharp decrease down to a wavelength of 440 nm is observed as expected and followed by a second smooth decrease down to a wavelength of 505 nm. The latter probably originates from higher In concentration regions in the partially relaxed InGaN layer. The decrease of the external quantum efficiency below 365 nm is due to photon absorption and charge generation in the p-GaN layer that cannot be collected. The absence of p-GaN in the deep V-pits (DVP) at the In 0.12 Ga 0.88 N interface (see Figure 3.11) should lead to an absence of the depletion region, resulting in carrier recombination without being collected, compared to the SVP. This results in low value of both V oc , derived from the J -V measurement shown in the Figure 3.9, and FF (see Table 3.1) which are much smaller than those reported by Matioli et al. [START_REF] Matioli | High internal and external quantum efficiency ingan/gan solar cells[END_REF] who achieved the best performance In 0.12 Ga 0.88 NP V cells with 60 nm absorber thickness. Table 3.1: Comparison of the performance of the 60 nm thick In 0.12 Ga 0.88 N absorber based PV cell with literature (in the work of Matioli et al., the p-GaN layer was grown at 880 ¶ C). FF is the fill factor and PCE is the power conversion efficiency. Depending on the deep and shallow V-pits density ratio in the p-GaN layer over the full wafer surface, large variations of the performance from one device to another could be expected. For a given device, if the proportion of deep V-pits density is larger, then the values of J sc and V oc are expected to be low. This corresponds to devices of set #1 as discussed above. On the contrary, if the ratio is in favor of the shallow V-pits density, a high value of both J sc and V oc is expected. This corresponds to devices of the set #2. There remains devices of set #3 that cannot be explained by the deep and shallow V-pit model. Indeed, a high value of J sc (due to a ratio which is in favor of the shallow V-pits density) seems to not be compatible with a low value of V oc (due to a ratio which is in favor of the deep V-pits density).

V oc J sc FF PCE Peak EQE (V) (mA/cm 2 ) (%) (%) (%)
To further investigate this point, we carried out an in-depth EBIC analysis of 5 selected devices representative of each of the three sets of devices #1 (devices A 7 and D 3 ), #2 (device F 3 ) and #3 (devices E 7 and C 3 ) as discussed above. EBIC with its high spatial resolution, down to the sub-micron level, allows accurate characterization of the generated current within and around the two different types of V-pits. Correlations of EBIC results with device characteristics should allow full interpretation of the role of these defect in the performance of the devices.

Electron Beam Induced Current Measurements

The dislocation-impurity interaction, determined by the strain field around a particular defect, is very important in understanding the origin of dislocation electrical properties. Since the nature of the extended defects varies, therefore it causes a spatial non-uniform impurity distribution around the defects, leading to local inhomogeneities in the electrical properties of the material around different types of dislocations as well as in the dislocation core region [START_REF] Maximenko | Observation of dislocations in diffused 4h-sic pin diodes by electron-beam induced current[END_REF]. The conventional characterization techniques are not enough to understand the recombination properties of the individual dislocations. However, EBIC with its high spatial resolution, down to sub-micron level with high accuracy, is a powerful tool for visualization and characterization of electrically active defects in semiconductors [START_REF] Si Maximenko | Effect of threading screw and edge dislocations on transport properties of 4h-sic homoepitaxial layers[END_REF]. For physics and principle of EBIC technique, the reader is referred to Appendix E. Figure 3.12(a)-(d) shows the SEM and the corresponding EBIC image of the InGaN PV cell in planar geometry obtained at a beam energy of 13 keV. According to the monte carlo simulations, this e-beam energy was enough to reach a depth of more then 320 nm. The large scale EBIC mapping shown in Figure 3.12(b) exhibits dark area corresponding to the metal contacts that avoid any carrier generation due the full absorption of the electron beam. Also a rather in-homogeneous bright area can be seen, indicating a rather in-homogeneous carrier collection through the full device. The tiny grey contrast regions can be attributed to a presence of non-radiative recombination and charge trapping, generally associated with extended defects as observed in Figure 3.2(a). Though there are also some dark spots observed as shown in Figure 3.12(c)-(d), which are due to some residual left over at the surface during the device processing and therefore cannot be linked to the presence of defects. , respectively. At this scale, it is clear that the nonhomogeneous carrier collection matches perfectly with V-pit spatial distribution and size in the p-GaN layer. Smooth areas without any pits (SA) are less bright than areas containing small and thus shallow V-pits (SVP), which is, in turn, darker than areas containing large and thus deep V-pits (DVP). This is in opposite to what can be expected since, as discussed previously, the hole trapping process occurring in the pits should lead to a larger decrease of the carrier collection efficiency in the DVP areas than in the SVP areas and, furthermore than in SA areas.

The EBIC image in Figure 3.13(b) show that under zero bias conditions the DVP appear as bright spots. When further magnified, the SVP appear as bright spots shown in Figure 3. 13(d). This apparent contradiction could be explained by the formation of impurity depleted zones in the surroundings of V-pits [START_REF] Maximenko | Observation of dislocations in diffused 4h-sic pin diodes by electron-beam induced current[END_REF][START_REF] Haugk | Structures, energetics and electronic properties of complex iii-v semiconductor systems[END_REF][START_REF] Frigeri | Characterization of lec GaAs by electron beam induced current analysis[END_REF] (see Figure 3.11). The capturing of the impurities depends on the strain field of the dislocation. Since the different dislocations in GaN (screw, edge and mixed) have different strain field, therefore distinct behavior for the dislocationimpurity interaction can be expected. For instance, the distance at which the impurity atoms are captured by dislocations is significantly larger for screw type dislocations than for edge type dislocations [START_REF] Frank | Stress-assisted precipitation on dislocations[END_REF]. The impurity gettering effect thus has a significant dependence on the size and density of the V-pits. The DVP at high magnification shows that the bright spots have bright halos with dark spots inside, as shown in Figure 3.14, consistent with previous findings in silicon carbide p-n diodes [START_REF] Maximenko | Electron-beam-induced current observed for dislocations in diffused 4h-sic pn diodes[END_REF]. However, the SVP doesn't show any dark spots at the center, or its well beyond the sensitivity limit of the EBIC resolution. the SVP remained the same. This is consistent with the observation of Maximenki et al. [START_REF] Maximenko | Observation of dislocations in diffused 4h-sic pin diodes by electron-beam induced current[END_REF]. They used the change in EBIC contrast at zero bias and reverse bias (-1 V) to distinguish the type of electrically active defects in the device. They reported [START_REF] Maximenko | Observation of dislocations in diffused 4h-sic pin diodes by electron-beam induced current[END_REF] that those V-pits that show a change in EBIC contrast under reverse bias are associated to the mixed dislocations and those (V-pits) that do not change are associated to the closed core screw dislocations. c)), due to the corresponding extension of the depletion region in the p-GaN layer, the dark area increases. As expected too, this is not the case for the SVP (see Figures 3.16(d),(e),(f)) which appears and remains bright whatever the bias voltage. It is to be noticed that, due to the depletion region increase, the SA becomes brighter under reverse bias.

The EBIC images recorded at different scales in all of the six devices have been accurately analyzed. For each device, the DVP (size larger than 300 nm) and SVP (size lower than 300 nm) densities have been carefully determined using a Matlab code and correlated with the corresponding device performance (J sc and V oc measured under UV illumination). Depending on the deep and shallow V-pits density ratio in the p-GaN layer over the full wafer surface, large variations of the performance from one device to another are observed. An assessment of the device performances based on the DVP and SVP is summarized in Table 3.2. As soon as the total pit density is decreased from one device to the another, a lowering of J sc and an increase of V oc are observed. Figure 3.17 shows a strong correlation between the DVP and SVP densities and the performance of the device in terms of J sc and V oc . It can be seen that to increase both J sc and V oc an increase of the SVP density and a decrease of the DVP density are required, while to decrease both J sc and V oc a decrease of the SVP density and an increase of the DVP density are required. Finally, an increase of the SVP density leads to an increase of J sc ,w h i l e an increase of the DVP density leads to a decrease of V oc . Thus, the rather low V oc observed in all the six devices can be attributed to some current leakage occurring at the DVP/InGaN layer interface and through the internal DVP surface, while the large current density observed in most of the devices could originate from the total impurity depleted volume, and corresponding electric field enhancement, due to DVP and SVP. These observations are consistent with the 

Summary and Perspectives

We have studied, combining results of J -V curves, SEM, HAADF-STEM, and EBIC characterization, the influence of the dislocations and V-pits on the overall conversion efficiency of bulk In 0.12 Ga 0.88 N absorber based heterojunction solar cells. Using EBIC, we have shown that the phenomenon of gettering effect, which forms an impurity depleted zone around the threading dislocations and V-pits, significantly contributes to the enhancement of the extraction of the photogenerated carriers in the InGaN absorber, resulting in a peak external quantum efficiency of 79% and a short circuit current density of 2.56 mA/cm ≠2 under an AM 1.5G solar spectrum, Table 3.2: Performance variation between the five selected devices and their correlation with DVP and SVP densities variation. The green and blue colors indicate an increase or a decrease of the feature, respectively, (The devices are labeled in Figure 3.7).

Device

DVP density SVP density i.e. a value twice the state of the art. Meanwhile, a high density of deep V-pits leads to large recombinations, resulting in high leakage current, hence reducing the open circuit voltage. Since a low growth temperature for the p-GaN layer, leading to a high dislocation and pit density, is mandatory, a way to favor the formation of shallow against deep V-pits, should help to preserve and perhaps to improve InGaN based PV device performances.
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The results for the bulk In 0.12 Ga 0.88 N PV cell presented in this chapter have been published in Applied Physics Letters Journal [START_REF] Arif | Role of v-pits in the performance improvement of ingan solar cells[END_REF].

Chapter 4

InGaN Semibulk PIN Heterojunction Solar Cells M ost bulk InGaN heterojunction solar cells reported in the literature have very low power conversion efficiency, compared to what is expected theoretically. The growth of high quality and thick InGaN layers with high indium needed for high efficiency solar cells is not a trivial task. Issues such as strong phase separation and relaxation of the layer due to lattice mismatch with the substrate, lead to InGaN layers with large dislocation density and indiumclustering. These issues restricts the critical layer thickness of high quality InGaN with high indium concentration, thus limiting the absorption of the incident light. We propose to use semibulk approache that may overcome the issues of phase separation and high dislocation density in the absorber and thus grow InGaN-based PIN solar cells with improved properties. It consists in replacing the conventional bulk absorber by a thick multi-layered InGaN/GaN absorber. The periodical insertion of the thin GaN interlayers should absorb the excess indium and relieve compressive strain. These GaN interlayers need to be thick enough to be effective and thin enough to allow carrier transport through tunneling. The InGaN layers need to be thick and numerous enough to absorb efficiently the incoming light beam, and thin enough to remain fully strained and without phase separation.

Design of the Solar Cell

Achieving a good PV performance using a semibulk absorber layer is not a trivial task. The critical layer thickness for the InGaN layers as a function of indium composition as discussed in previous chapter, and the thickness of the NID-GaN interlayers were both factors that we had to consider in the solar cell design. The InGaN epitaxial layer needed to be within the critical layer thickness to restrict the growth transition from 2D-3D, also the GaN interlayers needed to be thick enough to absorb/desorb the excess indium that promotes InGaN relaxation. However, the GaN interlayers also provide a barrier to electronic carriers and must be made thin enough so that tunneling through them can occur [START_REF] Dickerson | Modeling of polarization effects on n-GaN/i-InGaN/p-GaN solar cells with ultrathin GaN interlayers[END_REF]. For the device design of the semibulk structure, the InGaN absorber thickness is targeted to be 150 nm, while the rest of the layers including the p-type GaN and n-type GaN were kept the same, as shown by the schematic in Figure 4.1.T o ensure the same amount of light absorption during the device design simulations, the thickness of bulk InGaN absorber is kept at 150 nm regardless of indium concentration. However, as we have seen in previous chapter, the growth of high quality 150 nm thick bulk InGaN absorber with indium concentration exceeding 12% is very challenging. The InGaN critical layer thickness for the semibulk InGaN PV structure on GaN templates is calculated according to the study by our team Orsal et al. [START_REF] Orsal | Bandgap energy bowing parameter of strained and relaxed ingan layers[END_REF] as discussed in previous chapter. The InGaN To assess the device design, simulations are carried out for the two InGaN PV structure shown by the schematic in Figure 4.1, using the Silvaco simulations software. These simulations are performed in collaboration with our partner laboratory Geeps (France). Each PV structure where, e represents the electron, h represents the hole and where x is the indium concentration. The bandgap for In x Ga 1≠x N is calculated by Vegard's law, given as;

E InGaN g = x.E InN g +(1-x)E GaN g -b.x(1 -x) (4.2)
where x is the indium composition and b is the bowing parameter [START_REF] Orsal | Bandgap energy bowing parameter of strained and relaxed ingan layers[END_REF].

The absorption coefficient (-) of InGaN is calculated as a function of the bandgap energy and indium composition, as given by [START_REF] Gf Brown | Finite element simulations of compositionally graded ingan solar cells[END_REF];

-(cm ≠1 = 10 5 Ò a.(E -E g + b.(E -E g ) 2 (4.3)
where a and b are fitting parameters, while E and E g are photon energy and energy bandgap of the InGaN material. affect the conversion efficiency for indium concentrations < 10%. This is because for indium concentration < 10%, the current transport is dominated by thermionic emission (Appendix D for further details). At high indium concentrations (> 10%), the barrier height increases leading to current transport via tunneling. However, the tunneling current is also affected by the barrier height, for instance at high indium concentrations, the tunneling current decreases even for the same barrier thickness (see Figure 4.2). The increase in the thickness of GaN interlayers further causes difficulty in tunneling of carriers, resulting in the reduction of the power conversion efficiency. Based on the results shown in Figure 4.2, we choose the GaN interlayer thickness 2 nm, because achieving 1 nm thick GaN interlayer using MOCVD is challenging.

The optimized InGaN PV structures designed by the simulations are shown in Figure 4.3. These structures would afterwards be referred as T1158-SB for 8% with p-GaN grown at 1000/degreeC, T1185-SB and T1188-SB for 12% indium concentration with p-GaN grown at 850 ¶ C and 800 ¶ C respectively. The 50 nm GaN layer between InGaN and n-GaN is used to stop the diffusion of the silicon into the InGaN absorber as discussed earlier. A GaN cap layer between p-GaN and InGaN is used to stop the magnesium diffusion into absorber and to avoid any InGaN degradation during the subsequent top p-GaN layer as observed in previous chapter. Liang et al. [START_REF] Liang | The effects of a low-temperature gan interlayer on the performance of ingan/gan solar cells[END_REF] reported that the presence of low temperature-GaN interlayer between the p-GaN and InGaN absorber, protects the InGaN layer from unfavorable effects such as lattice relaxation and composition redistribution which occur at high p-GaN growth temperature. It also prevents indium evaporation from the InGaN absorber during the high growth temperature of the p-GaN layer and hampers the propagation of threading dislocations from InGaN into p-GaN, leading to a reduction in the dislocation density in the p-GaN [START_REF] Yoon | Reduction of threading dislocations in ingan/gan double heterostructure through the introduction of lowtemperature gan intermediate layer[END_REF]. The GaN cap layer for 8% indium concentration semibulk structure (T1158-SB) is increased to 50 nm because we choose to increase the p-GaN growth temperature to 1000 ¶ C compared to the 850 ¶ C and 800 ¶ C for 12% T1185-SB and T1188-SB (see Figure 4. 

Device Processing

The mask used for fabrication and device processing of semibulk InGaN solar cells is discussed in the previous chapter. These devices are processed in collaboration with our partner laboratory, CNRS /LPN : Laboratoire de Photonique et de Nanostructures (France). The fabricated solar cell device with area rangeing from 0.35 mm 2 to 1.27 mm 2 for T1158-SB, T1185-SB and T1188-SB are shown in Figure 4.4. Due to the issues of the p-GaN surface morphology and metal adhesion, the device processing for T1185-SB and T1188-SB remained challenging. That should affect the performance of these devices as well. 

Characterization

The surface morphology was observed using scanning electron microscopy (SEM). The indium content, degree of relaxation and lattice parameters (a, c) are determined using symmetric (0002) Ê -2◊ scans in combination with X-ray reciprocal space maps (RSMs) of the asymmetric (11-24) planes using Panalytical X-Pert Pro diffractometer XRD. Micro-structural and micro-compositional studies were carried out through high-angle, annular dark field scanning transmissions electron microscopy (HAADF-STEM) and energy dispersive X-ray spectroscopy (EDX). The images were taken along < 112 0 > zone axis. Homogeneity of the epitaxial layer was studied using electron beam induced current (EBIC) measurements, in planar geometry. The external quantum efficiency measurements were performed using a system equipped with 100 W Xenon arc lamp monochromator and using a calibration with a silicon photo-detector.

The J -V measurements were performed under standard AM 1.5G solar simulator and concentrated light. 

Electro-Optical Characterization

Electron Beam Induced Current Measurements

The EBIC image contrast is an e-beam function, due to the variation in the penetration depth of the e-beam, as shown in Figure 4.9. At lower beam energy, the injected carriers cannot reach the depletion region and most of the carriers are generated in the p-GaN layer that cannot be collected leading to a dark EBIC signal. The EBIC signal obtained for low beam energy is at the mesa (border) associated to the surface current. As the beam energy increases, the injected electrons reaches the depletion region where the generated electron-hole are then drifted by the built-in electric field yielding a higher value for the EBIC signal. The in-homogeneity (see Figure 4.9) is attributed to the V-pits (see Figure 4.8(c)). These results show that the EBIC signal doesn't change with any further increase of the e-beam, leading to an optimum value of 15KeV for the e-beam. 

External Quantum Efficiency Measurements

Figure 4.12 shows a typical external quantum efficiency (EQE)measurement. As expected, we observe a variation in the performance of the PV devices located at different regions of the wafer. It is to be noticed that more than 85% of the fabricated devices show high external quantum efficiency (85%). Some of the devices show slightly poor performance varying the external quantum efficiency between 40-85%. This means that most of the PV devices are located on the region with high crystalline quality material (see The external quantum efficiency for the best performing device has a maximum peak of 80% at a wavelength of 380 nm under no bias light condition. To our knowledge, this is the maximum external quantum efficiency peak reported so far for an InGaN PIN heterojunction solar cell. Above the wavelength of 380 nm, a sharp decrease down to a cut-off wavelength of 410 nm is observed. This suggests a high quality of the absorber layer. The lower spectral response for wavelengths below 365 nm is due to the photon absorption and charges generation in the p-GaN layer that cannot be collected at the metal contacts. The electron-hole pairs generated by high energy photons are located close to the interface of p-GaN and i-InGaN. The collection efficiency of these photogenerated carriers can be dramatically increased by reducing the thickness of p-GaN layer. Around 20% loss in maximum external quantum efficiency can be expected due to the absorption of light in the metal contacts and reflections from the top surface.

The external quantum efficiency is than measured under illumination of a bias light (power density around 12 mW/cm 2 ) as discussed in previous chapter. With increase of the bias light intensity, the spectral response in the shorter wavelength increase with an increase in the maximum external quantum efficiency peak from 80% to 85%. The maximum external quantum efficiency peak saturates with further increase in the bias light intensity (70% to 100%), while the EQE in shorter wavelength increases with light intensity without any saturation. This behavior of external quantum efficiency under bias light is in contrary to what we observed for bulk InGaN solar cell discussed in previous chapter. Therefore it cannot be explained by the same model presented in the previous chapter. The p-GaN layer for T1158-SB is grown at high temperature (1000 ¶ C) compared to 800 ¶ C for bulk structure in the previous chapter. This means that the density of traps in the p-GaN layer for T1158-SB is lower than the T1185-B structure. However, the HAADF-STEM study for T1158-SB (see Figure 4.8)showsthepresence of V-pits in the semibulk absorber, which is not the case for T1185-B bulk structure discussed in previous chapter. This implies that in T1158-SB, its the electron trapping in semibulk absorber leading to an increase of the negative space charge. Consequently, the depletion width in the p-GaN layer must increase to maintain space charge neutrality, resulting in more absorption and collection of the shorter wavelength photons under bias light. from the integration of external quantum efficiency measurements [START_REF] Matioli | High internal and external quantum efficiency ingan/gan solar cells[END_REF], using the equation;

Current-Voltage Measurements

J sc = ⁄ q hc S(⁄)E(⁄)d⁄. (4.4)
The values of J sc , V oc , fill factor and power conversion efficiency which can be derived from the measurement under AM 1.5G condition are listed and compared to literature in Table 4.2. While the V oc and fill factor of the semibulk In 0.08 Ga 0.92 N-based PV solar cell are rather of the same order of magnitude whatever the authors works, the J sc is four or five times of what has been reported for a bulk In 0.08 Ga 0.92 N structure. This, although the literature values have been obtained under AM 0, conditions much more favorable than AM 1.5G since corresponding to much more optical power below 400 nm. These values lead to a power conversion efficiency for the semibulk In 0.08 Ga 0.92 N-based PV solar cell which is at least three times higher than power The high J sc of the semibulk In 0.08 Ga 0.92 N-based PV solar cell shows that semibulk approach provides an absorber layer with efficient light absorption and carrier collection. The experimentally measured J sc is slightly lower than the simulated J sc for an ideal structure. This is likely due to absorption in Pd/Au p-GaN metal contacts, which could contribute to a loss of around 16% of the useful light. It is also to be noticed that J sc increases significantly and linearly with the optical power as shown in Figure 4.14. As expected, this is not the case for V oc (see Figure 4.13) since its dependence with the optical power can be described by:

V oc = nkT q ln 3 J sc J s +1 4 = nkT q ln 3 K × N J s +1 4 (4.5)
where the thermal voltage, kT /q at 300K is 25.85 mV, N is the number of suns, and n and J s are the ideality factor and saturation current density of the diode, respectively. Kis the slope of the J sc versus N curve (see Figure 4.14). As shown in Figure 4.15, due to large values of both J s (equal to 2.6 × 10 ≠3 mA/cm ≠2 ) and n (equal to 7.5), a rather large difference exists between experimental and simulated values of V oc . The low unwanted residual doping concentration of NID-GaN interlayers in the semibulk absorber may contribute to the high ideality factor, as reported by Zhu et al. [START_REF] Zhu | The origin of the high diode-ideality factors in GaInN/GaN multiple quantum well light-emitting diodes[END_REF], who have shown a strong increase of the diode-ideality factor in InGaN/GaN multiple quantum well lightemitting diodes in case of low doping of the quantum barriers. The large value of the ideality factor suggests also the presence of trap-assisted tunneling (i.e. electron tunneling to deep levels) and carrier leakage inside the active region [START_REF] Cl | Tunneling entity in different injection regimes of InGaN light emitting diodes[END_REF]. This is revealed by the typical dark J -V curve shown in Figure 4. [START_REF] Jimbo | Cu 2 znsns 4-type thin film solar cells using abundant materials[END_REF], in which at low bias voltage, a large carrier recombination current in the depletion region through trap levels presumably associated with threading dislocations [START_REF] Zz Bandiê | Minority carrier diffusion length and lifetime in gan[END_REF][START_REF] Sw Lee | Origin of forward leakage current in GaN-based light-emitting devices[END_REF] is observed. This is in good agreement with threading dislocations and nano-defects (nano- precipitates and/or nano-dislocation loops) which can be seen in the p-GaN layer in Figure 4.8. These defects could contribute to the reduction of the diode barrier, resulting in increase of recombination current [START_REF] Sw Lee | Origin of forward leakage current in GaN-based light-emitting devices[END_REF]. The reduction of threading dislocations by growing epitaxial layers particularly p-GaN with high crystalline quality at high temperature, results in high power conversion efficiency [START_REF] Carl J Neufeld | Optimization of the p-gan window layer for ingan/gan solar cells[END_REF]. However, InGaN layers usually degrade from being exposed to high p-GaN growth temperatures, leading to phase separation and In clustering. This reduces the maximal growth temperature for p-GaN, and thus, its quality, resulting in a low V oc . [START_REF]Solar Generation. 6: Solar photovoltaic electricity empowering the world[END_REF][START_REF] Fath | Latest developments in crystalline silicon based photovoltaics manufacturing process technologies[END_REF][START_REF] Wirth | Recent facts about photovoltaics in germany[END_REF][START_REF] Martin A Green | Third generation photovoltaics: advanced solar electricity generation[END_REF][START_REF] Oliva-Chatelain | An introduction to solar cell technology[END_REF][START_REF] Jimbo | Cu 2 znsns 4-type thin film solar cells using abundant materials[END_REF][START_REF] Katagiri | Development of czts-based thin film solar cells[END_REF][START_REF] Wang | Thermally evaporated cu2znsns4 solar cells[END_REF][START_REF] Marina S Leite | Towards an optimized all lattice-matched inalas/ingaasp/ingaas multijunction solar cell with efficiency> 50%[END_REF][START_REF] Kujadkumar | Development of wide-band gap InGaN solar cells for highefficiency photovoltaics[END_REF][START_REF] Bhuiyan | Ingan solar cells: present state of the art and important challenges[END_REF](22)[START_REF] Liang | The effects of a low-temperature gan interlayer on the performance of ingan/gan solar cells[END_REF][START_REF] Jj Wierer | The impact of piezoelectric polarization and nonradiative recombination on the performance of (0001) face gan/ingan photovoltaic devices[END_REF] reciprocal space maps of T1185-SB and T1188-SB respectively. The diffraction spot for both semibulk In 0.12 Ga 0.88 N PV structures is intense and lies on the vertical line, indicating that In 0.12 Ga 0.88 N layer is mostly coherently strained to GaN template. The extracted value for degree of relaxation is around 18% and 8% for T1185-SB and T1188-SB respectively. The degree of relaxation for semibulk T1185-SB is greater than the bulk T1185-B with p-GaN grown at the same temperature (800 ¶ C. This can be attributed to the larger (120 nm) absorber thickness for T1185-SB compared to the 60 nm thick InGaN (within critical layer thickness) for T1185-B structure. However, the degree of relaxation for T1188-SB even with a higher p-GaN growth temterature (850 ¶ C) is lower than T1185-SB with p-GaN at 800 ¶ C. 

Semibulk In

Electro-Optical Characterization

External Quantum Efficiency Measurements

The external quantum efficiencies (EQE) for T1185-SB and T1188-SB devices, with and without bias light are presented in Figure 4.19. Under no bias light conditions, the PV devices have a maximum external quantum efficiency peak of 25% and 18% at a wavelength of 387 nm for T1185-SB and T1188-SB respectively. The cut-off wavelength for a fully strained InGaN epitaxial layer with 12% of indium concentration is around 420 nm. The absorption above 420 nm is attributed to the partially relaxed InGaN layer with high indium concentration. T1185-SB have a high absorption above 420 nm consistent to the high degree of relaxation. Under bias light conditions, the maximum external quantum efficiency peak increases from 25% to 31% for T1185-SB and 18% to 21% for T1188-SB, with a small increase of the spectral response in the shorter wavelength range as shown in Figure 4.19. This behavior of external quantum efficiency is consistent with the external quantum efficiency for bulk In 0.12 Ga 0.88 N solar cell under bias light discussed in the previous chapter. This could be attributed to the increase of depletion width in the semibulk InGaN layer to maintain space charge neutrality, thus enhancing the collection of carriers in the PV cell. This model also explains why the increase in maximum EQE peak for T1185-SB (6%) is greater than T1188-SB (3%), this could be attributed to the high density of V-pits in T1185-SB compared to T1188-SB leading to more hole trapping and thus larger extension of the space charge region. same illumination conditions. This is consistent with the high external quantum efficiency observed in T11185-SB compared to T1188-SB. This is attributed to the presence of a higher density of shallow V-pits in T1185-SB compared to T1188-SB leading to an enhancement of the carrier collection due to the formation of the impurity depleted zone around them (see chapter 3). The V oc for T1185-SB is lower than for T1188-SB. This can be attributed to the higher density of deep V-pits in T1185-SB than in T1188-SB (see Figure 4.18) as discussed in Chapter 3. A comparison of the dark I -V for T1185-SB and T1188-SB is shown in Figure 4.21.T h i s high leakage current is attributed to the deep V-pits observed in both structures. The ideality factor given in Figure 4.22 if higher for T1185-SB then T1188-SB attributed to the trap-assisted tunneling and carrier leakage inside the active region, consistent to what we observed in semibulk T1158-SB In 0.08 Ga 0.92 N PV cells. The increase of ideality factor for semibulk T1185-SB and T1188-SB compared to T1158-SB, with an increase of indium concentration from 8% to 12% show that the tunneling of carriers increased due to the degradation of the semibulk InGaN absorber with high (12%) indium concentration. The high leakage current for T1185-SB and T1188-SB is also attributed to the issues in the device processing for these (T1185-SB and T1188-SB) wafers. we can estimate the increase in the J sc for semibulk T1158-SB from 8% to 12% of indium concentration. As expected, the results show that as the total density of V-pits increases, the J sc increases, consistent with our previous findings. For T1158-SB, the p-GaN layer is grown at high temperature (1000 ¶ C) resulting in a smooth surface with no V-pits. In contrast as the p-GaN growth temperature is reduced to 850 ¶ C with medium density of V-pits in T1188-SB, the J sc increases. A further decrease of the p-GaN temperature to 800 ¶ C for T1185-SB results in an increase in the J sc . This is consistent to our findings that V-pits contributes to the enhancement of the carrier collection resulting in high J sc . A noticeable point is that the V oc decreases with decrease in the p-GaN growth temperature, consistent to our previous findings that V-pits (deep V-pits) contributes to the carrier recombination resulting in low V oc .

Current -Voltage Measurements

Comparison of Semibulk InGaN PV Devices

Summary and Perspectives

The results presented for the semibulk InGaN-based PV cell in this chapter show that the InGaN semibulk absorber approach is an effective method for achieving high efficiency InGaN PIN heterojunction solar cells. This novel technique can overcome the limitations of growing thick high quality InGaN layers with high indium concentrations. The semibulk In 0.08 Ga 0.92 NP Vd e v i c e has a power conversion efficiency of 0.39% under an AM 1.5G solar spectrum, almost three times higher than the current state of the art. The J sc measured in semibulk In 0.08 Ga 0.92 NP Vc e l l s under AM 1.5G is almost four times as high as previously reported values for 8% indium concentrations and thus confirms efficient light absorption and photocarriers collection in the semibulk absorber. The device has a maximum external quantum efficiency peak of 85% which is the highest external quantum efficiency peak reported so far for an InGaN PIN heterojunction solar cell. The performance of the semibulk PV devices is affected by increasing the indium concentration from 8% to 12% in semibulk absorber. The results obtained for semibulk In 0.12 Ga 0.88 N agree well with our proposed model of enhancing the InGaN solar cells performance using Vpits. These results show that if the size and density of V-pits is controlled during the growth conditions, the power conversion efficiency of InGaN solar cells can be significantly improved.

Another possibility is to passivate the V-pits mainly the deep V-pits using SiO 2 , that may allow to increase the J sc without affecting the V oc of the device, leading to a higher power conversion efficiency. This is currently in progress as shown Figure 4.23. For our future study, semibulk 

Chapter 5 InGaN Nano-structure PIN Heterojunction Solar Cells

A s discussed in the previous chapter thick high crystalline quality InGaN absorber is readily achieved using the semibulk InGaN absorber approach, however the critical layer thickness above 20% of indium incorporation is quite challenging. In such a situation, the device design of the semibulk solar cells become similar to the multi-quantum well (MQW) structures. Such (MQWs) type of approaches are promising and are intensively investigated, however, these architectures evidence a limited indium composition and thickness due to strain, phase separation, and 2D to 3D growth mechanisms. The use of multiple quantum well absorption layers can increase the indium composition (x ≈ 0.25-0.30) [START_REF] Dahal | Ingan/gan multiple quantum well concentrator solar cells[END_REF][START_REF] Rober | High quantum efficiency ingan/gan multiple quantum well solar cells with spectral response extending out to 520 nm[END_REF] and the internal quantum efficiency can be high (>70%) at high energies. These energies are far from the optimum bandgap energies required for an efficient single gap solar cell, and have kept InGaN power conversion efficiency below 3% [START_REF] Dahal | Ingan/gan multiple quantum well concentrator solar cells[END_REF]. In order for InGaN materials to gain serious consideration for photovoltaics and compete with traditional single gap solar cell materials, a new approach is required, which is presented in this chapter.

Design of the Solar Cells

The InGaN nano PV structure are grown on an n-type 2 µm thick c-oriented GaN/sapphire substrate following the procedure described by schematic in Figure 5.1. The InGaN nano mask patterning is very challenging, due to the critical parameters including, the e-beam energy, time of exposure etc. The process optimization is carried out on wafers with a 100 nm thick negativetone resist (hydrogen silsesquioxane, HSQ) spin-coated on the template. Figure 5.2 show the typical nano-pattern hole opening exposed to e-beam for different duration. A small variation of the exposure time result in non-homogeneous HSQ hole opening and/or loss of the complete mask. The distribution is determined using a Monte Carlo simulation for a 100 keV electron beam normally incident on HSQ on GaN on Sapphire. Once the process is optimized, the resist is then patterned using an electron-beam lithography system providing a 4 nm Gaussian beam, that we used at 100 kV accelerating voltage, under a 1.9 nA current. The part of the resist exposed to electron beam cross-links into SiO 2 . TMAH 25% etching treatment is used to open the nano-patterns (nano-holes). The resulting patterns are roughly 100 nm high. 60 × 60 µm 2 with 70 nm diameter holes embedded in them are fabricated using electron beam lithography. The holes are arranged in a hexagonal lattice with a pitch of 135 nm. Figure 5.3 shows the optimized nano-mask ready for the InGaN nano-structure growth. The single-step process, compared to the standard deposit-etch method, allows better preservation of the quality of the substrate, first by not exposing the underlying GaN surface to a plasma etch, and then overall by simplifying the process and hence limiting the number of chemicals used on the wafer. 

Device Processing

The device processing of the InGaN nano PV structure is a challenging step, due to the small size of the nano regions i.e. 60 × 60 µm 2 . These devices are processed at Georgia Institute of Technology Atlanta USA and LMOPS EA 4423. The wafer is first cleaned using organic solvents acetone and isopropanol each for 5 minutes. A 100 nm layer of SiO 2 is deposited on the wafer using PECVD with nitrogen diluted Silane and N 2 O as precursors at a platen temperature of 90 ¶ C, pressure of 650 mTorr, and RF frequency of 13.56 MHz. Photo-lithography is used to define an area around the SiO 2 covered nano-structures to use for n-type contacts. The SiO 2 is removed using an inductively coupled plasma (ICP) etcher with CF 4 and H 2 as process gasses.

The GaN exposed in this area, it is ICP etched again using Cl 2 ,B C l 3 , and Ar to expose the n-type GaN around the nano-patterned 60 × 60 µm 2 . Photo-lithography is used again to define a 50 × 50 µm 2 area above the nano-patterned area. The oxide is then etched using the same recipe as above to access the p-type nano-patterned area. Contacting is made using liftoff. First the p-type contacts are defined so that the contact pad is on the SiO 2 layer with a bus bar running to the exposed p-type GaN. 10 nm of Ni and 20 nm of Au are evaporated to use as the contact. The resulting structure is lifted-off and then annealed at 500 ¶ C for 80 seconds under N 2 in a rapid thermal annealing system to promote ohmic contact. For the n-type metal contacting, the samples are cleaned using organic solvents acetone and isopropanol each for 5 minutes. Followed by a rinse in the de-ionized water and dried with nitrogen. The photo-lithography is performed to obtain the patterns for n-contacting. The metals for n-type GaN are evaporated using Ti/Al/Ti/Au with thicknesses 8/250/10/100 nm respectively. 

Characterization

The surface morphology is observed using scanning electron microscopy (SEM). The indium content, degree of relaxation and lattice parameters (a, c) are determined using symmetric (0002) Ê -2◊ scans in combination with X-ray reciprocal space maps (RSMs) of the asymmetric [START_REF]Solar Generation. 6: Solar photovoltaic electricity empowering the world[END_REF][START_REF] Fath | Latest developments in crystalline silicon based photovoltaics manufacturing process technologies[END_REF][START_REF] Wirth | Recent facts about photovoltaics in germany[END_REF][START_REF] Martin A Green | Third generation photovoltaics: advanced solar electricity generation[END_REF][START_REF] Oliva-Chatelain | An introduction to solar cell technology[END_REF][START_REF] Jimbo | Cu 2 znsns 4-type thin film solar cells using abundant materials[END_REF][START_REF] Katagiri | Development of czts-based thin film solar cells[END_REF][START_REF] Wang | Thermally evaporated cu2znsns4 solar cells[END_REF][START_REF] Marina S Leite | Towards an optimized all lattice-matched inalas/ingaasp/ingaas multijunction solar cell with efficiency> 50%[END_REF][START_REF] Kujadkumar | Development of wide-band gap InGaN solar cells for highefficiency photovoltaics[END_REF][START_REF] Bhuiyan | Ingan solar cells: present state of the art and important challenges[END_REF](22)[START_REF] Liang | The effects of a low-temperature gan interlayer on the performance of ingan/gan solar cells[END_REF][START_REF] Jj Wierer | The impact of piezoelectric polarization and nonradiative recombination on the performance of (0001) face gan/ingan photovoltaic devices[END_REF] planes. Micro-structural and micro-compositional studies are carried out through high-angle, annular dark field scanning transmissions electron microscopy (HAADF-STEM) and energy dispersive X-ray spectroscopy (EDX). The images are taken along < 112 0 > zone axis.The J -V measurements are performed under UV concentrated light. ) is perfectly selective grown on circular openings in the SiO 2 patterned substrate (see Figure 5.8(a)) without any polycrystalline deposits on the masks. The pattern with circular openings contains InGaN nano-rods with very good uniformity which has a hexagonal pyramid shape and has been grown without any defect. The nano-structures are smooth which means that a 3D stress relief mechanism is in place. This mechanism mitigates strain induced degradation, usually present in planar InGaN, which induces inclusions, V-pits, trench pits, indium clustering, and 3D growth. The morphology after p-GaN growth (see Figure 5.8(c)) reveals a rough surface with the presence of V-pits as expected due to the low p-GaN growth temperature (850 ¶ C), and unexpectedly with a high density of cracks. These cracks are never observed in our InGaN PIN structures. Two types of V-pits are observed, i.e. deep V-pits with diameter more than 100 nm and shallow V-pits with diameter less than 30 nm. According to our previous findings, these deep V-pits should reduce the V oc whereas the shallow V-pits should contribute to the J sc of the InGaN nano PIN devices. It is to be noticed that several InGaN nano PIN structures are not completely covered or connected to the field after p-GaN growth as shown in Figure 5.9.

Structural and Morphological Study

Mirco-structural and Optical Properties

HAADF-STEM images of the InGaN nano PV structure before p-GaN growth and processing, are shown in Figure 5.10. The HAADF-STEM study after p-GaN growth is currently in progress. any defects and/or threading dislocations originating from the interfaces of the InGaN and GaN epitaxial layers.

Electro-Optical Characterization

Current -Voltage Measurements

The electrical characterization of the InGaN nano PIN structures are carried out before and after processing, which are presented in this section:

→ Current -Voltage Measurements -Before Processing

To perform the current density versus voltage (J -V ) measurements, we used a scratch to reach the n-type GaN. The quality of the contact is first verified by putting both the probes on the scratch as shown in Figure 5.11. The ohmic behavior of the I -V confirms that both the probes are on the n-type GaN. This step is very challenging because of the scratch quality as well as the presence of the p-GaN layer and/or oxidation. Once the ohmic behavior of the I -V is confirmed, we moved one probe to the nano region. This step is not an easy task. A custom designed holder is used for putting the probes on a 60×60 µm 2 area of the nano-region as shown in Figure 5.12. This holder has specially designed probes/tips able to cover the nano-region only without touching the field, compared to the classical probes that comes with the probe station which are too thick for this type of measurements. Another interesting feature of this holder is adjusting the probes under a microscope, because it's difficult to locate the nano-region in the standard probe station with a CCD camera. Figure 5.13 shows the dark current density versus voltage (J -V ) characteristics of the InGaN nano PIN structure before processing. The ideality factor is deduced from the dark J -V , using the standard diode equation, given as,

V oc = I 0 3 exp( qV nkT ) -1 4 (5.1)
where I 0 is the dark current, kT /q is the thermal voltage, at 300K is 25.85 mV, V is the voltage across the diode and n is the ideality factor. The ideality factor deduced from the dark J -V (Figure 5.13(b)) is 10.2, which is rather high. This is attributed to the carrier tunneling as discussed in previous chapter. The dark J -V shows a high leakage current and large effect of the series resistance, as expected due to no metal contacts. This should contribute to the reduction of V oc and fill factor (see Appendix B for effect of shunt and series resistances). The J -V characteristics of the InGaN nano PIN structure under concentrated light and measurement setup are shown in Figure 5.14. The indium concentration is 9%, corresponding to an absorption below 403 nm, therefore we used a UV light source instead of AM 1.5G which has negligible power below 400 nm. The power estimation equivalence to number of suns given in Figure 5.14 is explained in Appendix E. The device shows encouraging results under illumination. The J sc shows linear dependence on the light intensity and V oc increases logarithmically, consistent to our discussion in previous chapters. According to the shape of the J -V measurements, the fill factor is low. This could be due to the high series resistance at the n-contact. The fill factor dependence on the number of suns for InGaN nano-structure is presented in Figure 5.15 with a comparison to bulk In 0.12 Ga 0.88 N PV. For InGaN nano PV device, the fill factor decreases with the increase of light intensity. This is due to the power loss caused by the electrical series resistance R s which increases with the icnrease of current [START_REF] Guter | Currentmatched triple-junction solar cell reaching 41.1% conversion efficiency under concentrated sunlight[END_REF]. R s comes from the epitaxial layers of semiconductor material, contact resistance, etc. In our case the R s could be due to the scratch that we used for the n-contact. In contrast the fill factor for InGaN bulk PV device is constant upto 6 suns and then decreases with further increase in the light intensity. As mentioned before, this decrease is due to the power loss caused by the electrical series resistance R s under higher current. The fill factor under 4 suns is lower in InGaN nano compared to bulk due to the use of scratch with high series resistance.

→ Current -Voltage Measurements -After Processing

After the device processing, we observe that the p-GaN is not etched enough to reach the n-GaN as shown in Figure 5. [START_REF] Jimbo | Cu 2 znsns 4-type thin film solar cells using abundant materials[END_REF]. That means that both the metals contacts (p-contact and ncontact) are deposited on top of p-GaN. This problem left us with no other option but to use a scratch for the n-contacting. In addition to that several other issues such as, the non-spreading classical probe station as shown in Figure 5.19 rather than the customized holder. However, as mentioned earlier, a scratch is used to reach the n-type GaN contacting. Table 5.1 lists the values for J sc , V oc and fill factor (FF) deduced from the J -V measurements before and after processing. It is to be noticed that, the full device area (60 × 60 µm 2 ) is taken into account for calculating the J sc , however the nano-device includes InGaN nano-structures separated by SiO 2 mask that should reduce the effective area of the device as shown in Figure 5.20.T h eS i O 2 mask covers 25% of the total device area (60 × 60 µm 2 ), leading to an effective device area of 52 × 52 µm 2 . This should lead to an increase of J sc by 25%. The V oc is slightly improved after processing but it's still lower than the expected theoretical value (2.54 V). This could be due to the presence of the cracks and deep V-pits in the p-GaN layer. The J sc has improved after processing, probably because it is now fully exposed to the light. The fill factor decreased to 13% from 20% (see Table 5.1). This is due to the increase in J sc after processing that increases the series resistance effect. These results show that the series resistance is mainly due to the scratch used for the n-contacting. 

Comparison of InGaN Nano-Structure PV Devices

Table 5.2 lists a comparison of performances of InGaN nano-structure devices to the one of the semibulk based PV device presented in the chapter 4 under 1 sun condition. For that, we extrapolated the value of the fill factor to 1 sun (see Figure 5.15), that gives a value of 19% for the fill factor (under 1 sun) after processing, listed in Table 5.2. Considering only the effective area of the InGaN nano PV device, the J sc is almost 9 times larger than that of the J sc measured for the semibulk In 0.08 Ga 0.92 N structure. This could be attributed to the light trapping effect due to the rough p-GaN surface. As reported by Neufeld et al. [START_REF] Carl J Neufeld | Optimization of the p-gan window layer for ingan/gan solar cells[END_REF] rough p-GaN surface results in an increase of the J sc , due to the optical path length enhancement associated with increased scattering off of the rougher p-GaN surface. Another possibility could be the increase of the optical path length of the light inside the solar cell due to change in incidence angle by the InGaN nano pyramids. The V oc is rather of the same order of magnitude and as mentioned earlier this rather low value could be attributed to the cracks and deep V-pits in the p-GaN layer. The difference in the fill factor is expected due to the high series resistance that comes from the scratch. This leads to a power conversion efficiency of 1.30% under a power density equivalent to 1 sun for InGaN nano PV device. higher than the literature. The J sc even with 9% indium concentration, is almost 5 or 10 times of what has been reported for nano wire InGaN PV devices with 10% and 27% indium concentration. This leads to a power conversion efficiency for our InGaN nano-structure based PV solar cells which is four times higher than the power conversion efficiency for nano InGaN structure PV cells. It is to be noticed that the 0.3% power conversion efficiency is the highest recorded in III-nitride nano wire solar cells by Wierer et al. [START_REF] Jr | Iii-nitride core-shell nanowire arrayed solar cells[END_REF]. However, the power conversion efficiency calculated for our InGaN nano PV device is based on rough estimations, therefore it's difficult to conclusively compare it to the literature and attribute the improvement to a single parameter.

Summary and Perspectives

The demonstration of the InGaN nano-structured device, to our knowledge is the first ever demonstration of a functional PV cell based on bulk InGaN nano-structures. Thick, high structural quality and defect-free InGaN nano-structure absorber layer is obtained with the nano selective growth approach. The PV devices results in a J sc of 12 mA/cm 2 and a V oc of 1.89 V under concentrated light. The key finding is that the bulk InGaN nano-structure is an elegant approach for the realization of high efficiency InGaN solar cells. These results are very encouraging as the technique may overcome current limitations in the growth of high quality thick InGaN nano-structures and may be important for the realization of InGaN-based high efficiency solar cells. For our future studies, thick high quality InGaN nano-structure with smooth p-GaN surface morphology have been grown as shown in Figure 5.21. 

Chapter 6 Conclusion and Perspectives

Conclusions

The InGaN material system, with its bandgap from 0.7 eV to 3.4 eV spanning the entire visible spectrum, enables the design of multijunction solar cells of maximum efficiency. The high energy radiation resistance and high absorption coefficient (10 5 cm ≠1 ) makes InGaN a potential candidate for high efficiency concentrated photovoltaic (PV) devices. The pre-requisite for the development of high efficiency InGaN solar cells is the growth of high crystalline quality thick InGaN epitaxial layers, which must be larger than 100 nm thick in order to absorb 90% of incident above-bandgap light. Despite its high optical absorption coefficient, the ability of InGaN to collect photogenerated carriers has been hindered by poor crys-talline quality. It is unsurprising that thick InGaN layers exhibit poor optical performance since the critical layer thickness for a fully strained high quality InGaN with high In content is only a few nanometers. In theory the unique properties of InGaN should translate into high efficiency, long lifetimes, and ultra thin solar cells. However, tuning the bandgap of InGaN epitaxial layer to lower energy with high indium incorporation has proven difficulties such as phase separation (compositional instability) due to the poor miscibility of InN and GaN and relaxation of the mismatch stress accommodated in the InGaN layers due to its growth on foreign substrates (with lattice and thermal expansion coefficient mismatch).

This thesis focused on investigating new approaches that could help to obtain high efficiency InGaN solar cells by overcoming the challenges mentioned above. Two novel approaches have been proposed (developed by our team) for the realization of high efficiency InGaN solar cells, and are compared to the classical bulk InGaN heterojunction solar cells. The first approach consists in the growth of a thick multi-layered InGaN/GaN absorber, called semibulk approach. The periodic insertion of the thin GaN interlayers should absorb the excess indium and relieve compressive strain. The InGaN layers need to be thin enough to remain fully strained and without phase separation. The second approach consists in the growth of InGaN nano-structures for the achievement of high indium content thick InGaN layers. It allows the elimination of the preexisting dislocations in the underlying template. It also allows strain relaxation of InGaN layers without any dislocations, leading to higher indium incorporation and reduced piezoelectric effect.

In the first part of the thesis, we studied, using J -V , SEM, HAADF-STEM, and EBIC characterization, the influence of the dislocations and V-pits on the overall conversion efficiency of bulk In 0.12 Ga 0.88 N absorber based heterojunction solar cells. Using EBIC, we showed that the phenomenon of impurity gettering, which forms an impurity depleted zone around the threading dislocations and V-pits, significantly contributes to the enhancement of the extraction of the photo generated carriers in the InGaN absorber, resulting in a peak external quantum efficiency of 79% and a short circuit current density of 2.56 mA/cm ≠2 under an AM 1.5G solar spectrum, i.e. a value twice the state of the art. Meanwhile, a high density of deep V-pits leads to large recombination, resulting in high leakage current, hence reducing the open circuit voltage. Since a low growth temperature for the p-GaN layer, leading to a high dislocation and pit density, is mandatory, a way to favor the formation of shallow against deep V-pits, should help to preserve and perhaps to improve InGaN based PV device performances. The key findings of the study are,

• As soon as the total pit density is decreased, a lowering of J sc and an increase of V oc are observed,

• To increase both J sc and V oc an increase of the shallow V-pit (size lower than 300 nm) density and a decrease of the deep V-pit (size larger than 300 nm) density are required,

• To decrease both J sc and V oc a decrease of the shallow V-pit (size lower than 300 nm) density and an increase of the Deep V-pit (size larger than 300 nm) density are required,

• An increase of the shallow V-pit density (size lower than 300 nm) leads to an increase of J sc ,

• An increase of the Deep V-pit (size larger than 300 nm) density leads to a decrease of V oc .

In the second part of the manuscript, we presented our first approach "Semibulk" as a potential candidate for replacement of the currently used absorber designs. The semibulk InGaN absorber based PV devices show significant improvement in the performance of the solar cells. The results obtained for the semibulk In 0.08 Ga 0.92 N-based PV cell show that the InGaN semibulk absorber approach is an effective method for achieving high efficiency InGaN PIN heterojunction solar cells. The semibulk absorber approach effectively helps to suppress the transition from twodimensional to three-dimensional growth that occurs during the growth of thick epitaxial InGaN layers. The key finding is that solar cells based on semibulk absorber results in high power conversion efficiency in-spite of high density of structural defects in the p-GaN. The device has a power conversion efficiency of 0.39% under an AM 1.5G solar spectrum, almost three times higher than the current state of the art. Reducing absorption of light in metal contacts and using a back reflecting mirror will increase quantity of light to be absorbed by the active region, leading to further improvement of power conversion efficiency. The device has a maximum external quantum efficiency peak of 85% which is the highest external quantum efficiency peak reported so far for an InGaN PIN heterojunction solar cell. The J sc measured under AM 1.5G is almost four times as high as previously reported values for 8% indium concentrations and thus confirms efficient light absorption and photocarriers collection in the semibulk absorber. The results obtained for semibulk In 0.12 Ga 0.88 N solar cell agrees well with our proposed explanation that V-pits, particularly the shallow V-pits results in enhancement of the J sc due to the formation fo impurity depleted zones around, whereas the deep V-pits results in a high leakage current, reducing the V oc of the PV cell.

In order for InGaN materials to gain serious consideration for photovoltaics and compete with traditional single gap solar cell materials, we proposed another novel approach referred as the InGaN nano-structure PV cells. The growth of GaN and/or InGaN epitaxial layers on sapphire substrate suffers from a large mismatch of the lattice constants and the thermal expansion coefficients between the substrate and epitaxial structures causing large accumulation of strain and high dislocation densities generated in the epitaxial layers. These dislocations are believed to correlate to the carrier trap centers and the parasitic tunneling current, unavoidably leading to non-radiative recombination. A possible solution for preventing the strain-related limitations for the growth of thick InGaN epitaxial layer with high indium concentration and reduction of the threading dislocations is the nano-selective area growth (NSAG). This approach allows the elimination of the preexisting dislocations in the underlying template [START_REF] Goh | Structural and optical properties of nanodots, nanowires, and multi-quantum wells of iii-nitride grown by movpe nano-selective area growth[END_REF]. It also allows the strain relaxation of the InGaN material without any dislocations, leading to higher indium incorporation [START_REF] Sundaram | High quality thick ingan nanostructures grown by nanoselective area growth for new generation photovoltaic devices[END_REF][START_REF] Sundaram | Nanoscale selective area growth of thick, dense, uniform, in-rich, ingan nanostructure arrays on gan/sapphire template[END_REF] and reduced piezoelectric effect. The PV devices for InGaN nano-structure approach show encouraging results. The nano-structure provide an opportunity to incorporate high indium concentration free from the intrinsic material defects. The ability to incorporate more indium depending on the geometry of the patterns and to grow selectively defect-free thick InGaN nano-structure via a simple patterning process offers a new route to develop monolithic InGaN-based high efficiency solar cells. The results obtained for InGaN nanostructure PV devices show significant improvement in the power conversion efficeincy compared to our semibulk apporach as well as bulk InGaN structures reported in the literature. The power conversion efficiency under 1 sun illumination is around 1.02% compared to the 0.30% of semibulk c. The J sc of the InGaN nano PV device is around 5.26 mA/cm 2 which is alomost 9 times of the J sc measured in semibulk In 0.12 Ga 0.88 N. The high series resistance significantly reduced the fill factor (20%) of the InGaN nano-PV cells, eventually leading to a low power conversion efficiency. Several critical challenges are involved in the device processing of the InGaN nano-structure PV cells due to their small size (60 × 60 µm 2 ). Optimization of the metal contacting and device processing will result in improvement of the InGaN PV cells based on nano-structure approach.

Perspectives

The trade-off between the degradation of the InGaN absorber during the growth of the subsequent top p-GaN layer and crystalline quality of the p-GaN epitaxial layer, remained a major challenge during our study, making difficult to utilize the full potential of our new approaches for high efficiency solar cells. Two possible options that could circumvent these issues, includes p-GaN growth using a different epitaxial growth technique like MBE and InGaN Schottky Solar Cells.

Growth of P-GaN via MBE

The growth temperature of the subsequent top p-GaN layer is very challenging in MOVPE espeically on top of InGaN absorber with > 10% of indium concentration. The high growth temperature of the subsequent top p-GaN layer leads to unfavorable effects such as lattice relaxation and composition redistribution in the In x Ga 1≠x N absorber [START_REF] Liang | The effects of ingan layer thickness on the performance of ingan/gan pin solar cells[END_REF]. Decreasing the growth temperature of the p-GaN epitaxial layer leads to a rather low crystal quality of the p-GaN layer During the optimization study, we observed that p-GaN layer grown above 850 ¶ C, for indium incorporation above 10% in the absorber results in severe degradation of the InGaN active layer, leading to poor performance of the solar cell. This restriction of the growth temperature for the p-GaN epitaxial layer by MOCVD limited the efficiency of our semibulk absorber approach. The high quality growth of p-GaN epitaxial layer at lower temperature by MBE could circumvent the issues observed in MOCVD. Therefore, for the optimum use of semibulk approach for realization of high efficiency solar cells, it would be a good choice to grow the p-GaN layer via MBE. For this a semibulk In 0.14 Ga 0.86 N PV structure grown on a 2" wafer, as shown in Figure 6.1 has been provided to our partner laboratory for the top p-GaN re-growth via MBE. The growth of high crystalline quality p-GaN layer without any InGaN degradation will definitely enhance the device performance leading to a high power conversion efficiency. This would also help in further increase of the indium incorporation in the InGaN epilayers.

InGaN Schottky Solar Cells

Schottky diodes have also been widely used for a wide variety of applications such as photodetectors, Schottky-clamped transistors, metal gate field-effect transistor, radio frequency atten- The energy band diagram for a Schottky barrier (metal/n-semiconductor) solar cell is shown in Figure 6.2. The current density versus voltage characteristic of a Schottky barrier solar cell under illumination is similar to the PN junction equation, given by,

J = J sc -J 0 (e (qv/nK B T -1) (6.1)
where J 0 , the saturation current density, is now given by:

J 0 = A úú .T 2 .exp(-q" B /K B T ) (6.2)
where A úú is known as the Richardson constant and " B is the Schottky barrier height.

The structure of Ni/Au/InGaN/GaN Schottky solar cells is shown in Figure 6.3. The device structure has a square-shaped mesa surrounded by another metal trace (Ti/Al/Ti/Au) that serves as the bottom-side electrode, forming an ohmic contact ohmic to n-type GaN. Different electrode geometries have been used for fabrication same GaN/InGaN layer structure that will also help in studying the effect of series resistance and light absorption loss within the metal contacts. For a detail study of InGaN Schottky solar cell, a number of PV structures are grown as listed in Table 6.1. The SEM images of the surface morphology of the PV structures grown for InGaN Schottky solar cells are shown in Figure 6 special attention is needed in obtaining high quality Schottky metal contacts. The selection of metals and surface treatment before lithography are crucial parameters that needs further optimization.

InGaN Nano-structure with >35% of Indium Composition

Photovoltaic devices with a bandgap greater than 2.0 eV are attractive because over half the available power in the solar spectrum is above the photon energy of 2.0 eV. To achieve this energy bandgap, high crystalline quality InGaN epitaxial layers with indium concentration above 35% are required, which can only be made possible using the novel InGaN nano-structure approach. Therefore an important future perspective of InGaN nano-structure solar cells is to incorporate high indium concentration above 35%. Though our team already obtained 33% of indium concentration in the InGaN epitaxial layer grown by nano-selective area growth on patterned AlN/Si (111) substrates as shown in Figure 6.5, but a further optimization study is needed in obtaining similar structures on sapphire substrates that could than be used for the realization of high efficiency InGaN solar cells. The lattice parameters and thermal properties for GaN, AlN and InN are given in Table A.1. The epitaxial growth of III-Nitride epilayers on bulk substrates results in the presence of in-plane strain. Depending on whether the lattice parameter of the epilayer is smaller or greater than the lattice parameter of the substrate. The two possible outcomes of the lattice parameters thus defines whether the strain is compressive or tensile. The critical thickness of the epilayer can thus be fully strained, partially or fully relaxed depending upon its thickness. The relaxation of the top epilayer to its own lattice parameters degrades the crystalline quality, thus creating defects known as dislocations. The mechanical deformations that may happen for the two possible outcomes of the lattice parameters i.e. in-strain plane or out-of-plane strain plane are shown in According to Vegard's law, the lattice parameters of nitride alloys vary linearly with compositions, given by the following relations [START_REF] Vegard | Die konstitution der mischkristalle und die raumfüllung der atome[END_REF];

a(A x B 1≠x N )=x * a(AN )+(1-x) * a(BN) c(A x B 1≠x N )=x * c(AN )+(1-x) * c(BN) (A.1)

A.1 Spontaneous and Piezoelectric Polarization

Polarization is a crucial parameter for III-nitride semiconductor materials, that differs them from the other semiconductor materials. Depending on the requirements of the device, it can be useful as it is in the case of AlGaN/GaN high electron mobility transistors (HEMTs), but in-case of solar cells, it has been a challenging parameter in limiting the efficiency of the devices. III-nitride materials have two types of polarization, known as the Spontaneous polarization and the Piezoelectric polarization.

where e ij are the piezoelectric coefficients of III-nitrides and ' ij is the strain tensor. The piezoelectric polarization in hexagonal structures can be estimated using the relation; 

T X V × S W W W W W W W U ' xx ' yy ' zz ' yz ' xz ' xy T X X X X X X X V (A.5)
The value of piezoelectric polarization for III-nitride with the growth direction along c-axis is given by; 

P pz =2'(

Effect of the Net Polarization

The net polarization is a sum of spontaneous and piezoelectric polarization. The P T may be negative or positive, depending on the orientation of the structure, whether its under tension or compression. The P T is high in-case of crystal under tension, because, the two polarization, i.e. P sp and P pz are in the same direction. The sum of these two thereby increases the net polarization. However, if the given crystal is in compression, the two polarization P sp and P pz are in the opposite directions, therefore the net polarization is decreased. A schematic representation of the orientation of the polarization in InGaN/GaN is shown in Figure A.6.T h e total polarization is given by;

P T = P sp + P pz (A.7)
The net polarization is a crucial parameter in III-nitride devices, as it can significantly modify the band bending and transport properties. The magnitude of electric field induced by polarization in PIN InGaN solar cells can be as high as the electric field induced by the doping concentrations [START_REF] Konstantinos | Elaboration par MOVPE et caractérisations des matériaux (B)InGaN pour les cellules solaires de 3émem génération[END_REF]. In the conventional PIN design, where the p-GaN cap layer is at the top of the structure, the two fields may even cancel each other out. An inverted PIN, or NIP, design that would use a n-GaN cap layer might be more suitable [START_REF] Li | Effects of polarization charge on the photovoltaic properties of ingan solar cells[END_REF][START_REF] Lestrade | Modeling of polarization effects in ingan pin solar cells[END_REF]. 

A.2 Electron Band-Structure Properties

The temperature dependence of the energy bandgap for the wurtzite III-nitride semiconductors in the Varshni form is given by,

E g (T )=E g (T = 0) - -T 2 T + - (A.8)
where E g is the gap at 0 K, -and -are Varshni thermal coefficients. The graph representing the evolution of band-gap energy with the basal-plane lattice parameter for III nitrides is presented in Figure A.7. The figure supports the claim of InGaN as a potential candidate for designing high efficiency solar cells, covering almost the entire solar spectrum, by simply adjusting the indium composition. The energy bandgap for InGaN on dependence with the indium composition for an un-strained ternary alloy can be calculated with simple Vegards law as following;

E g (A 1≠z B z )=(1-x)E g (A)+xE g (B) -x(1 -x)C (A.9)
where C is known as the bowing parameter. The different values for bowing parameter for InGaN, AlGaN and AlInN are listed in Table A.5. The bowing parameter (C) is always positive and reflects a reduction of the alloy energy gaps. 

A.3 Absorption

The Energy bandgap for Wurtzite III-nitride compound semiconductors spreading over, from 0.7 eV (near infra-red) to 6.2 eV (ultraviolet) is not only the factor of its attraction for high 

A.4 Typical Defects -Threading Dislocations

In spite of the interesting thermal, optical and electrical performance of devices produced so far, GaN materials suffer from numerous threading dislocations and lattice mismatch due to their growth on foreign substrates. The growth on in-appropriate substrates leads to a substantial density of misfit and threading dislocations in the range of 10 6 cm ≠2 -10 12 cm ≠2 , contributing to the low mobility and high residual carrier density. Sapphire is the most widely, substrate choice for growing GaN layers and has the advantage of ease of surface cleaning, inter-facial adhesion, availability, chemical stability and thermal stability. It is also stable at high temperature (∼ 1000 ¶ C), which is normally required for GaN film grown by metalorganic chemical vapor deposition (MOCVD) method. Sapphire exhibits a higher thermal expansion coefficient relative to GaN. GaN films grown on sapphire substrate experiences compressive and tensional biaxial strain , that eventually ends up with formation for threading dislocations in the epilayer. These threading dislocations originate from the substrate/GaN interface and propagate into the epilayer as shown in coefficient between the foreign substrate and GaN is considered to be the major factor attributing to the high density of defects. A dislocation is an extended defect (line defect) causing a displacement in a perfect crystal. It is defined by it's Burger vectors, b, representing the magnitude and direction of the lattice distortion. Edge dislocations represent a larger fraction of the total threading dislocations density in thicker films [START_REF] Sk Mathis | Modeling of threading dislocation reduction in growing gan layers[END_REF][START_REF] Wu | Defect structure of metal-organic chemical vapor deposition-grown epitaxial (0001) gan/al2o3[END_REF]. Wu et al. [START_REF] Wu | Defect structure of metal-organic chemical vapor deposition-grown epitaxial (0001) gan/al2o3[END_REF] examined both 1 and 5 µm thick films grown under identical conditions and showed that the edge threading dislocations make up 40% of the total threading dislocations density in 1 mm thick MOCVD-grown films, while after 5 µm of growth, they make up 70% of all TDs.

The geometry of screw dislocations in GaN is shown in shows the cross-sectional schematic of V-pits contributed by screw dislocations, with a triangular shape, denoted by the symbol -. The top view of the V-pits associated to screw dislocations is shown in Figure A.11(c). Pure screw dislocations are the most uncommon type of threading dislocations in GaN films [START_REF] Sk Mathis | Modeling of threading dislocation reduction in growing gan layers[END_REF]. Wu et al. [START_REF] Wu | Defect structure of metal-organic chemical vapor deposition-grown epitaxial (0001) gan/al2o3[END_REF] reported that pure screw threading dislocations had a very small proportion much less than 1%) of the total threading dislocations density in MOCVD-grown GaN. Nanopipes, which are sometimes observed in GaN films grown on SiC and on sapphire, have been associated with open-core screw dislocations [START_REF] Qian | Opencore screw dislocations in gan epilayers observed by scanning force microscopy and highresolution transmission electron microscopy[END_REF]. However, nanopipes appear not to have appreciable density in high-quality material, and often screw dislocations have closed cores [START_REF] Xin | Direct observation of the core structures of threading dislocations in gan[END_REF].

The geometry of screw dislocations in GaN is shown in shows the cross-sectional schematic of V-pits contributed by mixed dislocations, with a combination of triangular and trapezoidal shape, denoted by the symbol -. The top view of the V-pits associated to mixed dislocations is shown in Figure A.11(d). The reported fraction of mixed dislocations varies from 2% of the total density in the case of MBE-initiated growth to 68% in metalorganic vapor phase epitaxy-grown (MOVPE-grown) material [START_REF] Xin | Direct observation of the core structures of threading dislocations in gan[END_REF]. Mixed dislocations are the only threading dislocations with an (energetically favored) inclined line direction relative to the film normal, they are the only threading dislocations moving laterally relative to other threading dislocations during growth [START_REF] Sk Mathis | Modeling of threading dislocation reduction in growing gan layers[END_REF].

The crystalline quality of GaN material has been highly improved by using different growth techniques, including hydride vapor phase epitaxy (HVPE), organic metallic vapor phase epitaxy (OMVPE) and molecular beam epitaxy (MBE). Selective area lateral overgrowth (ELOG) has shown very promising results reducing the threading dislocation down to around 10 6 cm ≠2 [START_REF] Nakamura | Continuous-wave operation of ingan/gan/algan-based laser diodes grown on gan substrates[END_REF].

The best alternatives for growing high quality GaN now lie in the development of Al 2 O 3 ,S i C , or AlN substrates [START_REF] Srour | Conception, réalisation et caractérisation de photodétecteurs ultraviolets" Solar-blind" à base de nouveaux alliages BAlGaN[END_REF]. Interest in AlN substrates has increased recently owing to the closer lattice match over Al 2 O 3 , matched stacking order, and high thermal conductivity [START_REF] Walter | Electronic structure and the properties of solids: the physics of the chemical bond[END_REF]. The lattice-mismatch between various III-N materials and substrates is listed in the growth of GaN on Si has shown encouraging results with low dislocations, however several challenges including the poor wetting of Ga on SiC has limited the use of such techniques [START_REF] Dd Koleske | Influence of aln nucleation layer temperature on gan electronic properties grown on sic[END_REF].

A.5 Major Breakthroughs in III-Nitride Opto -electronic Devices

Over the last decade, solid state lighting technologies have emerged rapidly and penetrated deeply into various segments of market such as automotive, medical applications, aviation lighting, indoor and outdoor lighting as well as lifestyle products. The global light emitting diode (LED) market volume in general lightening is currently around US 26 billion dollar and it is expected to grow much more than US$ 72 billion by 2020 [START_REF] Ezgi | Characterization and Fabrication of InGaN Solar Cells.P h D t h e s i s[END_REF]. This has been possible by the remarkable progress in III-Nitride materials (Refer to appendix A for properties of III-Nitride materials).

Driven by a vision of then-futuristic flat panel displays, the first demonstration of gallium nitride (GaN) deposition was achieved by Maruska and Tietjen at RCA Laboratories (New York, NY, USA) using hydride vapor-phase epitaxy on a sapphire substrate in 1969 [START_REF] Nakamura | History of gallium-nitride-based lightemitting diodes for illumination[END_REF][START_REF] Pi | The preparation and properties of vapor-deposited singlecrystal-line gan[END_REF]. Due to the lack of p-type semiconductor material, the first GaN based blue and violet Light Emitting Diodes (LEDs) were fabricated as metal-insulator-semiconductor (MIS), doped with Zn and Mg as a color center in 1971-1973 [START_REF] Hp Maruska | Violet luminescence of mg-doped gan[END_REF][START_REF] Ilegems | Luminescence of be-and mg-doped gan[END_REF][START_REF] Ji Pankove | Electroluminescence in gan[END_REF]. The output power for these LEDs was on the order of 1-5 µw, resulting in poor efficiency and brightness to be used in general lightning applications. Amano et al. [START_REF] Amano | P-type conduction in mg-doped gan treated with low-energy electron beam irradiation (leebi)[END_REF] reported the first GaN based PN junction LED, after their successful growth of Mg-doped GaN using post-growth low-energy electron beam irradiation (LEEBI) treatment in 1989. They achieved p-GaN with hole concentration of 2 × 10 16 cm ≠3 and mobility 8 × cm 2 /V s, however it was not well explained of how they obtained p-GaN. Nakamura et al. [START_REF] Nakamura | High-power gan pn junction bluelight-emitting diodes[END_REF] demonstrated GaN based PN junction LED with power, external quantum efficiency (EQE), peak emission wavelength, and forward voltage at 20 mA as 42 W, 0.18%, 430 nm, and 4 V respectively. The p-GaN obtained by Nakamura et al. [START_REF] Nakamura | High-power gan pn junction bluelight-emitting diodes[END_REF] had hole concentration of 2 × 10 17 cm ≠3 and mobility 10 cm 2 /V s. They reported hydrogen passivation as the possible mechanism behind hole compensation in p-GaN. The achievement of p-type conductivity in GaN materials, made it possible to fabricate highly efficient LEDs with not only PN junction but also a p-GaN/i-InGaN/n-GaN (PIN) hetero-junction [START_REF] Nakamura | P-gan/n-ingan/n-gan doubleheterostructure blue-light-emitting diodes[END_REF]. The LEDs demonstrated with a PN junction or PIN hetero-junction results in a way higher efficiency and brightness compared to previously used LEDs. The encouraging results led Nakamura et al. [START_REF] Nakamura | Superbright green ingan single-quantum-well-structure light-emitting diodes[END_REF] to demonstrate bright blue, yellow and green LEDs based on single InGaN quantum well (QW) by adjusting the indium content in InGaN alloy. These results formed the base for the commercialization of the first generation of green and blue LEDs [START_REF] Ezgi | Characterization and Fabrication of InGaN Solar Cells.P h D t h e s i s[END_REF]. In 2014, for the invention of efficient blue light emitting diodes which has enabled bright and energy-saving white light sources, S. Nakamura, I. Akasaki and H. Amano were honored by the Nobel Prize. The enormous efforts by S. Nakamura, I. Akasaki and H. Amano enormous in fabrication of GaN based bright LEDs revised the concept of using GaAlAs and/or InGaP type semiconductor materials delivering poor efficiency and brightness. Indium nitride (InN) is an important III-nitride semiconductor with many potential applications. The use of InN and its alloys with GaN and AlN makes it possible to extend the emission of nitride-based LEDs from ultraviolet to near infrared region. In the early 90's Indium Gallium Nitride (InGaN) was developed as a new material to be used in LEDs. Initially it was used in blue LEDs but is also capable of generating a wide range of green and blue colors including UV radiation. Blue LEDs are also used in conjunction with a phosphor to make white LEDs [202], as shown in the Figure A.12. InN has been grown by sputtering for a long time [START_REF] Tl Tansley | Optical band gap of indium nitride[END_REF]. Nataranjan et al. [START_REF] Br Natarajan | Mechanisms of reactive sputtering of indium i: Growth of inn in mixed ar-n 2 discharges[END_REF] demonstrated the detail mechanism of reactive sputtering of indium, and growth of InN in mixed Ar-N 2 discharges. However, the film qualities were very poor and have universally high carrier concentration near 10 20 cm ≠3 and constantly low electron mobility of less than 100 cm 2 /Vs [START_REF] Ghani Bhuiyan | Indium nitride (inn): A review on growth, characterization, and properties[END_REF]. InN was not of much interest until the growth of a high quality single crystalline epitaxial InN film by the most popular growth technique, MOVPE, in 1989 by Matsuoka et al. [START_REF] Ikoma | Gallium Arsenide and Related Compounds[END_REF] and Wakahara et al. [START_REF] Wakahara | Heteroepitaxial growth of inn by microwave-excited metalorganic vapor phase epitaxy[END_REF][START_REF] Wakahara | Epitaxial growth of indium nitride[END_REF]. As-grown InN is unintentionally n-type. The origin of high n-type conductivity was suggested as native defects such as Nitrogen vacancy, point defects and edge-type threading dislocations that generate sources of free electrons in InN [START_REF] Wu | When group-iii nitrides go infrared: New properties and perspectives[END_REF].

Light absorption and generation of electron-hole pair

The generation of charges occurs when the semiconducting material absorbs photons and excites electrons to higher energy states creating electron-hole pairs. Every photon has its own energy that depends on the wavelength of the incoming light and can be expressed through the Planck-Einstein relation:

E = hc ⁄ (B.1)
where h is the planck's constant (= 4.135 × 10 ≠ 15 eV.s), c is the speed of light (= 3 × 10 8 m/s), and ⁄ is the wavelength of the incident sunlight.

The electron-hole pair in a semiconductor material will be only generated provided that the incident photon has an energy greater than and/or equal to that of the energy bandgap of the semiconductor material ( useful in obtaining higher open circuit voltage (V oc ). However these semiconductor materials are than limited to absorb only high energy photons since photons below the bandgap are not absorbed which results in less photocurrent. Therefore materials with smaller bandgap are more useful due to the higher probability of absorbing more photons leading to high photocurrent but the excess energy of the excited electron above the bandgap is lost to thermalisation and the electron energy is reduced to that of the bandgap ( In an ideal situation, an incoming with an energy greater than and/or equal to the energy bandgap of the semiconductor material should generate an electron-hole pair (at least one pair), however there is also a possibility that the incident photon is reflected back or transmitted without being absorbed. These photons do not contribute to the generation of electron-hole pair. This mechanism reduces the rate of electron-hole pair generation, therefore needs a special attention during the choice of the solar cell design and/or thickness of the absorber layers. An efficient way of reducing the light reflection at the surface is to use textured surfaces while for minimizing the incomplete light absorption, the thickness of the absorber layer should be increased. Light absorption in a given semiconductor material is defined by its thickness and absorption coefficient, as described by the Beer-Lambert law [START_REF] Nelson | The physics of solar cells[END_REF].

I(x)=I(0)e ≠αx (B.2)
where I(0) is the intensity of the incident light, I(x) is the intensity of the light transmitted through the semiconductor material, -is the absorption coefficient of the semiconductor and x is the thickness of the semiconductor material. The penetration of an incident light in a semiconductor material without being absorbed is defined by the absorption coefficient. It is inversely proportional to the wavelength of the light, resulting in full absorption of shorter wavelength (higher energy) photons at the top layer, while permitting the longer wavelengths (lower energy) photons penetrate deeper into the substance. For instance, for an InGaN layer with -=10 5 cm ≠1 , 95% of the incoming light will be absorbed in the first 300 nm [START_REF] Wen | Temperature dependent photoluminescence in oxygen ion implanted and rapid thermally annealed zno/ znmgo multiple quantum wells[END_REF].

Separation of the electron-hole pair

This is an essential part of the solar cells. The excited electron-hole pair needs to be separated before they recombine and give up their energy. The electron-hole pair recombination can either happen by a fundamental physical processes or due to the imperfect crystalline quality of the semiconductor material. For example, interaction of the excited carriers can result in exchange of energy. This results in the decay of one of the carriers across the energy bandgap and an increase in the kinetic energy of the other carrier, which later loses the excess energy through thermalisation. This process is a physical process called Auger recombination. Another form of recombination that occurs due to the presence of the impurities and/or defects in the crystalline structure of the semiconductor material is relaxation of the excited carriers into trap states. In solar cells, the non-radiative recombination via defects is a major challenge due to the presence of high density of defects in the epitaxial layers. The challenges involved in semiconductor materials, particularly InGaN materials will be discussed in detail in Chapter 2.

A PN junction is formed when two materials with different polarities (p-type and n-type) comes into contact. Due to the gradient difference, the electrons in the p-type diffuse into the n-type leaving positively charged ions behind, whereas the holes in the n-type diffuse into the p-type material leaving negatively charged ions behind, thus forming a barrier which neutral region called space charge or depletion region as shown in 

Transport mechanism of the generated electron-hole pair

Transport of the generated electron-hole pair is majorly dependent on the crystalline quality of the epitaxial layers. The electron-hole pair generated by the incident photon need to reach the junction before they recombine as discussed in previous section. The parameter that defines how far a a generated carried can go before it recombines is the diffusion length. The diffusion length of generated carrier depends on the trap density and degree of disorder in the semiconductor material. The average diffusion length for an electron in GaN is reported around 0.20µm [START_REF] Zz Bandiê | Electron diffusion length and lifetime in p-type gan[END_REF]. The diffusion length is defined by;

L c =  D c • c (B.3)
where, • c is the minority carrier lifetime, D c is the diffusion coefficient given by the equation D c =kT/q µ c .

B.2 Ideal Diode Behavior

The built-in voltage within the depletion region, forms a barrier thus gives the device a rectifying (diode) behavior. The net current density flowing through an ideal diode under dark conditions, J dark is given by;

J dark (V )=J 0 1 e qV kT -1 2 (B.4)
where J 0 is the dark saturation current density, V is applied voltage across the terminals of the diode, k is the Boltzmann constant, and T is the temperature. At 300K, the thermal voltage, kT /q is 25.85 mV. The J 0 is an extremely important parameter which differentiates one diode from another. This basically represents the carrier recombination mechanism in the device. It will be further discussed later.

Figure B.4 shows the schematic for different processes of a PN junction under different condition i.e. no bias (at equilibrium), forward bias voltage and reverse bias voltage. According to the ideal diode equation the flow of current across a diode has an exponential dependence on the applied voltage, while at negative voltage yields a very small current.

The diffusion of carriers at the PN junction interface happens until they reach a threshold point called equilibrium. Despite the presence of the electric field, which creates an impediment to the diffusion of carriers across the electric field, some carriers still cross the junction by diffusion. These carriers eventually recombines after traveling, on average, its diffusion length. The current caused by the diffusion of carriers across the junction is called a diffusion current. Minority carriers that are thermally generated within a diffusion length from the junction have a good probability of reaching the junction where they are swept across to become majority carriers. In equilibrium these two currents .i.e. diffusion current and drift current, are equal and the net current flow across the diode is zero. The process of the drift and diffusion in PN junction under no bias voltage is demonstrated in When the diode is forward biased i.e. positive voltage at the p-type material and a negative voltage at the n-type material as shown in Figure B.4(c), an electric field results that is in opposition to the electric field created by the space charge region at the junction. This reduces the net electric field across the junction, that eventually destroys the depletion region. Reducing the electric field disturbs the equilibrium existing at the junction, reducing the barrier to the diffusion of carriers from one side of the junction to the other and increasing the diffusion current. The applied voltage increase the diffusion current, while the drift current remained unchanged, because it depends on the number of minority carriers thermally generated within a diffusion length of the depletion region, which doesn't increase as much as the diffusion current. The increase in the diffusion current means that the injection of the minority carrier has been increased at the diode's junction and therefore increases the recombination with the majority (c). The majority carrier diffusion is larger under forward bias due to the reduced junction barrier height, (d) There is very little majority carrier diffusion under reverse bias, leaving the drift current to be larger [START_REF] Willis | Advanced Optoelectronic Characterisation of Solar Cells[END_REF] carriers supplied by the external source. The removal of minority carriers by recombination allows more majority carriers to diffuse across the junction to become minority carriers, sustaining the current. The diffusion current can then be thought of as a recombination current where a greater recombination results in a larger current across the junction. The measure of this recombination current is denoted by J 0 given in the ideal diode's equation 1.4. It highly depends on the crystalline quality of the semiconductor materials. For instance, in InGaN materials, the recombination current take place via tunneling of carriers through the defects states. The J 0 is a crucial parameter in defining the quality of the diode, particularly in solar cells it highly affects the open circuit voltage.

When the diode is reverse bias, i.e. negative voltage at the p-type material and a positive voltage at the n-type material as shown in Figure B. 4(d), the applied electric field is in the same direction as the electric field within the depletion region. The higher electric field in the depletion region decreases the probability that carriers can diffuse from one side of the junction to the other, hence the diffusion current decreases. 

Ideal solar cell

Short circuit current density (J sc )

This is the maximum current through the solar cell given that the voltage across the solar cell is zero, as shown in Figure B.5(b). The J sc is due to the generation and collection of light-generated carriers. The J sc of a solar cell is dependent on the intensity of the incident light and crystalline quality of the epitaxial layer, particularly the absorber layer. Additionally, the diffusion length and the surface recombination significantly affect the J sc . In a solar cell with perfectly passivated surface and uniform generation, the equation for the J sc can be approximated as:

J sc = qG(L n + L p ) (B.5)
where G is the generation rate of the electron-hole pairs, and L n and L p are the electron and hole diffusion lengths respectively.

Open circuit voltage (V oc

This is the maximum voltage available from a solar cell given that the there is no current across the solar cell, as shown in Figure B.5(b). The V oc for a solar cell can be calculated using the equation,

V oc = nkT q ln 3 J sc J 0 +1 4 (B.6)
where n is the ideality factor of a diode, in-case of an ideal diode n=1, kT /q is the thermal voltage (25.85 mV at 300K), J sc is the short-circuit current density and J 0 is the saturation current density.

The above equation shows that for an ideal diode (n=1) the V oc strongly depends on the J sc and J 0 . The dependence of V oc on J sc is rarely observed due to the small variations in the J sc , however the key effect is the J 0 , since this may vary by orders of magnitude. The J 0 is basically the recombination current discussed in section 1.3.2. It can be calculated as;

J 0 = Aqn 2 i 3 D n L n N A + D p L n N d 4 (B.7)
where A is the cross-sectional area of the device, q is the electron electron charge, n i is the intrinsic carrier concentration, D n and D p are the diffusion coefficients of electrons and holes respectively, L n and L p are the diffusion lengths of electrons and holes respectively, N a and N d are acceptor and donor concentrations respectively. The V oc of a solar cell can also be determined from the carrier concentration [START_REF] Ronald | Contactless determination of current-voltage characteristics and minority-carrier lifetimes in semiconductors from quasi-steady-state photoconductance data[END_REF];

V oc = kT q ln A N a +∆n n 2 i × ∆n B (B.8)
where kT /q is the thermal voltage (25.85 mV at 300K), N A is the doping concentration, ∆n is the excess carrier concentration and n i is the intrinsic carrier concentration.

Fill Factor (FF)

The fill Factor (FF) determines the maximum power of the solar cell. The FF relates the actual maximum power obtained from the cell to the theoretical maximum power. It is the ratio of the area A (indicated with blue color) to the area B (colored with yellow), shown in Figure B.5(b), and is given by;

V oc = V max J max V oc J sc (B.9)

Power conversion efficiency (PCE)

PCE is the most commonly used parameter in demonstrating the performance of the solar cell device under given source of illumination. It is defined as the ratio of energy output from the solar cell to input energy from the sun. The PCE of a solar cell is given as;

÷ = V oc J sc FF P in (B.10)
where V oc is the open circuit voltage, J sc is the short circuit current density, FF is the fill factor and P in is the power density of the illumination.

B.3 Non Ideal Behavior of Solar Cell

The real devices of solar cells comes with a lot of real world challenges. In real solar cell devices the power is dissipated through the resistance of the metal contacts and through current leakage around the sides of the devices. Such effects contributes to the presence of the parasitic resistances that highly degrades the performance of the solar cells. Figure B.6 shows the equivalent electric circuit of a non-ideal solar cell with its corresponding parasitic resistances i.e. the series resistance (R s ) and the shunt resistance (R sh ).

The key impact of these resistances is the reduction of the fill factor, however, excessively high values for R s and low values for R sh may also reduce the J sc and V oc respectively, as shown in Figure B.7. The series resistance is majorly contributed by the bulk material and the metal contacts. Whereas the R sh arises from the leakage current via defects in the materials vanced epitaxial methods such as molecular beam epitaxy (MBE) and metalorganic vaporphase epitaxy (MOVPE). MBE is considered as the most precisely controlled epitaxial technique it terms of layer thickness and doping concentrations. Its also a useful technique in obtaining epitaxial layers with large homogeneity and less defects. The slow growth rate (about 0.2-0.5 µm/h) and difficulty to maintain ultra-high vacuum (about 10 ≠10 -10 ≠11 Torr) are the main disadvantages of this technique that limit its utilization for mass-production. Compared to MBE, MOVPE is the most commonly used epitaxial method of growing III-nitride based heterostructure devices, for instance, most of the light emitting diodes (LEDs) available in the market are grown by MOVPE. This is because of the fact that, MOVPE does not need a very high vacuum as well as the growth rate can reach (more than 2 µm/h). Though both the techniques are well developed for the growth of III-nitride materials, however regardless of the growth method, the growth of high quality InGaN epitaxial layers still remains one of the major challenges of this technology. All the InGaN based devices demonstrated in this thesis are grown by MOVPE at UMI-CNRS Georgia Tech, Lorraine.

The MOVPE technique is also known by a variety of names, including metaloragnic chemical vapor deposition (MOCVD), organometallic vapor phase epitaxy (OMVPE), and organometallic chemical-vapor deposition (OMCVD). Manasevit in 1968 demonstrated the very first growth of gallium arsenide (GaAs), gallium phosphide (GaP), gallium aluminum arsenide (GaAlAs), gallium nitride (GaN), and aluminum nitride (AlN) using MOVPE [START_REF] Hm Manasevit | The use of metal-organics in the preparation of semiconductor materials i. epitaxial gallium-v compounds[END_REF][START_REF] Hm Manasevit | The use of metalorganics in the preparation of semiconductor materials vii. gallium antimonide[END_REF]. In MOVPE, organometallic compounds of group III metals are transported in vapor phase to a reaction chamber, where they react with hydrides of group V elements in a chain of reactions that are generalized by:

R 3 M (g) + EH 3(g) → ME (s) +3RH 4(g) (C.1)
where, M and E represent the group III and group V elements respectively, R the organic compound (typically an alkyl) the group III element is attached to, and H elementary hydrogen. The formation of GaN using trimethylgallium ((CH 3 ) 3 Ga, TMGa) and ammonia (NH 3 )i s given by:

(CH 3 )Ga (g) + NH 3(g) → Ga (s) +3CH 4(g) (C.2)
The chemical reactions that happen inside the chamber during the growth of GaN are much more complicated. A detailed schematic of the one of the possible chemical processes during GaN growth is shown in Figure C.1, Similarly, the formation of InGaN using trimethylindium ((CH 3 ) 3 In, TMIn), TMGa, and NH 3 is described by: this thesis. Therefore, further details on growth and MOVPE setup can be found in Reference [START_REF] Konstantinos | Elaboration par MOVPE et caractérisations des matériaux (B)InGaN pour les cellules solaires de 3émem génération[END_REF] and [START_REF] Gautier | Elaboration par MOVPE des nouveaux matériaux B (Ga, Al) N pour les applications dans l'ultra violet et l'électronique de puissance[END_REF].

x(CH 3 )3In (g) +(1-x)(CH 3 ) 3 3Ga (g) + NH 3 → In x Ga 1≠x N (s) +3CH 4(g) (C.3)

C.2 Nano Selective Area Growth

The density of threading dislocations in GaN is typically in the order of 10 7 -10 9 cm ≠2 .W i t h such a high density of threading dislocations, it is very challenging to high efficient and high performance devices. Therefore, the reduction of the threading dislocations is crucial for the improving the performance of InGaN based solar cells. Vennegues et al. was the first to reported the use of Si x N y as a micro-mask to reduce threading dislocation density in GaN structures [START_REF] Vennegues | Influence of in situ sapphire surface preparation and carrier gas on the growth mode of gan in movpe[END_REF].

The density of threading dislocations has been reduced upto 10 9 cm ≠2 by using Si x N y as a micromask [START_REF] Frayssinet | Micro epitaxial lateral overgrowth of gan/sapphire by metal organic vapour phase epitaxy[END_REF]. Cheng et al. [START_REF] Cheng | High quality gan grown on silicon (111) using a sixny interlayer by metal-organic vapor phase epitaxy[END_REF] has reported growth of GaN layers on silicon [START_REF] Pantzas | Semibulk ingan: A novel approach for thick, single phase, epitaxial ingan layers grown by movpe[END_REF] substrate with a dislocation density of 10 9 cm ≠2 using a combination of AlGaN intermediate layers and aS i x N y interlayer. Selective area growth (SAG) of GaN on sapphire using MOVPE was first reported by Kato et al. [START_REF] Kato | Selective growth of wurtzite gan and alxga1-xn on gan/sapphire substrates by metalorganic vapor phase epitaxy[END_REF]. Currently, MOVPE SAG is one of the main technology platforms for production of conventional monolithically integrated optoelectronic devices [START_REF] Wui | Selective area growth and characterization of GaN based nanostructures by metal organic vapor phase epitaxy[END_REF]. The SAG potentially provides an opportunity to allow spatially controlled growth through openings in a patterned substrate. The process of SAG begins with deposition of dielectric masks on the substrate by a photo-lithography process. The purpose of these dielectric masks is to introduce a "dead zone with no growth" on the substrate during the MOVPE process [START_REF] Wui | Selective area growth and characterization of GaN based nanostructures by metal organic vapor phase epitaxy[END_REF]. Therefore, the reactive precursors arriving from the gas phase to the wafer surface will not crystallize on the dielectric mask; they will, however, diffuse to the exposed region of the wafer, where the epitaxy process will take place.

Nano selective area growth (NSAG) is an extension of SAG to the level of the nano scale. The dielectric mask (in our case SiO 2 ) on the substrate contains nano openings (10-100 nm typically) where the nano-structures are selectively grown. Nano-structures due to tiny size of the epitaxial layer posses unique mechanical properties. In the conventional epitaxial growth, the epitaxial layer can only relax in the vertical direction (parallel to the growth direction) while the biaxial lattices are constrained to the substrate. Nanostructures, on the other hand, can relax in both the vertical and the lateral direction [START_REF] Wui | Selective area growth and characterization of GaN based nanostructures by metal organic vapor phase epitaxy[END_REF]. of stress relaxation in the nano-structure by Luryi et al. [START_REF] Luryi | New approach to the high quality epitaxial growth of latticemismatched materials[END_REF], the critical thickness strongly depends on the lateral dimension of the epitaxial layer for a given lattice mismatch. It is therefore possible to obtain dislocation free growth of lattice mismatched materials when the lateral dimension of the epilayer is smaller than a critical length. In conventional epitaxy, the total strain energy stored in the system increases linearly (blue line in Figure C.4)w i t ht h e thickness of epitaxial growth until a dislocation is created. On the other hand, the total strain energy stored in the nano-structure does not increase linearly but saturates at after a certain height (red line in C.4) due to complete relaxation beyond that height. In theory, if the total energy at the saturation level is less than the amount of energy required to form a dislocation, a complete dislocation free epilayer can be grown regardless of the thickness [START_REF] Wui | Selective area growth and characterization of GaN based nanostructures by metal organic vapor phase epitaxy[END_REF]. F or the realization of all the applications including LEDs, laser diodes, UV photodetectors, photovoltaics, betavoltaic cells etc based on GaN materials, the achievement of ohmic contacts with low specific contact resistance (fl c ) is of great technological importance. The large (6.5 eV) work function of p-GaN and the absence of any metal with a work function greater than 5.8 eV make it impossible to select a contact metal based on matching the work functions of the materials. The additional difficulty to deal with the impeding low resistance ohmic contacts on p-GaN come from the low carrier concentration of the Mg-doped p-GaN. The p-GaN is doped usually doped with Mg concentration upto 10 20 cm ≠3 . However, such high concentration of impurities leads to growth disturbances, such as the creation of inclusions, stacking faults or inversion domains. Hence, as a consequence of high Mg-doping, the crystalline quality degrades [START_REF] Liliental-Weber | Influence of dopants on defect formation in gan[END_REF]. In addition, the activation rate is extremely low, and only 0.1-1% of Mg atoms are activated. This is due to the requirement of high activation energy (170 meV) and the formation of Mg-H complexes, leading to a carrier concentration of around 1×10 17 cm ≠3 . This poor Mg-activation limits the tunneling current needed for low resistance ohmic contacts.

The resistance of an ohmic contact on a specific semiconductor is determined by four major factors: (i) the fabrication of the GaN epilayer, (ii) the preparation method of the contact structure before contact deposition; the most important is the treatment of the semiconductor surface, (iii) the choice of the contact materials and their deposition, and (iv) the treatment of this contact by thermal annealing.

In the metal contact study of p-GaN, a wide variety of metallization schemes have been investigated as listed in Table D Ishikawa et al. [START_REF] Ishikawa | Effects of surface treatments and metal work functions on electrical properties at p-gan/metal interfaces[END_REF] reported that Ni with its high work function potentially provides a small Schottky barrier height to p-GaN. They stated that Ni can easily diffuse into the GaN surface, forming Ga-Ni phases which are instrumental to the ohmic contact formation to p-type GaN. Sheu et al. added the importance of Ga-Ni phases formed at p-GaN and Ni metal contacting after annealing [START_REF] Sheu | The effect of thermal annealing on the ni/au contact of p-type gan[END_REF]. Ni has been extensively used in the schemes of ohmic contacts to p-GaN: Pd(20nm)/Ni(30nm)/Au(200nm) [START_REF] Ef Chor | Electrical characterization and metallurgical analysis of pd-containing multilayer contacts on gan[END_REF], Ni(5nm)/Au(5nm) [START_REF] Chen | Oxidized ni/pt and ni/au ohmic contacts to p-type gan[END_REF], Pt(20nm)/Ni(30nm)/Au(80nm) [START_REF] Jang | Low-resistance pt/ni/au ohmic contacts to p-type gan[END_REF], Ni(10nm)/ITO(250nm) [START_REF] Horng | Low-resistance and high-transparency ni/indium tin oxide ohmic contacts to p-type gan[END_REF], Ni(20nm)/ Pt(30nm)/Au(80nm) [START_REF] Jang | Ohmic contacts to p-type gan using a ni/pt/au metallization scheme[END_REF], Ni(50nm)/Au(100nm) [START_REF] Jt Trexler | Comparison of ni/au, pd/au, and cr/au metallizations for ohmic contacts to p-gan[END_REF].

A significant breakthrough occurred when Ho et al. [START_REF] Ho Won | Low-resistant and high-transparent ru/ni ohmic contact on p-type gan[END_REF] carried out annealing of Ni/Au films in an oxygen-containing atmosphere. They reported a specific contact resistivity (fl c ) of 1×10 ≠4 Ω.cm 2 by annealing in air at temperatures between 400 ¶ and 600 ¶ , and in some cases the reported resistivity was as low as 4×10 ≠6 Ω.cm 2 [START_REF] Chen | Oxidized ni/pt and ni/au ohmic contacts to p-type gan[END_REF]. In contrast, annealing in an oxygen ambient, or annealing in pure nitrogen did not lead to improvement of the contact performance. Ho et al. [START_REF] Ho Won | Low-resistant and high-transparent ru/ni ohmic contact on p-type gan[END_REF] investigated the structure of the annealed contacts using transmission electron microscopy (TEM). They concluded that the contact structure undergoes significant transformation during annealing. They indicated that three types of the domains are created: crystalline NiO grains, crystalline Au grains and an amorphous compound of Ni-Ga-O with voids situated close to the GaN surface [START_REF] Chen | Microstructural investigation of oxidized ni/au ohmic contact to p-type gan[END_REF]. During their study, they observed that the decrease of the contact resistance is due mainly due to formation of NiO during the annealing process. The NiO itself was found to be a p-type conducting with a carrier concentration of about 2×10 17 cm ≠3 as measured by the Hall measurements [START_REF] Chen | Oxidized ni/pt and ni/au ohmic contacts to p-type gan[END_REF]. Jang et al. [START_REF] Ho Won | Mechanism for ohmic contact formation of oxidized niõau on p-type gan[END_REF] also reported that the Ga atoms were dissolved in the Au contact layer and the oxygen atoms incorporated during annealing promoted the out diffusion of Ga atoms from the GaN layer, leaving Ga vacancies below the contact. This formation of Ga vacancies results in the enhancement of net hole concentration and reduction of the Fermi level position, which is the important part to reduce the contact resistivity.

Another model, proposed by Koide et al., assumes that low contact resistance is due to the increase of the hole concentration in GaN subsurface layer, by removal of hydrogen atoms and de-passivation of Mg-acceptors [START_REF] Maeda | Effects of nio on electrical properties of niau-based ohmic contacts for p-type gan[END_REF]. During annealing, in-diffusion of Au atoms and dissolution of Ga atoms takes place, due to high solubility of gallium in gold. This out diffusion of Ga atoms results an increase in the acceptors-type Ga vacancies, thus lowering the resistivity of p-GaN and improving the contact performance [START_REF] Koide | Effects of annealing in an oxygen ambient on electrical properties of ohmic contacts to p-type gan[END_REF]. Yan et al. [259] studied the the effect of Au amount to dissolve Ga atoms on ohmic characteristics. The TEM cross-sectional observation indicated that Ni did not diffuse to the GaN surface during annealing and the Ni transformed to NiO at the same time. They show [259] that the final micro-structure after annealing becomes Au/NiO/Au/p-GaN, where the Au layer agglomerated into the semi-continuous and NiO was considered a barrier to prevent the diffusion of Ga atoms. Therefore, the presence of Au plays a role to dissolve the Ga atoms from p-GaN, leaving Ga vacancies below the metal contact, thus increased the hole concentration of p-GaN.

D.2 P-GaN Surface Treatment

The surface and interface between the various layers of semiconductor device structures are fundamental components of solid state architecture. The surface stiochiometry of p-GaN prior to metallization can significantly influence the electrical properties of the metal/p-GaN interface.

Over the course of the development of semiconductor device technology, surface cleaning procedures have been devised to [START_REF] Smith | Cleaning of gan surfaces[END_REF], (i) degrease and remove gross contamination, (ii) remove particulates and metal atom contamination, and (iii) remove surface oxides to provide surfaces as atomically clean as possible.

In practice, surface cleaning is as much of an art form as it is a science; understanding of the surface composition and structure often lags well behind the successful application of processing steps. Procedures are frequently derived empirically with little detailed investigation of the chemistry or physics involved. Often, the meaning of the word "clean" varies depending on the surface conditions required for success with different processing steps, though surface impurity concentrations may vary by orders of magnitude [START_REF] Smith | Cleaning of gan surfaces[END_REF]. Given that the sensitivity of surface analytical techniques for detection of sub-mono-layer coverage is limited, there are inherent limits on the ability to show conclusively that a surface is truly atomically clean [START_REF] Ingrey | Iii-v surface processing[END_REF]. 

D.3 Work Plan for the P-GaN Metal Contacting

The literature findings reported so far, describing the metal/p-GaN contacting can thus be summarized into a flow chart shown in contacting provide the evidence that Ni is a potential candidate involved in formation of low resistance ohmic contacts to p-GaN. Therefore, Ni is used a major metal candidate along a bi-layer metallization scheme i.e. Ni/Au, Pd/Au and Ni/Ag. As it is known the most important step in the lithographic process is the minimization of the defects, caused by particles either falling on the surface prior to epitaxy or during the steps of lithography. This is the reason why semiconductor processing is performed in ultra clean facilities, known as a clean-rooms, which uses sophisticated filtration such as filters employing laminar or turbulent air flow ( 

D.4 Photolithography

The process of patterning the given material with a mask sensitive to the photons, electrons or ions is referred as lithography. During this study, optical lithography or photo-lithography is used. An optical lithography tool consists of an ultraviolet (UV) light source, a photo-mask, an optical system, and a wafer covered with a photosensitive layer, called photo-resist because of its ability to resist chemicals used in subsequent processing. The mask is flooded with UV light and the mask pattern is imaged onto the resist by the optical system. All these processing and an organic solvent. The photoresist can be of two types: a positive and a negative photoresist depending on its chemistry which determines its property when exposed to light. Depending on the duration and light exposure, they can be more or less easily dissolved using a developing solution. The transfer of the mask image onto the wafer significantly depends on the duration of light exposure and developing time. The choice of photoresist i.e. positive or negative depends on the subsequent process. During the optimization study in this study, a positive photoresist was used.

The samples after been passed through the different chemical surface treatments, as discussed in the previous section, were fired dried using a hot plate at 115 ¶ C for 120 seconds. They were than attached to a spindle using a vacuum chuck, a small puddle of a lift-off resist film (LOR3A) in a yellow light clean-room environment, to avoid any white light (rich in ultraviolet) that can degrade the resist. The spindle is then spun rapidly; rotating the sample at seven thousand revolutions per minute for ninety seconds. The rotation of the spindle was optimized first for achieving the desired thickness of the photoresist film. After the photoresist was applied, the sample was placed onto a hot plate at 140 ¶ C for 10 minutes.This step known as the prebake or a soft-bake step, is performed to drive out the solvents present in the resist and to improve adhesion. After the deposition of the first resist layer the same procedure is used for the deposition of a second layer of the photoresist (S1813) as shown in Figure D.8 with a softbake step at 115 ¶ C during 120 seconds. Once this was done, the samples ready for the mask alignment and exposure. In FigureD.8(a), the positive photoresist (S1813) is exposed using a source of intense ultraviolet light during 8 seconds which alters its chemical bonding to make it more soluble where it has been exposed. After the exposure, they were ready for the etching. During this thesis, we used chemical etching also known as wet etching shown in into a developer solution for 80 seconds followed by rinsing in DI-water. The exposed regions of the photoresist layer are dissolved in the developing solution, leaving the unexposed areas intact. The duration of exposure and immersing in the developer solution were quite challenging. Even a difference of few seconds could bring a big shift in the output results. Once this was done, the samples were ready for the metal deposition.

D.7 Metal Deposition

The vacuum deposition system shown in Figure D.9, consists of a vacuum chamber, maintained at a reduced pressure by a pumping system. It is generally a metal chamber, made of stainless steel. The deposition system contains a wafer holder, a shutter, a thickness range monitor, heaters, and an ion gauge to monitor the chamber pressure. It is important to maintain vacuum deposition system at low pressure, to ensure that the concentration of oxygen molecules is small enough to minimize the risk of oxidation reaction.

Since the thickness of the metals particularly the Ni layer thickness significantly affects the contact resistance, therefore the different layer thicknesses were first optimized. Poor adhesion of Ni was challenging, as bad adhesion of the Ni/p-GaN layer would undoubtedly lead to the separation of epitaxial films and the metal contact. This problem was solved by using thin (10 nm) Ni layer, however, we observed that the optimization of the subsequent Au or Ag layer remain unimportant in both improving the Ni adhesion and/or obtaining low resistance ohmic contacts. Finally, after trying different thicknesses for the Ni/Au and Ni/Ag metals, an optimized thickness of 10 nm/10 nm was found effective in obtaining the low resistance ohmic 

D.8 Rapid Thermal Annealing

The thermal annealing optimization was performed with rapid thermal anneal (RTA). To achieve short time annealing time trade off is made in temperature and process uniformity, temperature measurement and control and wafer stress as well as throughput. One of the key challenges in rapid thermal processing is accurate measurement and control of the wafer temperature.

Monitoring the ambient with a thermocouple has only recently become feasible, in that the high temperature ramp rates prevent the wafer from coming to thermal equilibrium with the process chamber. The reaction chamber inside the RTA equipment can be filled with gas, pumped down to vacuum or kept filled with air during the annealing. The processing gases vary according to the requirement of the process. Typical process gases are inert, e. 

D.9 Ohmic Contacts

It is imperative that a semiconductor material can be connected to the outside world with no adverse change to its current-voltage characteristics and power losses. To accomplish the task, extremely low resistance ohmic contacts are needed at the semiconductor interface. The term "ohmic contact" is generally used to refer to contacts for which the current -voltage characteristics are determined by the resistivity of the semiconductor material or by the behavior of the device to which they belong, rather than by the characteristics of the contacts themselves. Ideally, an ohmic contact is a metal contact, when combined with the semiconductor, no barriers to the carrier flow are encountered in either the positive and negative direction. To obtain this condition, metal with a large work function and/or high doping concentration of the semiconductor are needed. However, in case of wide bandgap material such as p-GaN, its challenging not only in finding a metal with a large work function but also in obtaining high p-type doping concentration. The work-function of p-GaN is 7.5 eV while the highest work-function for a metal (Pt) is only 5.7 eV, making it quite challenging for the formation of low resistance ohmic contacts. In addition the poor p-type Mg doping makes it further challenging in achieving low resistance ohmic contacts at p-GaN interface. Until researchers are only able to activate upto 1% of the incorporated Mg.

D.9.1 Basic Principle of Ohmic Contact Formation

The formation of an ohmic contact in particular to p-GaN is more an art than a science. Since there are so many optimization parameters involved, therefore it is hard to define a particular recipe that would work for every body. The work function plays an important role in defining the type of contact formation at the p-GaN interface. In general when a metal and a semiconductor with different work function comes into contact, the Fermi levels are forced to align at the thermal equilibrium [START_REF]Metal-Semiconductor Contacts. Eh rhoderick and rh williams[END_REF][START_REF] Morkoc | Nitride semiconductors and devices[END_REF]. The depiction of the energy band diagram between the metal and semiconductor depends on the type of the semiconductor. The energy band diagrams for the metal to p-type semiconductor interface is depicted in Figure D.13. The work function of metal (" m ) is the energy gap between Fermi level of the metal and the vacuum level. Table D.2 lists the work function for the most commonly used metals for the ohmic contacts to p-GaN. The work function of semiconductor (" s ) is the energy gap between Fermi level of semiconductor and the vacuum level. The electron affinity (‰) is defined by the energy gap between the conduction band and the vacuum level.

The work function of the metal (q" m ) and the semiconductor (q" s ) defines the type of the contact i.e. rectifying or ohmic contact. If the metal work function is greater than that of the semiconductor, the contact thus formed will be ohmic. According to the Schottky-Mott model, the metal contact formed between a metal and a semiconductor with " m < " s , is called a Schottky contact with a barrier known as the Schottky barrier [START_REF]Metal-Semiconductor Contacts. Eh rhoderick and rh williams[END_REF]. The Schottky barrier height formed between a metal/p-GaN interface can be measured as shown in Figure D.13(a) [START_REF] Min | Semiconductor devices: physics and technology[END_REF].

q" Bp = E g -q(" m -‰) (D.1)

where, q" Bp is the Schottky barrier height of p-type semiconductor, E g is the energy bandgap, q" m is the work function of the metal in contact, q‰ is the electron affinity of the semiconductor in contact. 

D.9.2 Specific Contact Resistance

The contact resistance between a metal and a semiconductor is a metal and geometry dependent parameter as its magnitude is determined by the sheet resistance of the conducting semiconductor, the contact area, and etc. Consequently, contact resistance is not a useful parameter to characterize contacts. The parameter that is independent of the measurement and geometry of the contact, providing the most systematic way to compare different metallization schemes with respect to the contact resistance is known as the specific contact resistance fl c . It is determined by the barrier height, the doping concentration and the temperature [START_REF] Simon | Metal-Semiconductor Contacts and Devices[END_REF]. The specific contact resistance is due to the potential barrier at the metal-semiconductor interface and is defined as the resistance of a unit area of the thin interfacial layer between the bulk metal and semiconductor substrate, as given by [START_REF] Gregory | The effects of contact size and non-zero metal resistance on the determination of specific contact resistance[END_REF],

fl c = 3 ˆx ˆV 4 ≠1 V =0 [Ω.cm 2 ] (D.2)
where J is the current density through the interface, and V is the potential drop across the interface. The expression for the current density depends on the ruling current transport mechanism.

The fl c is basically the finite resistance observed by the current flowing through the metal/p-GaN interface, as shown in the schematic Figure D.4. The current transport mechanisms that are of interest in ohmic contacts are thermionic emission (TE), thermionic field emission (TFE) and field emission (FE) respectively.

The thermionic emission (TE) occurs, when the doping density is less than 10 17 cm ≠3 [START_REF] Min | Semiconductor devices: physics and technology[END_REF]. Under the TE, the carriers have to be thermally excited over the barrier as shown in nisms (TE, TFE, FE), with the use of the diode's ideality factor are given as [START_REF] Heinz | Semiconductor contacts: an approach to ideas and models[END_REF],

J = J s exp qV nk B T C 1 -exp - qV K B T D Y _ ] _ [ n =1 (TE) 1 <n<2( TFE) n ≥ 2( FE) (D.3)
Using the definition of fl c and equations D.3 that give the expressions for the current densities in the case of TE, TFE and FE respectively, the expressions for the fl c in each of these cases can be determined by [START_REF] Simon | Metal-Semiconductor Contacts and Devices[END_REF], The value of fl c in a given metal-semiconductor system is determined by the combination of the following three parameters [START_REF] Simon | Metal-Semiconductor Contacts and Devices[END_REF], 1. the potential barrier height " Bn 2. the doping concentration N d (in our case, its a p-type semiconductor), 3. the temperature T.

fl c ∝ exp( q" Bn K B T ) TE (D.
The relative effect of the parameters like, barrier height, doping concentration and temperature in various current transport mechanisms can be from the exponential terms that contribute to fl c . As obvious from the equation D.4, the thermionic emission current transport mechanism is independent of the carrier concentration. However, in the case of the thermionic field emission (equation D.5) and field emission (equation D.6), the current transport mechanism across the barrier is dependent on the doping concentration.

Characterization: LTLM and CTLM

The transmission line model (TLM), proposed by Shockley et al. [START_REF] Shockley | [END_REF] is the most widely used model for accessing the quality of metal contacts as well as electrical properties of the devices, eventually resulting in obtaining the specific contact resistance. Murramann and Widmann [START_REF] Berger | Models for contacts to planar devices[END_REF], Reeves and Harbison [START_REF] Reeves | Obtaining the specific contact resistance from transmission line model measurements[END_REF] after couple of modifications, used this model with rectangular and concentric metal contacts to obtain the semiconductor sheet resistance R sh , and the specific contact resistivity. The R sh can be calculated from the specific contact resistance, given as [START_REF] Ralph | Modern GaAs processing methods[END_REF] ;

R sh = fl c t (D.7)
where t is the thickness of the semiconductor layer used and R sh has the dimensions of ohms, but it is universally given in the units "ohms per square" (Ω/sq). Two basic transmission line models are currently used for estimation of the specific contact resistance i. (d 1 < d 2 <. . . <d i ). A major challenge in the LTLM is the isolation of the metal contacts in order to confine the current flow between the metal contacts only. The isolation is obtained during the photolithography techniques, by etching away areas of the electrically active semiconductor material down to the semi-insulating substrate. However, its also possible to avoid the complicated step of mesa formation in the LTLM metal contacting as it was done by one of our colleague for the solar blind ultra-violet photo-diodes [START_REF] Srour | Conception, réalisation et caractérisation de photodétecteurs ultraviolets" Solar-blind" à base de nouveaux alliages BAlGaN[END_REF].

The second transmission line model is the known as the circular transmission line model. The CTLM metal contacting eliminates the need of the mesa etching of the epitaxial layer for current restriction. In addition, it also eliminates the the errors that are introduced by the lateral current crowding and gap effect, which are always present in the LTLM structures. The CTLM proposed by Reeves et al. [START_REF] Reeves | Obtaining the specific contact resistance from transmission line model measurements[END_REF] has a test pattern consisting of a central disc contact and two concentric ring contacts to determine the specific contact resistance. Marlow et al. [START_REF] Gregory | The effects of contact size and non-zero metal resistance on the determination of specific contact resistance[END_REF] used a CTLM configuration with an inner disc contact defined by removing the circular rings with varying diameter from the metal plate. The metal contacting scheme of Reeves [START_REF] Reeves | Obtaining the specific contact resistance from transmission line model measurements[END_REF], was finally refined by Rechid and Heime [START_REF] Rechid | Concentric ring contacts used for the determination of contact resistances[END_REF] in 1999, where they increased the number of concentric ring contacts, similar to the schematic shown in Figure D.17. Since Reeves used only three contacts (one disc and two rings), he was not able to see the influence of the metallayer resistivity [START_REF] Rechid | Concentric ring contacts used for the determination of contact resistances[END_REF]. Due to the ease of processing and unavailability of the mesa formation in LTLM, we used the CTLM line model during the optimization of the metal contacting at p-GaN interface. Though, some of the p-GaN metal contacting was performed by our partner Laboratory at Institut délectronique de microélectronique et de nanotechnologie (IEMN), where they used the LTLM line model. Further details on both metal contacting schemes will be presented in the discussion section.

Derivation of the specific contact resistance

As mentioned earlier, the CTLM line model has an inner circle and an outer circle metal contacts. A constant output current (i 0 ) is measured via the inner circle contact for a given input voltage.

A voltage drop (∆V ) takes place between the two metal contacts, i.e. the inner circle and the outer circle, separated by a distance (d) as shown in Figure D.18, and is given by [START_REF] Bernard | Ohmic contacts to compound semiconductors[END_REF]; 

∆V = i 0 R s 2fi A ln 3 r 1 r 0 4 + L T r 0 I 0 (r 0 /L T ) I 1 (r 0 /L T ) + L T r 1 K 0 (r 1 /L T ) K 1 (R 1 /L T ) B (D.8)
where, i 0 is the current flowing across the two metal contacts, separated by the distance d, R s is the sheet resistance of the semiconductor, L T is the transfer length, I 0 , I 1 , K 0 and K 1 are the modified bessel functions, r 0 and r 1 are the radii of the inner circular contact and the outer contact.

The transfer length is defined as;

L T = Ú fl c R s (D.9)
where, fl c is the specific contact resistivity, and R s is the sheet resistance of the semiconductor material.

In cases where r o and r 1 are greater than L T by at least a factor of 4, both I 0 I 1 and K 0 Once L T , is determined, the specific contact resistance can be calculated using equation D.9;

fl c = L 2 T × R s (D.16)

Characterization

The Current dependence on Voltage (I -V ) measurements for the p-GaN processed wafers were carried out using a Keithely Source Measure Unit 4200 Figure D.20. Although the metal contacts were fabricated on different parts of the same wafer but the magnitude of current for the two devices was quite different. However, the order of current still remained the same and therefore, not much of the attention was given to the difference in current. ) and Nitrogen (N 2 )r e s p e c t i v e l y . T h er e c t i f y i n g behavior of the metal contacts is completely changed into non-rectifying behavior. However, the key finding is that the magnitude of the current for the metal contacts annealed under oxygen increased almost four times compared to the increase by twice in the magnitude of the current for the metal contacts annealed under nitrogen. A possible mechanism that could explain the A key point in obtaining low resistance ohmic contacts to p-GaN, by using Ni in a bi-layer metallization scheme is to take care of the out diffusion of Ni under annealing. The Ni layer should be thick enough to out diffuse to form the NiO, which is a p-type and plays a significant role in reducing the Schottky barrier at the surface. However, part of the Ni layer should also remain in contact with the GaN surface to form the favorable phases with GaN, such as Ga-Ni phases. The NiO film prepared by oxidation of a Ni film was determined as p-type conducting with carrier concentration of about 2 × 10 17 cm 3 via Hall effect measurement [START_REF] Chen | Oxidized ni/pt and ni/au ohmic contacts to p-type gan[END_REF]. There upon, an energy band model based on the Au/p-NiO/p-GaN heterostructure was proposed to explain the low-resistance ohmic characteristic [START_REF] Ho | Low-resistance ohmic contacts to p-type gan achieved by the oxidation of ni/au films[END_REF]. Two energy barriers, which correspond to Au/p-NiO and p-NiO/p-GaN junctions, respectively, exist in the Au/p-NiO/p-GaN heterostructure. The barrier heights at Au/p-NiO and p-NiO/p-GaN junctions are estimated to be 0.3 and 0.185 eV, respectively [START_REF] Chen | Oxidized ni/pt and ni/au ohmic contacts to p-type gan[END_REF].

D.10 Results and Discussion

These results suggest that there is an optimal microstructure of the oxidized Ni/Au obtained for annealing under oxygen compared to the nitrogen. Since the quality of the ohmic contacts highly depends on the formation of the NiO. Therefore it is speculated that the rate of outdiffusion of Ni atoms through the Au layer to form a crystalline NiO film on the surface is higher for annealing under oxygen compared to nitrogen. Meanwhile, the inter-diffusion between Ni and Au consequently let the formation of Au rich island, that enhances the absorption of Ga, resulting in formation of Ga vacancies [START_REF] Lee | Ohmic contact formation mechanism of nonalloyed pd contacts to p-type gan observed by positron annihilation spectroscopy[END_REF]. The in-diffusion of Au atoms and dissolution of Ga atoms takes place during annealing, due to the high solubility of gallium in gold [START_REF] Koide | Effects of annealing in an oxygen ambient on electrical properties of ohmic contacts to p-type gan[END_REF]. As a result, a high concentration of acceptor-type Ga vacancies are created, lowering the p-type resistivity and improving the metal contact performance.

The different values obtained for the specific contact resistivity on different wafer grown under conditions are listed in Table D the electronic activity of the sample. A similarity of EBIC with cathodoluminescence also exist, however they differ in the principle of imaging because the EBIC is not based on an analysis of emitted particles by matter but on a measure of the current induced in the sample.

E.1.2 Different Geometries

Two types of electron beam excitation can be distinguished for an EBIC measurement, There is also a third configuration proposed by Hackett's (1972) which consists on a beveled specimen geometry (see Figure E.1(c)) in a given way to vary the distance between the point of impact and the space charge region [START_REF] Hj Leamy | Charge collection scanning electron microscopy[END_REF]. This geometry was effective to alleviate some of the uncertainty associated with the diffusion length determination due to surface recombination velocity, but it requires accurate fabrication of the beveled edge and careful surface preparation. In general, the e-beam induced current or EBIC current is given by;

I = k.x α exp( -x L ) (E.1)
where L is the diffusion length, k is a constant, -depends on the surface recombination velocity where it varies from -1/2 for velocity equal to zero and -3/2 for infinite velocity.

In the case of the cross-sectional and planaer geometries, the effect of surface recombination velocity can be neglected so considering -=0. Hence the EBIC current is given by;

I = I max exp( -x L ) (E.2)
For the beveled specimen geometry, the EBIC current is given by [START_REF] Hj Leamy | Charge collection scanning electron microscopy[END_REF];

I = I max exp( -xsin(◊) L ) (E.3)
where I max is the maximum current when the e-beam is at the center of the depletion region. EBIC is an attractive tool used for determination of the minority carrier diffusion length (L). Thus, using the equation (eq. E.2) a record of L n (I cc ) produced by scanning the e-beam along a line perpendicular to the junction plane exhibits a linear rise of slope L to I max which is obtained when x = 0, i.e. when the beam is centered upon the space charge region.

E.1.3 Applications

E.1.4 Smart EBIC System

SmartEBIC is a set of high specifications for the quantitative analysis and the acquisition of EBIC signals. This system uses a DigitalMicrograph interface for acquisition and image processing. SmartEBIC is a new product that brings the power, flexibility and ease and it is suitable for scanning electron microscopes (SEM). The EBIC setup shown in • Low noise battery powered (rechargeable) current amplifier with RS232 interface and cable.

• DigitalMicrograph and SmartEBIC software for automatic control of amplifier, electron beam and signal sampling.

• 4 BNC type, low noise and vacuum compatible feed-through. One feed through is dedicated to beam current measurements.

• Internal low noise signal cabling. 
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 12 Figure 1.2: A comparison of the AM 0, AM 1 and AM 1.5G solar spectra (http : //www.greenrhinoenergy.com/solar/radiation/spectra.php)
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 18 Figure 1.8: Predicted contributions of each material in a multijunction solar cell [20].
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 19 Figure 1.9: (a) Bulk InGaN, (b) Semibulk InGaN, (c) InGaN nano-structure. based PIN heterojunction solar cells.
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 2324 Figure 2.3: Elastic deformations in the Nitride epitaxial layers (a) Compressive strain, (b) Tensile strain.
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 25 Figure 2.5: Schematic of the bulk In 0.05 Ga 0.95 N PIN heterojunction solar cell proposed by Jani et al. [51].
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 26 Figure 2.6: Current-voltage characteristic obtained by Jani et al.[START_REF] Jani | Design and characterization of gan/ ingan solar cells[END_REF] showing V oc of 2,4 V, a J sc 3,7 mA/cm 2 and fill factor 78% under concentrated UV light source.
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 2 Figure 2.7: Cross-sectional TEM image obtained from GaN/InGaN/GaN epilayers. The dark background within the up and down interfaces of InGaN/GaN exhibits a strain contrast due to the stored misfit strain energy [56].
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 28 Figure 2.8: Typical I -V curves of p-GaN/i-InGaN/n-GaN solar cell under the illuminated and dark conditions, along with calculated P -V characteristic in the illuminated case. The inset graph shows the dark I -V curve of the same photovoltaic cells using a logarithm scale [56].
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 1 Dependence on indium concentration and temperature 2. Dependence on barrier thickness 3. Methods to improve light absorption These parameters are discussed below 1. Dependence on indium concentration and temperature Dahal et al. [75] fabricated In 0.30 Ga 0.70 N/GaN MQW solar cell that delivered unprecedented external quantum efficiency of 40% at long operating wavelength of 450 nm. In another study, Dahal et al. [76] fabricated an InGaN MWQ solar cell with 35% of indium concentration for testing under concentrated light. The structure is shown in Figure 2.11 with twelve periods of 3 nm thick InGaN (x≈0.35) QW and 17 nm GaN barrier. The J -V and power density vs.

Figure 2 . 11 :

 211 Figure 2.11: Layer structure of In-GaN/GaN solar cells with twelve periods of 3 nm thick InGaN (x≈0.35) QW and 17 nm GaN barrier [76].
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 2 Figure 2.12: Room temperature current density versus voltage (J sc -V ) and power density versus voltage (P -V ) characteristics of In-GaN/GaN MQW (x≈0.35) solar cells under AM 1.5G irradiation.V oc ,J sc , FF and η are 1.8 V, 2.56 mA/cm 2 , 64% and 2.95%, respectively[START_REF] Dahal | Ingan/gan multiple quantum well concentrator solar cells[END_REF].
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 213 Figure 2.13: Current versus voltage characteristic of the InGaN/ GaN multiple quantum well solar cells under dark (a) and (b) 1 sun AM 1.5G conditions [78].
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 2 14. Under dark conditions, the device with thinner barrier (3 nm) have high leakage current compared to the thick GaN barrier (9 nm) as shown in Figure Figure 2.15.
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 214 Figure 2.14: J dark -V curves of InGaN/GaN MQW solar cells with different barrier thicknesses without illumination [79].
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 2 Figure 2.15: J -V and P -V curves of InGaN/GaN MQW solar cells with different barrier thicknesses under AM 1.5 illumination [79].
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 2 Figure 2.16:Cross sectional schematic of the device structure including contacts and optical coatings.[START_REF] Ng Young | High-performance broadband optical coatings on ingan/gan solar cells for multijunction device integration[END_REF].
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 2 Figure2.17: current density and power density vs. voltage characteristics of the 30 QW solar cell device before and after depositing both the ARC and DM[START_REF] Ng Young | High-performance broadband optical coatings on ingan/gan solar cells for multijunction device integration[END_REF].
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 218 Figure 2.18: J -V characteristics for an n + -p junction of In o.23 Ga o.77 N under AM 1.5G illumination. The structure of the device fabricated is shown in the inset [101].
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 2 Figure 2.19: J -V curves for InGaN homojunction solar cells with different indium concentration under illumination of a Xe lamp. Inset shows the emission power density of the Xe lamp as a function of wavelength [102].

Figure 2 .

 2 20(b) shows the heterojunction solar cells, HEJ-L and HEJ-H, with x = 0.135 and x = 0.16, respectively. The photovoltaic performance of the devices is shown in Figure2.21.
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 220 Figure 2.20: Schematic diagrams of InGaN PIN solar cells, (a). Homojunction (HOJ), (b). Heterojunction (HEJ) [106].
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 221 Figure 2.21: J -V characteristics for InGaN PIN homjunction (HOJ) and heterojunction (HEJ) solar cells [106].
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 2 Figure 2.22: Schematic structure of the (a) Bulk InGaN, and (b) semibulk InGaN.
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 2223 Figure 2.23: HAADF-STEM images along the (11 20) zone axis of (a) the bulk InGaN and (b) the semibulk InGaN; the interlayers in the semi-bulk sample are pointed out by blue arrows [111].
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 2 Figure 2.24: (10.5) reciprocal space maps and (00.2) ω -2θ scans of the (a and b)bulk structure and (c and d) semibulk structure. The isocomposition lines connect the theoretical lines of fully strained (S) and fully relaxed (R) InGaN. The inset on (b and d) shows SEM images of the bulk InGaN and semibulk InGaN surfaces, respectively [112].
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 2 Figure 2.25: (a)-(b) SEM and (c)-(e) CL hyperspectral mapping images in the bulk and semibulk structures respectively [112].
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 226 Figure 2.26: Schematic diagrams of, (a) the bulk InGaN structure and (b) the semibulk InGaN structure, inset: details of the semibulk growth process [113].
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 227 Figure 2.27: Measured I -V characteristics of a solar cell fabricated with core-shell pn junction nanowires on a p-type InP (111) substrate [118].
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 228 Figure 2.28: Current density versus voltage characteristics of the III-nitride nanowire solar cell under dark and 1 sun (AM 1.5G) conditions [120].
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 2230231 Figure 2.29: (a) Cross-sectional transmission electron microscopy (TEM) image of a single GaN nanorod with 4 periods of InGaN/GaN MQWs, showing high crystal quality with low defect density, resulting in an improvement in internal quantum efficiency [117].
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 2 Figure 2.32: (a) SEM image of the InGaN nanopyramids grown on the patterned AlN/Si template, (b) High magnification SEM image of the InGaN nanopyramid.

  GaN template (Not to scale) N-GaN -850 nm P-GaN -200 nm NID-GaN -10 nm In 0.12 Ga 0.88 N -60 nm p+-GaN -50 nm NID-GaN -50 nm
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 31 Figure 3.1: Bulk InGaN PIN PV structures grown with 12% indium concentration (T1185-B).

Figure 3 .

 3 Figure 3.2(a)-(d)shows the HAADF-STEM image of the InGaN PV structures, with p-GaN grown at 800 ¶ C, 850 ¶ C, 900 ¶ C and 1000 ¶ C respectively. The growth of the p-GaN layer at low temperature (800 ¶ C) allows reduction of the thermal budget effect on the active region, resulting in a well preserved InGaN absorber layer as well as an abrupt and smooth interface between the InGaN absorber and the p-GaN layer as shown in the HAADF-STEM image in Figure3.2(a). However, as expected, a high density of threading dislocations is observed in the p-GaN layer due to the low growth temperature. These threading dislocations open up to give nanotubes or open-core defects, hence result in a high density of V-pits[START_REF] Sharma | Chemical mapping and formation of v-defects in ingan multiple quantum wells[END_REF], as shown in the inset of the Figure3.2(a). The depth of these V-pits varies from 30 nm to 100 nm. To attempt to improve the crystalline quality of the p-GaN layer, the growth temperature is increased to 850 ¶ C and 900 ¶ C but, as shown in Figure3.2(b) and 3.2(c), the InGaN absorber degraded. Indium-rich regions that can be attributed to the inter-diffusion and re-evaporation of indium in the InGaN absorber[START_REF] Moon | Effects of thermal and hydrogen treatment on indium segregation in ingan/gan multiple quantum wells[END_REF] appear (area with a dark contrast in the HAADF-STEM image of (Figure3.2(b)). The interface between the InGaN absorber and the p-GaN layer is no longer abrupt and smooth. It is to be noticed that the InGaN absorber is degraded only in the region close to the interface with the p-GaN layer. Although a higher p-GaN growth temperature is used the density of threading dislocations in the p-GaN layer is still high. A further increase of the p-GaN growth temperature to 1000 ¶ C allows to obtain a smooth p-GaN layer with a low density of threading dislocations (see Figure3.2(d)) but the InGaN material is degraded in the full depth of the layer. Figure 3.2(d) show the HAADF-STEM image of the InGaN PV structure, with p-GaN grown at 1000 ¶ C.
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 3 Figure 3.2(a)-(d)shows the HAADF-STEM image of the InGaN PV structures, with p-GaN grown at 800 ¶ C, 850 ¶ C, 900 ¶ C and 1000 ¶ C respectively. The growth of the p-GaN layer at low temperature (800 ¶ C) allows reduction of the thermal budget effect on the active region, resulting in a well preserved InGaN absorber layer as well as an abrupt and smooth interface between the InGaN absorber and the p-GaN layer as shown in the HAADF-STEM image in Figure3.2(a). However, as expected, a high density of threading dislocations is observed in the p-GaN layer due to the low growth temperature. These threading dislocations open up to give nanotubes or open-core defects, hence result in a high density of V-pits[START_REF] Sharma | Chemical mapping and formation of v-defects in ingan multiple quantum wells[END_REF], as shown in the inset of the Figure3.2(a). The depth of these V-pits varies from 30 nm to 100 nm. To attempt to improve the crystalline quality of the p-GaN layer, the growth temperature is increased to 850 ¶ C and 900 ¶ C but, as shown in Figure3.2(b) and 3.2(c), the InGaN absorber degraded. Indium-rich regions that can be attributed to the inter-diffusion and re-evaporation of indium in the InGaN absorber[START_REF] Moon | Effects of thermal and hydrogen treatment on indium segregation in ingan/gan multiple quantum wells[END_REF] appear (area with a dark contrast in the HAADF-STEM image of (Figure3.2(b)). The interface between the InGaN absorber and the p-GaN layer is no longer abrupt and smooth. It is to be noticed that the InGaN absorber is degraded only in the region close to the interface with the p-GaN layer. Although a higher p-GaN growth temperature is used the density of threading dislocations in the p-GaN layer is still high. A further increase of the p-GaN growth temperature to 1000 ¶ C allows to obtain a smooth p-GaN layer with a low density of threading dislocations (see Figure3.2(d)) but the InGaN material is degraded in the full depth of the layer. Figure 3.2(d) show the HAADF-STEM image of the InGaN PV structure, with p-GaN grown at 1000 ¶ C.

Figure 3 .

 3 Figure 3.4(a) shows the RSM of the InGaN PV structure with p-GaN grown at 800 ¶ C, indicating the diffraction spots for the GaN substrate and InGaN epilayer. The InGaN diffraction spot is intense and lies vertically below the GaN spot indicating that the InGaN epilayer is mostly coherently strained to the GaN template. The extracted value for the degree of relaxation is 8% with an average indium content of 12%. EDX measurements are performed to get a direct measurement of chemical composition as shown in Figure 3.4(b), and revealed an average indium concentration of 12%.

Figure 3 . 2 :

 32 Figure 3.2: HAADF-STEM cross-sectional images of the different PV structures with p-GaN grown at, (a) 800 ¶ C, the inset show the HAADF-STEM cross-section at a large scale, (b) 850 ¶ C, (c) 900 ¶ C, (d) 1000 ¶ C.

Figure 3 . 5 .

 35 T h e s ed e v i c e s are processed in collaboration with our partner laboratory, CNRS /LPN : Laboratoire de Photonique et de Nanostructures (France), The area of devices ranges from 0.35 mm 2 to 1.27 mm 2 . The classical diodes were also fabricated for validation of the quality of metal contacts at each epitaxial layer.
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 3333435 Figure 3.3: SEM image of the top surface of the different InGaN PV structures with p-GaN grown at, (a) 800 ¶ C, (b) 850 ¶ C, (c) 900 ¶ C, (d) 1000 ¶ C.

Figure 3 . 6 :

 36 Figure 3.6: (a) Device cross-section of bulk based InGaN PV cell (T1185-B), with corresponding thickness and indium concentration for each layer, (b) SEM image of the device, showing p-GaN and n-GaN contacts, inset shows the adjacent grid spacing of 75 µm.

Figure 3 . 7 :

 37 Figure 3.7: Optical image of the T1185-B In 0.12 Ga 0.88 N PV structure, indicating the InGaN PV devices in a unit cell and labeled devices used for the J -V and EBIC measurements.

Figure 3 . 8 :

 38 Figure 3.8: External Quantum Efficiency measured with and without bias light.
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 310 Figure 3.10: Power distribution spectrum of the bias light used during the external quantum efficiency measurements.

Figure 3 . 11 :

 311 Figure 3.11: Scheme of the deep and shallow V-pits observed in the p-GaN layer of the PV devices. V-pits with opening larger than 300 nm extend down to the InGaN layer.

Figure 3 .

 3 Figure 3.12: (a). SEM image of the device at 13keV (b). EBIC image of the device in the planar geometry at 13keV. (c)-(d) SEM image of some residual left over at the surface during the device processing.

Figure 3 .

 3 Figure 3.13(a)-(d) shows the high magnification SEM and its corresponding EBIC images obtained at an e-beam of 13keV. Figures 3.13(c)-(d) show a magnification of both the SEM and EBIC image( Figure 3.13(a)-(d)), respectively. At this scale, it is clear that the nonhomogeneous carrier collection matches perfectly with V-pit spatial distribution and size in the p-GaN layer. Smooth areas without any pits (SA) are less bright than areas containing small and thus shallow V-pits (SVP), which is, in turn, darker than areas containing large and thus deep V-pits (DVP). This is in opposite to what can be expected since, as discussed previously, the hole trapping process occurring in the pits should lead to a larger decrease of the carrier collection efficiency in the DVP areas than in the SVP areas and, furthermore than in SA areas.The EBIC image in Figure3.13(b) show that under zero bias conditions the DVP appear as bright spots. When further magnified, the SVP appear as bright spots shown in Figure3.13(d). This apparent contradiction could be explained by the formation of impurity depleted zones in the surroundings of V-pits[START_REF] Maximenko | Observation of dislocations in diffused 4h-sic pin diodes by electron-beam induced current[END_REF][START_REF] Haugk | Structures, energetics and electronic properties of complex iii-v semiconductor systems[END_REF][START_REF] Frigeri | Characterization of lec GaAs by electron beam induced current analysis[END_REF] (seeFigure 3.11). The capturing of the impurities depends on the strain field of the dislocation. Since the different dislocations in GaN (screw, edge and mixed) have different strain field, therefore distinct behavior for the dislocationimpurity interaction can be expected. For instance, the distance at which the impurity atoms are captured by dislocations is significantly larger for screw type dislocations than for edge type dislocations[START_REF] Frank | Stress-assisted precipitation on dislocations[END_REF]. The impurity gettering effect thus has a significant dependence on the size and density of the V-pits. The DVP at high magnification shows that the bright spots have bright halos with dark spots inside, as shown in Figure3.14, consistent with previous findings in silicon carbide p-n diodes[START_REF] Maximenko | Electron-beam-induced current observed for dislocations in diffused 4h-sic pn diodes[END_REF]. However, the SVP doesn't show any dark spots at the center,

  Figure 3.13(a)-(d) shows the high magnification SEM and its corresponding EBIC images obtained at an e-beam of 13keV. Figures 3.13(c)-(d) show a magnification of both the SEM and EBIC image( Figure 3.13(a)-(d)), respectively. At this scale, it is clear that the nonhomogeneous carrier collection matches perfectly with V-pit spatial distribution and size in the p-GaN layer. Smooth areas without any pits (SA) are less bright than areas containing small and thus shallow V-pits (SVP), which is, in turn, darker than areas containing large and thus deep V-pits (DVP). This is in opposite to what can be expected since, as discussed previously, the hole trapping process occurring in the pits should lead to a larger decrease of the carrier collection efficiency in the DVP areas than in the SVP areas and, furthermore than in SA areas.The EBIC image in Figure3.13(b) show that under zero bias conditions the DVP appear as bright spots. When further magnified, the SVP appear as bright spots shown in Figure3.13(d). This apparent contradiction could be explained by the formation of impurity depleted zones in the surroundings of V-pits[START_REF] Maximenko | Observation of dislocations in diffused 4h-sic pin diodes by electron-beam induced current[END_REF][START_REF] Haugk | Structures, energetics and electronic properties of complex iii-v semiconductor systems[END_REF][START_REF] Frigeri | Characterization of lec GaAs by electron beam induced current analysis[END_REF] (seeFigure 3.11). The capturing of the impurities depends on the strain field of the dislocation. Since the different dislocations in GaN (screw, edge and mixed) have different strain field, therefore distinct behavior for the dislocationimpurity interaction can be expected. For instance, the distance at which the impurity atoms are captured by dislocations is significantly larger for screw type dislocations than for edge type dislocations[START_REF] Frank | Stress-assisted precipitation on dislocations[END_REF]. The impurity gettering effect thus has a significant dependence on the size and density of the V-pits. The DVP at high magnification shows that the bright spots have bright halos with dark spots inside, as shown in Figure3.14, consistent with previous findings in silicon carbide p-n diodes[START_REF] Maximenko | Electron-beam-induced current observed for dislocations in diffused 4h-sic pn diodes[END_REF]. However, the SVP doesn't show any dark spots at the center,

Figure 3 .

 3 Figure 3.13: (a) SEM image of the p-GaN surface of InGaN PV cell at 13keV showing a high density of V-pits, (b) EBIC image of the InGaN PV cell in planar geometry at 13keV under zero bias (0V), (c) High resolution SEM image of the p-GaN surface of InGaN PV cell at 13keV, (d) High resolution EBIC image of the InGaN PV cell showing the V-pits as bright spots obtained at 13keV under no bias (0 V).

Figure 3 .

 3 Figure 3.14: (a). High magnification SEM and EBIC image of the type A region of the InGaN PV device obtained at device at 13 keV showing two distinct contrast regions.
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 33 Figure 3.15(a)-(b) shows the SEM and EBIC image of the InGaN PV cell obtained at 13keV under reverse bias (-1V). The EBIC current contrast of the DVP has significantly changed, while

Figure 3 .

 3 16(a)-(f) show the SEM and EBIC line profile of the DVP and SVP. As expected, the center of the DVP appears fully dark (see Figures 3.16

  (a),(b)) since the trapping process occurs in the depletion region where the accumulation of positive charge leads to the decrease of the barrier height and more photo carrier recombinations. Under reverse bias (see Figures 3.16

  (

Figure 3 .

 3 Figure 3.16: (a), (d) SEM images and profiles of both DVP and SVP of the device top surface and their corresponding EBIC images and profiles recorded at (b), (e) 0 V and (c), (f) -1 V, obtained at an e-beam energy of 13keV.

  previous analyses. Accordingly, the sets of devices #1, #2, and #3 should comprise devices with p-GaN layer containing a high DVP and low SVP densities, low DVP and high SVP densities, and high DVP and SVP densities, respectively.

3 Figure 3 . 17 :

 3317 Figure 3.17: J sc and V oc dependence with the ratio of DVP and SVP densities and DVP density, respectively. Measurements were done under ultra-violet (UV) light and recorded in 6 different devices labeled in Figure 3.7.

  GaN template (Not to scale) In x Ga 1-x N n-GaN: 850 nm p-GaN: 250 nm p + -GaN: 50 nm (a) (b) GaN template (Not to scale) n-GaN: 850 nm p-GaN: 250 nm p + -GaN: 50 nm In x Ga 1-x N 150 nm In x Ga 1-x N NID-GaN NID-GaN
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 41 Figure 4.1: Scehmatic of the, (a) Bulk and, (b) Semibulk, InGaN PIN hetero-junction solar cell structures.

Fig. 4 .Figure 4 . 2 :

 442 Figure 4.2: Simualted power conversion efficiency dependence on indium incorporation for bulk and semibulk structures with different NID-GaN interlayer thicknesses for semibulk InGaN PV structure.

  3). The semibulk InGaN PV structures shown in Figure4.3 are grown on 3.5 µm thick GaN/sapphire templates using MOCVD.

  GaN template (Not to scale) n-GaN: 850 nm p-GaN: 250 nm p + -GaN: 50 nm In 0.08 Ga 0.92 N In 0.08 Ga 0.92 N scale) n-GaN: 850 nm p-GaN: 200 nm p + -GaN: 50 nmIn 0.12 Ga 0.88 N In 0.12 Ga 0.88 N
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 43 Figure 4.3: Semibulk InGaN PIN PV structures grown with indium concentrations of, (a) 8% (T1158-SB) with p-GaN grown at 1000 ¶ C, (b) 12% of indium T1185-SB and T1188-SB with p-GaN grown at 800 ¶ C and 850 ¶ C respectively.

Figure 4 .

 4 5(a)-(b) show the cross section of the structure and the top view of the device respectively.

Figure 4 . 4 :

 44 Figure 4.4: Typical solar cell devices processed on semibulk InGaN PV structures, (a) T1158-SB and (b) T1185-SB and T1188-SB.

Figure 4 . 5 :

 45 Figure 4.5: (a) Device cross-section of semibulk based InGaN PV cell, (a) T1158-SB and (b) T1185-SB and T1188-SB, inset show the scanning electron microscopy (SEM) image of the device, showing p-GaN, n-GaN contacts and the adjacent grid spacing of 75 µm.
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 4441 Semibulk In 0.08 Ga 0.92 N Solar Cell Structural and Morphological Study

Figure 4 .Figure 4

 44 Figure 4.6(a) shows the[START_REF]Solar Generation. 6: Solar photovoltaic electricity empowering the world[END_REF][START_REF] Fath | Latest developments in crystalline silicon based photovoltaics manufacturing process technologies[END_REF][START_REF] Wirth | Recent facts about photovoltaics in germany[END_REF][START_REF] Martin A Green | Third generation photovoltaics: advanced solar electricity generation[END_REF][START_REF] Oliva-Chatelain | An introduction to solar cell technology[END_REF][START_REF] Jimbo | Cu 2 znsns 4-type thin film solar cells using abundant materials[END_REF][START_REF] Katagiri | Development of czts-based thin film solar cells[END_REF][START_REF] Wang | Thermally evaporated cu2znsns4 solar cells[END_REF][START_REF] Marina S Leite | Towards an optimized all lattice-matched inalas/ingaasp/ingaas multijunction solar cell with efficiency> 50%[END_REF][START_REF] Kujadkumar | Development of wide-band gap InGaN solar cells for highefficiency photovoltaics[END_REF][START_REF] Bhuiyan | Ingan solar cells: present state of the art and important challenges[END_REF](22)[START_REF] Liang | The effects of a low-temperature gan interlayer on the performance of ingan/gan solar cells[END_REF][START_REF] Jj Wierer | The impact of piezoelectric polarization and nonradiative recombination on the performance of (0001) face gan/ingan photovoltaic devices[END_REF] reciprocal space maps of the sample. The diffraction spot is intense and lies on the vertical line, indicating that In 0.08 Ga 0.92 N layer is mostly coherently strained to GaN template. The extracted value for degree of relaxation is around 17% with an average indium content of around 7.8%. The Ê -2◊ rocking curve scan in Figure4.6(b) show several orders of diffraction satellites which fit well with ∼ 24 nm thick In 0.08 Ga 0.92 Nl a y e r s . Energy dispersive X-ray spectroscopy measurements are also performed for direct measurement

Figure 4 .

 4 Figure 4.7 shows the surface morphology of the p-GaN layer, revealing a smooth surface as expected due to the high (1000 ¶ C) growth temperature as discussed in the previous chapter.

Figure 4 . 7 :

 47 Figure 4.7: SEM image of the surface morphology of top surface (p-GaN layer).

Figure 4 . 8 :

 48 Figure 4.8: HAADF-STEM images along the < 112 0 > zone axis; (a) semibulk sample before p-GaN growth, (b) semibulk sample after p-GaN growth, only the top In 0.08 Ga 0.92 N layer is shown degraded during p-GaN growth.

  Figure 4.8(d) shows a a high crystalline quality region with no threading dislocations and/or InGaN relaxation. PV devices on top of this region should lead to high power conversion efficiency, due to high J sc and V oc . In the light of these results, we expect in-homogeneity in the power conversion efficiency of the PV devices.

Figure 4 .Figure 4 . 9 :

 449 Figure 4.9: EBIC images in the planar geometry of the T1158-SB semibulk In 0/08 Ga 0.92 N PV device with varying e-beam energy.

  Figure 4.12 shows a typical external quantum efficiency (EQE)measurement. As expected, we observe a variation in the performance of the PV devices located at different regions of the wafer. It is to be noticed that more than 85% of the fabricated devices show high external quantum efficiency (85%). Some of the devices show slightly poor performance varying the external quantum efficiency between 40-85%. This means that most of the PV devices are located on the region with high crystalline quality material (seeFigure 4.8(d)).

Figure 4 .

 4 Figure 4.10: (a) SEM image of the top surface of a device (b) Corresponding EBIC mapping, (c) SEM image at high magnification of a part of the device, (d) EBIC mapping at high magnification of a part of the device. The e-beam energy used is equal to 15keV.

Figure 4 .

 4 Figure 4.11: (a) High magnification images of top surface of the device obtained at 15 Kev, (a)-(b) SEM and 3D line profile and (c-d)) EBIC and 3D line profile.

Figure 4 .Figure 4 . 12 :Figure 4 . 13 :

 4412413 Figure 4.[START_REF] Wirth | Recent facts about photovoltaics in germany[END_REF] shows the voltage dependence of the current density, simulated and measured experimentally, under AM 1.5G solar spectrum as well as under concentrated light (see Appendix E for estimation of number of suns). The illumination intensity for AM 1.5G was calibrated at 1 sun by matching the measured short circuit current density (J sc ) to the value of J sc extracted

Figure 4 . 14 :

 414 Figure 4.14: Dependence of the short circuit current density.

n = 7 . 5 ,

 75 J s = 2.6 x 10 -3 mA/cm2 

Figure 4 . 15 :

 415 Figure 4.15: Dependence of simulated and measured open circuit voltage on optical power. The experimental data are fitted with n and J s .

Figure 4 . 16 :

 416 Figure 4.16: Dark current density-Voltage (J -V ) characteristics in log scale.
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Figure 4 . 17

 417 Figure 4.17(a)-(b) show the[START_REF]Solar Generation. 6: Solar photovoltaic electricity empowering the world[END_REF][START_REF] Fath | Latest developments in crystalline silicon based photovoltaics manufacturing process technologies[END_REF][START_REF] Wirth | Recent facts about photovoltaics in germany[END_REF][START_REF] Martin A Green | Third generation photovoltaics: advanced solar electricity generation[END_REF][START_REF] Oliva-Chatelain | An introduction to solar cell technology[END_REF][START_REF] Jimbo | Cu 2 znsns 4-type thin film solar cells using abundant materials[END_REF][START_REF] Katagiri | Development of czts-based thin film solar cells[END_REF][START_REF] Wang | Thermally evaporated cu2znsns4 solar cells[END_REF][START_REF] Marina S Leite | Towards an optimized all lattice-matched inalas/ingaasp/ingaas multijunction solar cell with efficiency> 50%[END_REF][START_REF] Kujadkumar | Development of wide-band gap InGaN solar cells for highefficiency photovoltaics[END_REF][START_REF] Bhuiyan | Ingan solar cells: present state of the art and important challenges[END_REF](22)[START_REF] Liang | The effects of a low-temperature gan interlayer on the performance of ingan/gan solar cells[END_REF][START_REF] Jj Wierer | The impact of piezoelectric polarization and nonradiative recombination on the performance of (0001) face gan/ingan photovoltaic devices[END_REF] reciprocal space maps of T1185-SB and T1188-SB respectively. The diffraction spot for both semibulk In 0.12 Ga 0.88 N PV structures is intense and lies on the vertical line, indicating that In 0.12 Ga 0.88 N layer is mostly coherently strained to GaN template. The extracted value for degree of relaxation is around 18% and 8% for T1185-SB and T1188-SB respectively. The degree of relaxation for semibulk T1185-SB is greater than the bulk T1185-B with p-GaN grown at the same temperature (800 ¶ C. This can be attributed to the larger (120 nm) absorber thickness for T1185-SB compared to the 60 nm thick InGaN (within critical layer thickness) for T1185-B structure. However, the degree of relaxation for T1188-SB even with a higher p-GaN growth temterature (850 ¶ C) is lower than T1185-SB with p-GaN at 800 ¶ C.

  Figure 4.17(a)-(b) show the[START_REF]Solar Generation. 6: Solar photovoltaic electricity empowering the world[END_REF][START_REF] Fath | Latest developments in crystalline silicon based photovoltaics manufacturing process technologies[END_REF][START_REF] Wirth | Recent facts about photovoltaics in germany[END_REF][START_REF] Martin A Green | Third generation photovoltaics: advanced solar electricity generation[END_REF][START_REF] Oliva-Chatelain | An introduction to solar cell technology[END_REF][START_REF] Jimbo | Cu 2 znsns 4-type thin film solar cells using abundant materials[END_REF][START_REF] Katagiri | Development of czts-based thin film solar cells[END_REF][START_REF] Wang | Thermally evaporated cu2znsns4 solar cells[END_REF][START_REF] Marina S Leite | Towards an optimized all lattice-matched inalas/ingaasp/ingaas multijunction solar cell with efficiency> 50%[END_REF][START_REF] Kujadkumar | Development of wide-band gap InGaN solar cells for highefficiency photovoltaics[END_REF][START_REF] Bhuiyan | Ingan solar cells: present state of the art and important challenges[END_REF](22)[START_REF] Liang | The effects of a low-temperature gan interlayer on the performance of ingan/gan solar cells[END_REF][START_REF] Jj Wierer | The impact of piezoelectric polarization and nonradiative recombination on the performance of (0001) face gan/ingan photovoltaic devices[END_REF] reciprocal space maps of T1185-SB and T1188-SB respectively. The diffraction spot for both semibulk In 0.12 Ga 0.88 N PV structures is intense and lies on the vertical line, indicating that In 0.12 Ga 0.88 N layer is mostly coherently strained to GaN template. The extracted value for degree of relaxation is around 18% and 8% for T1185-SB and T1188-SB respectively. The degree of relaxation for semibulk T1185-SB is greater than the bulk T1185-B with p-GaN grown at the same temperature (800 ¶ C. This can be attributed to the larger (120 nm) absorber thickness for T1185-SB compared to the 60 nm thick InGaN (within critical layer thickness) for T1185-B structure. However, the degree of relaxation for T1188-SB even with a higher p-GaN growth temterature (850 ¶ C) is lower than T1185-SB with p-GaN at 800 ¶ C.

Figure 4 .

 4 Figure 4.17: (11-24) reciprocal space mapping scan, showing GaN substrate and InGaN diffraction spot for the semibulk In 0.12 Ga 0.88 N PV structures, (a) T1185-SB and (b) T1188-SB.

Figure 4 . 18 :

 418 Figure 4.18: SEM images at different magnification of the surface morphology of the semibulk In 0.12 Ga 0.88 N PV structures, (a)-(b) T1185-SB and (c)-(d) T1188-SB.

Figure 4 . 19 :

 419 Figure 4.19: Spectral response of the semibulk In 0.12 Ga 0.88 N PV structures,(a) T1185-SB and (b) T1188-SB.
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 4420 Figure 4.20 shows the voltage dependence of the current density for T1185-SB and T1188-SB semibulk In 0.12 Ga 0.88 N PV structures, measured under concentrated light (see Appendix E for estimation of number of suns). The J sc measured for T1185-SB is higher than T1188-SB under

Figure 4 . 21 :

 421 Figure 4.21: Dark I -V measurements for semibulk In 0.12 Ga 0.88 N PV structures, (a)-(b) T1185-SB and (c)-(d) T1188-SB.

Figure 4 .

 4 Figure 4.22: Ideality factor of the semibulk In 0.12 Ga 0.88 N PV structures, (a) T1185-SB and (b) T1188-SB.

Figure 4 .

 4 Figure 4.23: V-pit masking (a) before HSQ, (b) after HSQ, and (c) after metal deposition.
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 5152 Figure 5.1: Scheme of the nano-patterning process used for the growth of InGaN nanostructures: (a) n-GaN/sapphire substrate, (b) HSQ resist spin coating, (c) electron beam lithography allowing cross-link of the resist into SiO 2 followed by etching of the unexposed resist, (d) TMAH 25% etching treatment to open the nano-patterns, (e) MOVPE InGaN nano selective area growth, and (f) p-GaN growth via MOVPE.

Figure 5 . 3 :

 53 Figure 5.3: InGaN nano-mask patern, ready for the InGaN growth.

Figure 5 . 4 :

 54 Figure 5.4: InGaN nano PV cells patterning on the GaN/sapphire template, (a) the nano mask, (b) the InGaN nano PIN PV structure.

Figure 5 .

 5 5 show the schematic of the cross-section and top view of the final InGaN nano-structure solar cell device. As shown by the schematic in the bottom of the Figure

Figure 5 . 5 :

 55 Figure 5.5: Schematic of the cross-section and top view of the InGaN nano solar cell.

5. 5 ,

 5 two types of device designs are selected for the InGaN nano solar cells. The first one include a thin metal (Ni/Au) layer spreaded over the entire nano region. This design is expected to reduce the series resistance at the metal/p-GaN interface. However, the metal spreading layer all over the nano could also affect the light penetration into the device, as Ni/Au are known for light absorption thus reducing the efficiency of the device. The second type of device design composed of a thin Ni/Au bus bar connecting the nano and the p-contact, thus covering less then 20% of the nano region, as shown by the schematic in the bottom of Figure 5.5(right). These two metallization schemes are shown by the optical image of the InGaN nano-structure solar cell in Figure 5.6.

Figure 5 . 6 :

 56 Figure 5.6: The two metallization schemes used for the InGaN nano solar cells.

Figure 5 .Figure 5 . 7 :

 557 Figure 5.7(a) show the (002) symmetric 2◊/Ê scans of the planar InGaN structure, with the simulation of the thick InGaN control sample grown along with the InGaN nano PV structure. From the simulation the average indium incorporation in the thick InGaN planar layer is found

Figure 5 .

 5 8 show the SEM images of the In 0.09 Ga 0.91 N nano PV structure before and after the growth of InGaN and p-GaN epitaxial layers.

Figure 5 .

 5 8(a) shows the perfect hole opening of the mask ready for the InGaN growth. The growth of thick InGaN nano-structure (see Figure 5.8(b)

Figure 5 . 8 :

 58 Figure 5.8: InGaN nano-structure PV cell surface morphology, (a) before InGaN growth, (b) after InGaN growth, (c) after p-GaN growth and (d) High magnification SEM image of the p-GaN.

Figure 5 .

 5 10(a)-(b) show the very good uniformity of the hexagonal pyramid shaped InGaN nano-rods, with a thickness of 150 nm.

Figure 5 .

 5 10(c) show a single nano-pyramid, with a clear contrast of the 20 nm GaN regrowth below the InGaN epitaxial layer. These results show clearly that the InGaN nanorod is single crystal with slightly misoriented grains, one being housed inside the SiO 2 mask and the other emerging out from the mask with hexagonal pyramid shape. Figure5.10(d) is the high magnification of the nano-pyramid, revealing the absence of

Figure 5 . 9 :

 59 Figure 5.9: InGaN nano PIN structure surface morphology with selectiveity and with partical selectiveity after p-GaN regrowth.

Figure 5 . 10 :

 510 Figure 5.10: Different magnifications of HAADF cross sectional STEM images of InGaN nano-pyramids.

Figure 5 . 11 :

 511 Figure 5.11: Current versus voltage characteristic and optical image of the probes on the scratch used to reach the n-type GaN.

Figure 5 . 12 :

 512 Figure 5.12: Custom designed holder used for the current versus voltage characteristic of the InGaN nano PIN structure before processing.

Figure 5 . 13 :

 513 Figure 5.13: Current density versus voltage characteristic of the In 0.09 Ga 0.91 N/GaN nanostructure solar cell under dark conditions.

Figure 5 . 14 :Figure 5 . 15 :

 514515 Figure 5.14: Current density versus voltage characteristic and the setup used for the J -V measurements of the InGaN nano PIN structure under UV illumination before processing.

Figure 5 . 16 :

 516 Figure 5.16: SEM images of the p-GaN surface of InGaN nano PIN structure after etching the p-GaN to reach the n-type GaN.

Figure 5 . 17 :

 517 Figure 5.17: SEM images of the p-GaN surface of InGaN nano PIN structure after etching the p-GaN to reach the n-type GaN.

Figure 5 .Figure 5 . 18 :

 5518 Figure 5.18 shows the current density versus voltage (J -V ) characteristics of the fabricated In 0.09 Ga 0.91 N/GaN nano PV cell measured under concentrated light equivalent to 3 suns (see Appendix E for estimation of number of suns). For these measurements it is possible to use the

Figure 5 . 19 :

 519 Figure 5.19: Measuring the Current density versus voltage for In 0.09 Ga 0.91 N nano-structure solar cell under concentrated light.

Figure 5 . 20 :

 520 Figure 5.20: Schematic of the InGaN nano-structure for calculating the effective area of the device and SEM image of the mask indicating the distance between two consecutive InGaN nano-structures.

Figure 5 .

 5 Figure 5.21: SEM images of the top surface of the InGaN nano PV structure for our future studies.

Figure 6 . 1 :

 61 Figure 6.1: Semibulk In 0.14 Ga 0.86 N PV structure grown for p-GaN re-gorwth via MBE.

JFigure 6 . 2 :

 62 Figure 6.2: Energy band diagram of Schottky Barrier Solar Cell under illumination.

Figure 6 . 3 :

 63 Figure 6.3: The structure of InGaN/GaN Schottky solar cell with p-contact n-contact grid type designs.

. 4 .Figure 6 . 4 :

 464 Figure 6.4: Surface morphology of different PV structures (listed in Table 6.1)g r o w nf o r InGaN Schottky solar cells.

Figure 6 . 5 :

 65 Figure 6.5: (a) SEM image of the InGaN nano-pyramids grown on the patterned AlN/Si template. The size (distance between the two opposite edges) of the patterned area is 10 × 10 µm 2 , (b) Higher magnification SEM image of the InGaN nano-pyramids, (c) Size distribution histogram of InGaN nano-pyramids grown on AlN/Si (111).

Figure A. 2 : 8 -

 28 Figure A.2: 8-atom cubic cell of zinc blende GaN. Ga atoms are represented by large grey spheres, and N atoms by smaller green spheres [166].

Figure A. 3 :

 3 Figure A.3: Crystal planes used in a wurtzite system.

  Figure A.4.

Figure A. 4 :

 4 Figure A.4: Elastic deformations in the Nitride epitaxial layers (a) Compressive strain, (b) Tensile strain.
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Figure A. 6 :

 6 Figure A.6: Schematic for the piezoelectric polarization (crystal under compression) and the spontaneous polarization of the InGaN/GaN.

Figure A. 7 :

 7 Figure A.7: III-nitrides lattice parameter vs. bandgap energy.

Figure A. 9 .

 9 Figure A.9: TEM-cross section image of a GaN epitaxial layer grown on SiC substrate.

  Figure A.10 shows the unit cell of GaN, which has a wurtzite structure. There are three types of dislocations in GaN materials, (i) Edge dislocations (ii) Screw dislocations and (iii) mixed dislocations. The geometry of edge dislocations in GaN is shown in Figure A.10(b). The line direction of these dislocations is [0001] and the Burgers vectors are one of the three basal plane translations and their inverses, which include ±a 1 = 1 3 [2 11 0],±a 2 = 1 3 [ 12 10], and ±a 3 = 1 3 [ 11 20], and are perpendicular to the dislocation line [182]. The edge dislocations are formed from coalescence of islands with twist mis-orientation about the [0001] axis.

  Figure A.11(a) shows the cross-sectional schematic of V-pits contributed by edge dislocations, with a polygonal shape, denoted by the symbol ". The top view of the V-pits associated to edge dislocations is shown in Figure A.11(b).

  Figure A.10(c). The line direction and Burger vector for screw dislocations lie along the Both [0001] direction.

  Figure A.10: GaN crystallography, a). The GaN unit cell has c = 1.62a, b). Edge dislocations in GaN with Burgers vectors of the type <11 20> and a vertical line direction, c). Perfect screw dislocations with b =± [0001] and line direction [0001], d). Mixed character dislocations with Burgers vectors of the type <11 21> and inclined line directions [182].

  Figure A.10(d). Burgers vectors for mixed dislocations are b = 1 3 <11 23>.

  Figure A.11(a)

Figure A. 11 :

 11 Figure A.11: (a) Schematic depth profiles of α, β, and γ type V-pits [183]. High-resolution SEM image of three different types of V-pits associated to (b) edge dislocations, (c) screw dislocations and (d) mixed dislocations [140].

Figure A. 12 :

 12 Figure A.12: InGaN spectrum coverage for LEDs in conjunction with AlInGaP and Al-GaAs [203].

Figure B. 2 :

 2 Figure B.2: Generation of electron-hole pair by incident light for the three different cases, (a). Incident photon has an energy greater than the energy bandgap, (b). incident photon has an energy equal to the energy bandgap, (c). incident photon has an energy lower than the energy bandgap.

  Figure B.2(c)).

  Figure B.3: A PN junction under, (a). Equilibrium, (b). Illumination.

  Figure B.4(b).

Figure B. 4 :

 4 Figure B.4: (a). Majority carrier diffusion and minority carrier drift at a PN junction, (b). Drift and diffusion currents cancel out to zero with no bias applied to the junction,(c). The majority carrier diffusion is larger under forward bias due to the reduced junction barrier height, (d) There is very little majority carrier diffusion under reverse bias, leaving the drift current to be larger[START_REF] Willis | Advanced Optoelectronic Characterisation of Solar Cells[END_REF] 

Figure B. 5 Figure B. 5 :

 55 Figure B.5(a) shows the equivalent electrical circuit for an ideal solar cell, modeled as a current generator with a parallel load resistor. The current across the diode depends on the source of

Figure C. 1 :

 1 Figure C.1: A schematic of the chemical reactions inside the reactor chamber during GaN growth proposed by Parikh et al.[START_REF] Rinku | An overview of gallium nitride growth chemistry and its effect on reactor design: Application to a planetary radial-flow cvd system[END_REF] 

Figure C. 2 :

 2 Figure C.2: The reaction chamber (left) and the gas panel of the MOVPE reactor (right) at UMI Georgia Tech Lorraine.

  Figure C.3: The difference of stress relaxation between (a) the conventional growth and (b) nano selective area growth. The epilayer grown by the conventional epitaxial growth can only relax in the vertical direction while the epilayer grown by NSAG can relax in both vertical and lateral direction [223].

Figure C. 4 :

 4 Figure C.4: Total strain energy stored in the system versus the thickness of the epilayer grown by (a) conventional growth and (b) nano selective area growth [223].

Figure D. 1 :

 1 Figure D.1: Flow chart listing the different metal/p-GaN optimization studies.

Figure D. 1 .Figure D. 2 :

 12 Figure D.2: Parametric study plan for the optimization of the metal/p-GaN contacts.

Figure D. 3 )

 3 to remove airbone particulate. The cleanliness of a clean-room is measured by the size and number of dust particles in a given volume of air. The photo-detector fabrication was carried out in the Minalor Platform in the Institute Jean Lamour (IJL) clean room facility (Figure D.4) at Université de Lorraine.

Figure D. 7 :

 7 Figure D.7: (a)-(b). Surface treatment by HCl:H 2 O before and after lithography respectively, (c)-(d). Surface treatment by KOH before and after lithography respectively.

Figure D. 8 :

 8 Photoresist S1813

Figure D. 9 :Figure D. 10 :

 910 Figure D.9: Cross-section of a typical vacuum evaporation system which includes a vacuum chamber, a sample holder, a metal filament, and a thickness monitor. The samples are mounted onto the holder for metal deposition.

Figure D. 11 :Figure D. 12 :

 1112 Figure D.11: General overview of the furnace (a), infrared halogen lamps heat up the substrate through a quartz window located on the topside of the process chamber (b)-(c). Temperature versus time profile, yellow line represent the power, green line represent the real-time temperature of the sample and the white line shows the rise, steady and fall time.

Figure D. 13 :

 13 Figure D.13: The energy band diagram of metal to p-type semiconductor contacts.

Figure D. 14 :Figure D. 15 :

 1415 Figure D.14: The metal/p-GaN(semiconductor) contact for the specific contact resistance layout.
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Figure D. 16 :

 16 Figure D.16: Rectangular pattern where W is the width of the pads, l is the length of the pads and d is the distance between the metal contacts.

Figure D. 17 :

 17 Figure D.17: Circular TLM pattern, where r o is the radii of the inner circular contact; r 1 is the radii of the outer region; and d is the difference between r o and r 1 .

Figure D. 18 :

 18 Figure D.18: Circular TLM pattern, deviation of specific contact resistance.
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 111341319 Figure D.19: Plot for the R T versus d used to deduce the specific contact resistance in CTLM

Figure D. 21

 21 Figure D.21 show the current-voltage characteristics for the p-GaN wafers before and after annealing. The as-deposited Ni/Au metal contacts (Figure D.21(a)(c)) show a rectifying behavior.Although the metal contacts were fabricated on different parts of the same wafer but the magnitude of current for the two devices was quite different. However, the order of current still remained the same and therefore, not much of the attention was given to the difference in current. Figure D.21(b) and Figure D.21(d) show the I-V characteristics of the p-GaN metal contacts after annealing in RTA under Oxygen (O 2) and Nitrogen (N 2 )r e s p e c t i v e l y . T h er e c t i f y i n g behavior of the metal contacts is completely changed into non-rectifying behavior. However, the key finding is that the magnitude of the current for the metal contacts annealed under oxygen increased almost four times compared to the increase by twice in the magnitude of the current for the metal contacts annealed under nitrogen. A possible mechanism that could explain the

Figure D. 21

 21 Figure D.21 show the current-voltage characteristics for the p-GaN wafers before and after annealing. The as-deposited Ni/Au metal contacts (Figure D.21(a)(c)) show a rectifying behavior.Although the metal contacts were fabricated on different parts of the same wafer but the magnitude of current for the two devices was quite different. However, the order of current still remained the same and therefore, not much of the attention was given to the difference in current. Figure D.21(b) and Figure D.21(d) show the I-V characteristics of the p-GaN metal contacts after annealing in RTA under Oxygen (O 2) and Nitrogen (N 2 )r e s p e c t i v e l y . T h er e c t i f y i n g behavior of the metal contacts is completely changed into non-rectifying behavior. However, the key finding is that the magnitude of the current for the metal contacts annealed under oxygen increased almost four times compared to the increase by twice in the magnitude of the current for the metal contacts annealed under nitrogen. A possible mechanism that could explain the

Figure D. 20 :

 20 Figure D.20: The Keithly source measure unit 4200 used for the I -V measurements.

Figure D. 21 :

 21 Figure D.21: Current-Voltage characteristics before and after annealing for 300 seconds in RTA under, (a)-(b) Oxygen, (c)-(d) Nitrogen.

1 .

 1 A crossectional geometry where the electron beam is parallel to the depletion region or junction as shown in Figure E.1(a).

2 .

 2 A planar geometry where the electron beam is perpendicular to the depletion region or junction as shown in Figure E.1(b).

Figure E. 1 :

 1 Figure E.1: Different EBIC geometries where the depletion region is denoted by cross hatching, (a) crossectional geometry, (b) Planar geometry and (c) beveled geometry [278].

E. 1 . 3 . 1 Figure E. 2 :

 1312 Figure E.2: Different EBIC geometries (a) Cross-sectional EBIC of a pn junction and (b) Planar-view EBIC showing defects in a diode. Ref: https://wikipedia.org/wiki/Electron b eaminduced c urrent

  Figure E.3 includes the following components;

Figure E. 3 : 4 •

 34 Figure E.3: EBIC setup used for the measurements in this thesis.

Figure E. 4 :

 4 Figure E.4: Advanced EBIC sample holder with two probes.

  

  

  

  

  

  

Table 2 .

 2 1: Values of bandgap and efficiency for tandem solar cells with 3 to 8 junctions under black body radiation at 6000K for 500x (x is the number of suns). N is the number of band gaps in the device[START_REF] Kujadkumar | Development of wide-band gap InGaN solar cells for highefficiency photovoltaics[END_REF].

	N	Values of bandgap (eV)	Efficiency (%)
	3	0.70, 1.37, 2	56
	4	0.60, 1.11, 1.69, 2.48	62
	5	0.53, 0.95, 1.40, 1.93, 2.68	65
	6	0.47, 0.84, 1.24, 1.66, 2.18, 2.93	67.3
	7	0.47, 0.82, 1.19, 1.56, 2.0, 2.5, 3.21	68.9
	8 0.44, 0.78, 1.09, 1.4, 1.74, 2.14, 2.65, 3.35	70.2

Table 2 . 2

 22 the metal contact with larger spacing. Similarly Shim et al.[START_REF] Shim | Improved efficiency by using transparent contact layers in ingan-based pin solar cells[END_REF] compared the performances of bulk In 0.10 Ga 0.90 N solar cell with current spreading layers of Ni/Au and ITO under AM 1.5G conditions. The devices with ITO showed superior V oc characteristics of 2.0 V, J sc of 0.64 mA/cm 2 , and 1% conversion efficiency while devices without any current spreading layer and Ni/Au current spreading layer resulted in η =0.93 and η=0.75, respectively. In a further study, Shim et al. reported[START_REF] Shim | Ingan-based p-i-n solar cells with graphene electrodes[END_REF] an improved η (1.2%) and J sc (0.83 mA/cm 2 ) by utilizing a current spreading layer of graphene on the same structure .

	25 µm	1.75	3.5	75.1	4.6	51
	166 µm	1.81	4.2	75.3	5.7	63
	light absorption in					

: The different measured values for solar cell reported by Neufeld et al.

[START_REF] Carl J Neufeld | High quantum efficiency ingan/gan solar cells with 2.95 ev band gap[END_REF]

.

Contact spacing V oc (V) J sc (mA/cm 2 ) FF (%) P max Peak EQE (%)

Table 2 .

 2 3: The different measured values for solar cell with p-GaN grown at different temperature as reported by Matioli et al.[START_REF] Matioli | High internal and external quantum efficiency ingan/gan solar cells[END_REF].

	Device V oc (V) J sc (mA/cm 2 ) FF (%) P max Peak EQE (%) Peak IQE (%)
	Smooth	1.83	0.83	76.6	1.16	56	97
	Rough	1.89	1.06	76.6	1.57	72	93

Table 2 .4: Device performance for bulk InGaN heterojunction solar cells.

 2 

	Reference	Absorber (Thickness)	V oc (V) mA/cm 2 (%) FF J sc	EQE (%)	÷ (%)	Source
	Jani et al.	In 0.05 Ga 0.95 N	2.4	3.5	79	-	-	UV concetrated
	2007	(200 nm)						light
	[51]							
	Neufeld et al. In 0.12 Ga 0.88 N	2.4	4.2	75.3	63	-	AM 0
	2008	(200 nm)						concentrated
	[57]							
	Zheng et al.	In 0.10 Ga 0.90 N	2.1	0.46	81	-	0.5	AM 1.5G
	2008	(150 nm)						
	[56]							

Table 2 . 5 :

 25 Device performance for MQWs InGaN heterojunction solar cells.

	Reference	Absorber (Thickness)	V oc (V) mA/cm 2 (%) (%) (%) FF EQE ÷ J sc	Source
	Dahal et al.	In 0.30 Ga 0.70 N/GaN	2	0.39	60	40	-	White Light
	2009	8 pairs						
	[75]	(3 /8 nm)						
	Jeng et al.	In 0.20 Ga 0.80 N/GaN	2.2	0.66	73	-	1.06	AM 1.5G
	2009	5 pairs						
	[85]	(3 /7 nm)						
	Tsai et al.	In 0.23 Ga 0.77 N/GaN 1.32	0.30	43	-	0.17	AM 1.5G
	2009	8 pairs						
	[86]	(3 /20 nm)						
	Dahal et al.	In 0.35 Ga 0.65 N/GaN	1.8	2.56	64	-	2.95	AM 1.5G
	2010	12 pairs						
	[76]	(3 /16 nm)						
	Jeng et al.	In 0.13 Ga 0.87 N/GaN 2.18	0.54	63	-	0.73	AM 1.5G
	2010	12 pairs						
	[87]	(5 /2 nm)						
	Lai et al.	In 0.30 Ga 0.70 N/GaN 1.97	0.82	30	11.3 0.48	AM 1.5G
	2010	9 pairs						
	[46]	(3 /17 nm)						
	Deng et al.	In 0.15 Ga 0.85 N/GaN	2.1	0.25	29	-	0.20	AM 1.5G
	2010	8 pairs						
	[88]	(3 /12 nm)						

2.2.0.5 InGaN Homojunctions PIN Solar Cells The

  polarization in InGaN heterojunction solar cells remain a problem, especially with high indium concentration, needed for covering the entire solar spectrum. To overcome this problem InGaN homojunction solar cell is being studied. Chen et al. reported a V oc of 0.24 V for an indium concentration of 20%. Yang et al.[START_REF] Yang | Photovoltaic effects in ingan structures with p-n junctions[END_REF] reported a V oc of 0.43 V for a PN homojunction InGaN solar cell, which was much lower than that expected from the bandgap. In 2008 Misra et al.[START_REF] Misra | Fabrication and characterization of 2.3 ev ingan photovoltaic devices[END_REF] obtained a V oc of 0.55V and J sc of 0.24 mA/cm 2 under AM 0 equivalent illumination for ap-In 0.31 Ga 0.69 N/n-In 0.31 Ga 0.69 N homojunction solar cell grown by MBE. However, the V oc was still lower than the expected value. Yamamoto et al.[START_REF] Yamamoto | Mg-doping and n+-p junction formation in movpe-grown in x ga 1-x n (x 0.4)[END_REF] grew p-In 0.23 Ga 0.77 N/n + -In 0.23 Ga 0.77 N solar cell by MOVPE reaching the values of V oc of 1.5 V and a J sc of 0.5 mA/cm 2 under an AM 1.5G illumination, as shown in Figure2.18.T h el o wJ sc was attributed to the large bandgap

						observed. Such a sam
	2					is grown with a high
						using Ino.23Gao.77N
						is fabricated on a G
						response to the light
						observed in the J-V
						Jsc=0.5 mAlcm	2 ar
						AC
	-6	2 Voltage (V) AM1.5, 100 mWi:cm -4 -2 0 2	4	6		This work is support Technology Developm
	Fig. 5. Current density-voltage characteristics	for
	an n+-p junction of Ino.23Gao.77N.	The structure of
	the device fabricated is shown in the inset.		
	carrier concentrations of the p-and n+-layers are 5x10	16

Table 2 .

 2 6: Device performance for homojunction InGaN solar cells.

	Reference	Absorber (Thickness)	V oc (V) mA/cm 2 (%) FF J sc	EQE (%)	÷ (%)	Source
	Yang et al.	p-In 0.18 Ga 0.82 N 0.43	0.034	57	-	-	360 nm laser
	2007	(120 nm)						
	[50]n -I n 0.15 Ga 0.85 N						
		(200 nm)						
	Chen et al.	i-In 0.20 Ga 0.80 N 2.5	30	61	-	-	325 nm laser
	2008	(300 nm)						
	[53]							
	Misra et al.	i-In 0.31 Ga 0.69 N 0.55	0.24	15	-	0.02	AM 0
	2008							
	[100]							
	Yamamoto et al. i-In 0.23 Ga 0.77 N 1.5	0.5	-	-	0.25	AM 1.5G
	2008							
	[101]							
	Cai et al.	i-In 0.02 Ga 0.98 N 2.24	1.40	69	43	-	Xenon Lamp
	2009	(150 nm)						
	[102]							
	Lee et al.	i-In 0.13 Ga 0.87 N 0.40	0.019	33	-	0.003	AM 1.5G
	2010	(200 nm)						
	[107]							
	Zeng et al.	i-In 0.12 Ga 0.88 N 1.35	1.68	64.8	-	1.46	AM 1.5G
	2010	(150 nm)						
	[104]							
	Jampana et al.	In 0.16 Ga 0.84 N	1.73	0.91	61.04	-	0.17	AM 0
	2010							
	[103]							
	Boney et al.	i-In 0.14 Ga 0.86 N 1.79	0.99	52	-	0.71	AM 0
	2011	(300 nm)						
	[105]							
	Sang et al.		50	1.25	56	80	1.05	AM 1.5G
	2011	(240 nm)						
	[108]							
	Sang et al.		48	1.83	68	-	1.8	AM 0

i-In 0.15 Ga 0.85 N 1.i-In 0.15 Ga 0.85 N 1.

Table 2 .

 2 7: Device performance reported for nano-structure PV cells.

		Absorber	V oc (V) (mA/cm 2 )% FF Efficiency J sc ( %	Source
	Wierer et al. In 0.015 Ga 0.985 N 0.50 [120]	1	54 %	0.30	1 sun
	(core shell)						
	Dong et al. [121]	In 0.27 Ga 0.73 N	1	0.39	56	0.19	1 sun
	(nanowire)						
	Tian et al.	p-i-n silicon	-	-	-	3.4	-
	[123]	nanowire					
	Colombo et al.	p-i-n GaAs	1.30	100 nA	65	4.5	AM 1.5G
	[119]	nanowire					
	Goto et al.	InP	0.43	13.72	0.57	3.37	AM 1.5G

  critical layer thickness results are reproduced in Table4.1 and indicate that the critical layer thickness decreases significantly for InGaN epilayer with a high indium concentration.

Table 4 .

 4 1: InGaN epilayer critical layer thickness used in the model of the device design for semi-bulk InGaN PV structure.

	InGaN (nm) Number of periods Indium concentration (%)
	75	2	5
	30	5	10
	21.4	7	15
	15	10	20
	12.5	12	25

Table 4 .

 4 2: Measured and simulated values of J sc , V oc and fill factor, with a comparison to state of the art. (i). p-GaN grown at 890 ¶ C, (ii). p-GaN grown at 1040 ¶ C. conversion efficiency for the bulk In 0.08 Ga 0.92 N structure under AM 0.

		In (%) (mA/cm 2 ) (v) (%) (%) J sc V oc FF PCE illumination
	Simulations (ideal)	8	0.75	2.56 80	1.4	AM 1.5G
	This study	8	0.57	1.04 65 0.39	AM 1.5G
	Neufeld et al. [63] (i)	8	0.14	0.81 61 0.07	AM 0
	Neufeld et al. [63] (ii)	8	0.11	1.65 75 0.13	AM 0

Table 4 .

 4 3 presents a comparison of semibulk InGaN PIN device performances discussed so far. As shown by Fabein et al. [154]t h eJ sc increases linearly with indium concentration, therefore Table 4.3: Comparison of V oc , J sc , fill factor and external quantum efficiency for our Bulk and Semibulk InGaN PIN devices ( a J sc estimated to 12% of indium concentration, * external quantum efficiency under bias light).

	Reference	Absorber (Thickness) (V) (mA/cm 2 ) V oc J sc	EQE	Source Total V-pit density
	T1158-SB	144 nm	1.56	11.6 a	80% : 85% ú	14	Low
		(8%)				suns	
	T1188-SB	120 nm	0.22	15.8	17% : 20% ú	14	Medium
		(12%)				suns	
	T1185-SB	120 nm	0.1	18	25% : 31% ú	14	High
		(12%)				suns	

Table 5 .

 5 1: Comparison of V oc , J sc and fill factor of the InGaN nano PV device before and after processing.

	V oc	J sc	FF	Light intensity
	Before processing 1.75 V 10 mA/cm 2 20 % UV illumination (3 suns)
	After processing 1.89 V 12.8 mA/cm 2 13 % UV illumination ( 3 suns)

Table 5 .

 5 2: Comparison of V oc , J sc , fill factor and efficiency of InGaN nano-structure to our semibulk InGaN approach ( * The effective area of the device is taken into account) .

	Reference	Absorber (Thickness)	V oc (V) mA/cm 2 (%) (%) FF ÷ J sc	Source
	nano-structure ú In 0.09 Ga 0.91 N 1.28	5.26	19 1.30 UV Light (1 sun)
	approach	(100 nm)			
	semibulk	In 0.08 Ga 0.92 N 1.04	0.57	64 0.39	AM 1.5G
	approach	(144 nm)			

Table 5 .

 5 3 presents a comparison of the performances of our InGaN nano-structure PV device to the literature with InGaN nano-wires. The V oc of our InGaN nano-structure PV device is

Table 5 .

 5 3: Device performance reported for nano-structure PV cells ( * The area of the InGaN nano PV device is corrected and only the effective area of the device is taken into account.

		Absorber	V oc (V) (mA/cm 2 )% FF Efficiency J sc ( %	Source
	Our nano ú structure	In 0.09 Ga 0.91 N 1.28 (100 nm)	5.26	19	1.30	UV Light (1 sun)
	approach						
	Wierer et al. In 0.015 Ga 0.985 N 0.50 [120]	1	54 %	0.30	1 sun
	Dong et al. [121]	In 0.27 Ga 0.73 N	1	0.39	56	0.19	1 sun

Table 6 .

 6 1: List of bulk and Semibulk PV structures grown for In x Ga 1≠x N Schottky solar cells.

	Referernce No.	Type	Indium InGaN/GaN No. of Periods absorber thickness
	T841-SB	Semibulk 8.5 %	24/2 nm	6	154 nm
	T942-SB	Semibulk	8 %	24/2 nm	6	154 nm
	T945-B	Bulk	10.5 %	-	-	130 nm

Table A .

 A 1: Lattice parameters and thermal properties of wurtzite GaN, InN and AlN [167][ 168].

	Material	Lattice	Energy	Thermal expansion Lattice mismatch
		parameters (A ¶ )	bandgap	coefficient	with GaN
		a	c	at 300 K (eV)	(10 ≠6 K ≠1 )	(%)
	GaN	3.19	5.19	3.42	5.6	0
	InN	3.54	5.70	0.65	2.85-3.15(at 300 K)	+11
	AlN	3.10	4.97	6.2	4.2	-2.7

  The different Values of piezoelectric coefficients and elastic constants for GaN, InN and AlN are listed in TableA.2. Table A.2: Values of piezoelectric and elastic constants of GaN, InN and AlN [178].

	e 31 -	C 13 C 33	e 33 )		(A.6)
	Parameters		GaN	AlN	InN
	103 405 -0.49 -0.57 -0.60 92 108 224 373 0.73 0.97 1.46 Spontaneous polar. coefficient (C/m2) -0.034 -0.042 -0.09 Eleastic constant, C 13 (GPa) Elastic constant, C 33 (GPa) Piezoelectric constant, e 33 (C/m2) Piezoelectric constant, e 33 (C/m2)

  The values of Varshnis constants together with values of band gaps for GaN and InN are given in Table A.3.T h eTable A.3: Band structure parameters for wurzite nitride semiconductor materials[START_REF] Vurgaftman | Band parameters for nitrogen-containing semiconductors[END_REF] of this equation is within few meV for bulk nitride materials. TableA.4 list all the essential band structure parameters for wurtzite nitride parameters, that needs to be taken into account for a heteroepitaxial layer calculated with Vurgaftman et al[START_REF] Vurgaftman | Band parameters for nitrogen-containing semiconductors[END_REF]. The different parameters listed in TableA.[START_REF] Kirill | Assessment of factors limiting conversion efficiency of single-junction iii-nitride solar cells[END_REF] are, a 1 and a 2 as the inter-band deformation potentials, D 1 , D 2 , D 3 , D 4 , D 5 and D 6 as the valence band deformation potentials, C 11 , C 12 , C 13 , C 33 and C 44 as the elastic constants, A 1 , A 2 , A 3 , A 4 , A 5 , A 6 and A 7 as the valence band parameters, d 13 , d 33 and d 15 as the piezoelectric modules, ∆ cr as the crystal field splitting, ∆ so as the spin orbit splitting and P sp as the spontaneous polarization.

		E g at 0K (eV) α (meV/K) β (K)
	GaN	3.51	0.909	830
	InN	0.78	0.245	624

validity

Table A .

 A 4: Band structure parameters for wurzite nitride semiconductor materials[START_REF] Vurgaftman | Band parameters for nitrogen-containing semiconductors[END_REF] 

	Parameters	GaN	AlN	InN
	E g (eV) α (meV/K)	3.510 0.909	6.25 1.799	0.78 0.78
	β (K)	830	1462	624
	-4.9 -11.3 -3.7 4.5 8.2 -4.1 -4.0 -5.5 390 145 106 398 105 -7.21 -0.44 6.68 -3.46 -3.40 -4.90 A 7 (eV A) 0.00937 a 1 (eV) a 2 (eV) D 1 (eV) D 2 (eV) D 3 (eV) D 4 (eV) D 5 (eV) D 6 (eV) C 11 (GPa) C 12 (GPa) C 13 (GPa) C 33 (GPa) C 44 (GPa) A 1 (GPa) A 2 (GPa) A 3 (GPa) A 4 (GPa) A 5 (GPa) A 6 (GPa) -1.6 d 13 (pm/V) 3.1 d 33 (pm/V) 3.1 d 15 (pm/V) 0.010 ∆ cr (eV) 0.017 ∆ so (eV) P sp (C/m 2 ) -0.034 -0.090 -0.042 -3.4 -3.5 -11.8 -3.5 -17.1 -3.7 7.9 4.5 8.8 8.2 -3.9 -4.1 -3.9 -4.1 -3.4 -5.5 396 223 137 115 108 92 373 224 116 48 -3.86 -8.21 -0.25 -0.68 3.58 7.57 -1.32 -5.23 -1.47 -5.11 -1.64 -5.96 0 0 -2.1 -3.5 5.4 7.6 3.6 5.5 0.169 0.040 0.019 0.005
	Table A.5: Bowing parameters for III-nitride semiconductor alloys [25, 174, 180]
		Variables b (eV)	
	.	InGaN AlGaN	1.43 0.7	
		AlInN	2.5	

  .1.

Table D .

 D 1: Metal contacts to p-GaN reported in literature. They are arranged in descending order of specific contact resistance (ρ c ), where NR = Not Reported.

				D.2 P-GaN Surface Treatment
	Metal Metal	thermal treatment Ambient thermal treatment Ambient	Specific contact Specific contact	Reference Reference
		( ¶ C) ( ¶ C)		resistivity (Ω.cm 2 ) resistivity (Ω.cm 2 )	
	Pd/Ir/Au	400	NR	2×10 ≠5	[230]
	Pt	As deposited	NR	2.0×10 ≠5	[231]
	Ta/Ti	800	Vacuum	3×10 ≠5	[232]
	Ta/Ti	800	Air	3×10 ≠5	[233]
	Pt	NR	NR	3×10 ≠5	[234]
	Ru/Ni	500	Oxygen	4.5×10 ≠5	[235]
	Ti/Pt/Au	800	Nitrogen	4.2×10 ≠5	[236]
	Ni/Pd/Au	550	Oxygen	1.0×10 ≠4	[237]
	Pt/Ni/Au	350	NR	5.1×10 ≠4	[238]
	Pd/Au	NR	NR	4.3×10 ≠4	[239]
	Pd/Ni/Au	450	Nitrogen	5.03×10 ≠4	[240]
	Ni/ITO	600	Air	8.6×10 ≠4	[241]
	Pt	600	N 2 /O 2	1×10 ≠3	[242]
	W	700	Nitrogen	1×10 ≠3	[243]
	Pt/Re/Au	600	Nitrogen	1.4×10 ≠3	[244]
	Al/Pt	700	Nitrogen	2.1×10 ≠3	[245]
	Ni/Pt/Au	500	NR	2.1×10 ≠3	[238]
	Ni/AuZn	NR	NR	3.6×10 ≠3	[246]
	Metal Ni/AuZn	thermal treatment Ambient 800 NR	Specific contact 8×10 ≠3	Reference [246]
	Ni/Pt/Au	( ¶ C) 500	Argon	resistivity (Ω.cm 2 ) 2.1×10 ≠2	[238]
	Ni/Au Cr/Ni/Au	500 700	Air Nitrogen	4×10 ≠6 8.3×10 ≠2	[226] [247]
	Pd/Ag/Au/Ti/Au Ni/Au	800 450	Nitrogen NR	1.6×10 ≠6 1.7×10 ≠2	[227] [248]
	Pd/Ru Ni/Ag	600 700	NR Nitrogen	1×10 ≠6 3.5×10 ≠1	[228] [249]
	Pt/Ru Ni/Ag	600 700	NR Nitrogen	2.2×10 ≠6 1.7×10 ≠1	[229] [250]
			128		

  Table D.2: The work function of some common metals.

	Metal Work function
	Pt	5.36
	Pd	5.12
	Ni	5.03
	Au	4.89
	W	4.54
	Ag	4.50
	Cu	4.45
	Mo	4.20
	Ti	4.17
	Al	4.08

  Table D.3: Results obtained for metal contacts annealed under oxygen and nitrogen.

	Parameters P + -GaN P + -GaN	R sh	L t	ρ c
		(nm)	(nm)	(KΩ)( µ m) (Ω.c m 2 )
	Oxygen	150	50	3.86 × 10 3 0.84 2.7 × 10 ≠2
	Nitrogen	150	50	4.1 × 10 3	0.93 4.5 × 10 ≠2

  .4.Table D.4: Results for different p-GaN wafers grown under different conditions, annealed under Oxygen ambient. ≠2 4.1× 10 ≠2 4.1× 10 ≠2 2.8× 10 ≠3 8.6× 10 ≠3 2.8× 10 ≠3

	Parameters	T1151	T1156	T1209	T1210	T1211	T1212
	P + -GaN(nm)	50	50	25	50	50	50
	CP 2 Mg (sccm)	300	300	300	300	300	250
	P-GaN (nm)	150	150	150	75	155	155
	CP 2 Mg (sccm)	200	200	200	200	200	150
	R sh (KΩ)1 8 5	1 8 5	1 8 5	3 1 5	2 5 2	1 8 5
	L t (µ m)	4.73	4.73	4.73	0.94	1.85	1.15
	ρ c (Ω.c m 2 )	4.1× 10					

minutes, for both nitrogen and oxygen. The ramp up rate was set to 10 ¶ C/sec. After the ramp up the temperature was kept steady for 5 minutes, as shown in Figure D.11. The drop in temperature was kept around 10 ¶ C/sec. One of the problems observed during annealing of the metal contacts was the over exposure to the high annealing temperature. For instance, Figure D.12 shows an example of the deteriorated metal contacts to p-GaN due to the over annealing temperature and/or duration. This problem was later on sorted out by reducing the temperature and duration.
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Appendix A presents the properties of III-Nitride materials along with the different challenges in these materials such as polarization, threading dislocations (V-defects) etc.

Appendix B introduces the physics of solar cells and the various parameters of PV cells like short circuit current density, open circuit voltage, fill factor and power conversion efficiency.

Appendix C provides an introduction to the growth techniques used in this study. They includes the metal organic vapor phase epitaxy (MOVPE) and nano-selective area growth (NSAG).

Appendix D presents the optimization study of achieving low resistance ohmic contacts at p-GaN interface, carried out during this study. This process was necessary to optimize the quality of the epitaxial layers grown by our team. Special attention was given to the selection of surface treatment chemicals, metal selection and annealing conditions. The details of this process optimization and comparison of the results to the literature are presented. This optimized metal contacting process is used in the fabrication of InGaN nano-structure PV devices.

Appendix E provides an overview of the characterization tools used in this study.

Appendices

Appendix A

Introduction to III-Nitride Materials

T he wide band gap III-Nitride are compounds of binary, ternary and quaternary (Ga,Al, In,B)-N alloys. They have been considered as promising system for opto-electronic devices. The III-nitrides family, AlN, GaN InN can crystalline in rocksalt, zinc-blende poly-types and Wurtzite. Epitaxial growth of rock-salt is not possible and is only possible under high pressures e.g. its 22.9GPa for AlN [START_REF] Xia | Pressure-induced rocksalt phase of aluminum nitride: A metastable structure at ambient condition[END_REF], 52.2 GPa for GaN [START_REF] Perlin | Raman scattering and x-ray-absorption spectroscopy in gallium nitride under high pressure[END_REF] and 12.1 GPa for InN [START_REF] Ueno | Stability of the wurtzite-type structure under high pressure: Gan and inn[END_REF]. It has a space group of F 3m in the Hermann-Mauguin notation. The graphical representation of the ideal Zincblende is shown in 

Spontaneous Polarization

The wurtzite group of III-nitrides lack an inversion plane perpendicular to the c-axis i.e. center of inversion symmetry. Therefore, the two [0001] and [000-1] directions are not equivalent. This leads nitride surfaces to have either group III element (Al, Ga, or In) polarity (referred to as Ga-polarity or Ga-face The spontaneous polarization in nitride ternary and quaternary alloys has a strong nonlinear dependence on alloy composition and micro-structure. The non-linearity can be modeled using the relation given below [START_REF] Bernardini | Nonlinear macroscopic polarization in iii-v nitride alloys[END_REF][START_REF] Ambacher | Pyroelectric properties of al (in) gan/gan hetero-and quantum well structures[END_REF];

where b is the bowing parameter and is given by;

Piezoelectric Polarization

The second type of polarization in III-nitrides is called the piezoelectric polarization. This effect is particularly observed in strained epitaxial layers. It arises due to the modification of atomic positions and the charge distribution in the supper-lattice with an external mechanical stress. It has been argued for InGaN materials [START_REF] Li | Effects of polarization charge on the photovoltaic properties of ingan solar cells[END_REF], that piezoelectric polarization depends on crystal quality, and in particular on indium segregation [START_REF] Fiorentini | Evidence for nonlinear macroscopic polarization in iii-v nitride alloy heterostructures[END_REF]. Piezoelectric polarization along the c-axis is given by; operation can be categorized in multiple ways, but the key factors can be classified into three main categories, electron-hole pair generation, electron-hole pair separation and transport of the generated electron-hole pair. All the key factors involved in operation of a solar cell discussed in-depth in details later in the thesis, however a brief overview is presented in this section. decreasing the shunt resistance while keeping R s =0 . In each case the outer I -V has R s =0 and R sh =∞. In each case the effect of parasitic resistances is to reduce the FF (pathways) and around the edges of the devices. The impact of both R s and R sh depends on the geometry of the device and crystalline quality of the material. For an efficiency solar cell, we want R s to be as small as possible (ideally zero), and R sh to be as large as possible (ideally infinity).

Light

The equation for a solar cell in presence of only a series resistance is;

where J is the output current density of the solar cell, J L is the current density generated by light, V is the voltage across the solar cell, kT /q is the thermal voltage (25.82 mV at 300K), n is the diode ideality factor and R s is the series resistance.

The equation for a solar cell in presence of only a shunt resistance is;

where J is the output current density of the soar cell, J L is the current density generated by light, V is the voltage across the solar cell, kT /q is the thermal voltage (25.82 mV at 300K), n is the diode ideality factor and R sh is the shunt resistance.

The above equation are implicitly for solar cell with either R s or R sh , however, in a given device both of these resistance are present and therefore, the effect of both the resistance should be taken into account. When both the resistances are taken into account, the full diode equation becomes;

Appendix C 

Growth of III-Nitride Materials

D.5 Surface Treatments

The appropriate chemical etchants to clean the surface prior to the deposition of metal contact is the most important step. In p-GaN contacting schemes, a major part in the key achievement of obtaining the low resistance ohmic contacts comes from the surface treatments. The particular step for chemical treatment i.e. before lithography and/or after lithography ( these chemical treatments are intended to remove the native oxide on p-GaN surface but it is reasonable to expect that the degree of their effectiveness in removing oxide may vary. Due to limitations of the clean-room, the boiling aqua regia and KOH were limited to a maximum temperature of 80 ¶ C.

The surface treatment of p-GaN after lithography was pretty challenging due to the risk of losing the mask patterning, as shown in 

D.6 Photoresist Parameters

The resist used in the photolithography process, referred as the photo-resist is a photosensitive material composed of three main components: a resin or base material, a photo-active compound

Device Characterization

The electrical characterization performed for the metal/p-GaN devices are described in this section. It includes an overview of the basic principles of ohmic contact formation, followed by the introduction to the specific contact resistance (fl c ), in reference to the circular transmission line models (CTLM). Finally the results obtained for the optimization of the metal/p-GaN contacts are described in this section.

Appendix E Characterization Techniques E.1 Electron Beam Induced Current (EBIC)

The EBIC technique allows to measure the electric current induced by an electron beam in a material. These measures allow to determine a number of physical properties related to the phenomena of electronic transport in these materials such as the diffusion length, the life time of the carriers and the surface recombination velocity. It is also adapted for the qualitative characterization through video signal formation of the crystalline defects, namely, the dislocations and grain boundaries. It is necessary to note that the quantitative measures of the EBIC remain a difficult problem, and require a good knowledge of the electron-matter interaction. It is also a powerful tool for junction delineation and defects investigation.

The first observation of charge collection phenomena in the SEM was that of Everhart (1958). The historical contributions to the EBIC technique can be redrawn by evoking the works of States et al. (1963), Everhart (1964), Wittry et al. (1965), and more recently those of Bresse (1974,1977) on the quantitative analysis of the signal, Texier ( 1980 ) for his works on the grain boundaries, Tabet and Tarento (1989), as well as the papers of Kimerling and al (1977), Hanoka and Bell (1981) and [START_REF] Hj Leamy | Charge collection scanning electron microscopy[END_REF] [START_REF] Hj Leamy | Charge collection scanning electron microscopy[END_REF]. In the modern day physics, this characterization technique is extremely useful in the characterization of semiconductor materials. A typical EBIC system includes the following,

• A scanning electron microscope which is the source of the electron beam.

• A low external noise current amplifier.

• Low noise signal cabling electrically connect the external power amplifier to the sample within the SEM chamber.

• A holder with electrical contact points to facilitate the required electrical connection to the sample.

E.1.1 Physics of the EBIC technique

The principle of the technique is based on the generation of the electron-hole pair using an injected electron beam. Under the presence of an electric field, these generated electrons and holes are influenced to follow a non-random motion and reach the contact, what induce a current which can be detected by an outside circuit. It can be best understood by analogy: in a solar cell, photons of light fall on the entire cell, thus delivering energy and creating electron hole pairs, and cause a current to flow. In EBIC, energetic electrons take the role of the photons, causing the EBIC current to flow. However, because the electron beam of an SEM or STEM is very small, it is scanned across the sample and variations in the induced EBIC are used to map wavelengths of 390 nm, 410 nm and 440 nm (power distibution above 440 is negligible). The maximum power of UV lamp is at 440 nm, which is more than 50% of the total power. Since, in all of our J -V measurements the power of the UV light above 430 nm is not useful because of 8%, 9% and 12% indium incorporation. Therefore, we can neglect the 50% of the UV power at 440 nm (see Figure E.5). The remaining power distribution at 390 nm and 410 nm is 170 mW. The total area of the UV light spot is 1.22 cm 2 , making the power density of the UV lamp around 139 mW/cm 2 . The power density of an AM 1.5G solar spectrum below 420 nm is around 10 mW/cm 2 . This means that the power density of the UV lamp is around 14 suns. 

E.2 Estimating the Number of Suns

Posters

Résumé

Ce travail s Õ inscrit dans le cadre du développement de nouvelles applications des matériaux III-Nitrure en général, et de l'alliage InGaN en particulier, pour la réalisation de cellules solaire à base de multi-jonction. Les nombreux avantages du matériaux InGaN, à savoir son coefficient d'absorption élevé (10 5 cm ≠1 ), sa résistance thermique élevée, et sa tolérance aux radiations ainsi que sa bande interdite couvrant presque tout le spectre solaire (0.64 -3.4eV), en font un sérieux candidat pour les dispositifs photovoltaïques. Ainsi une cellule solaire à quadruple jonctions permettrait l'obtention d'une efficacité au-delà de 50%. Cependant, les enjeux technologiques tels que la séparation de phase, le manque de substrat approprié donnant lieu à de forte densité de dislocations, et la difficulté de réalisation du dopage de type-p, sont considérés comme des obstacles pour atteindre les performances attendues. L'objectif de ce travail est d'étudier deux nouvelles approches qui peuvent résoudre les problèmes cités précédemment pour la réalisation de cellules solaires de haute efficacité à base d'InGaN.

La première approche est dite approche "semibulk". Elle consiste à élaborer une structure multicouches InGaN/GaN épaisse avec une optimisation de l'épaisseur de chaque couche (InGaN et GaN), de façon que les couches de GaN soient suffisamment épaisses pour être efficaces, et assez mince pour permettre le transport des porteurs de charges par effet tunnel. Les couches InGaN quant à elles, doivent être assez épaisses et nombreuses afin d'absorber efficacement le rayonnement lumineux et suffisamment minces pour éviter la relaxation et l'apparition de dislocations.

La deuxième approche consiste en la croissance de nanostructures InGaN qui autorise une incorporation d'indium élevée avec un matériau complètement relaxé et sans dislocation. La complète relaxation du matériau permet en outre de s'affranchir de l'effet piézoélectrique qui conduit à une chute du rendement.

Nous avons pu démontrer que les cellules photovoltaïques à base d'In 0.08 Ga 0.92 N réalisées suivant l'approche "semibulk" présentent un pic de rendement quantique de 85%, ainsi qu'une efficacité de conversion en conditions AM 1.5G, presque trois fois plus élevée que l'état de l'art. Les premiers résultats obtenus sur les cellules photovoltaïques à base de nanostructures d'In 0.08 Ga 0.62 N sont très encourageants.

Abstract

The InGaN material system, with high absorption coefficient (10 5 cm ≠1 ) and a bandgap from 0.64 eV to 3.4 eV spanning the entire visual spectrum, make the development of all-InGaN multijunction solar cells with overall conversion efficiency larger than 50% theoretically possible. However, to reach this goal high-quality and thick InGaN layers with high indium concentration are required, which is not a trivial task. Studies of InGaN-based junctions with an indium mole fraction exceeding 0.3 are rare due to issues such as strong phase separation and relaxation of the layer due to lattice mismatch with the substrate which lead to InGaN layers with large dislocation density and indium-clustering. These material problems, significantly limit the performance of InGaN-based photovoltaic cells, and whatever the indium content, performance still remains far from the theoretical ones. The objective of this study is to investigate new approaches that may overcome the issues of phase separation and high dislocation density in InGaN materials with high indium concentration, for the realization of high efficiency InGaN based solar cells.

Two novel approaches are proposed that may overcome the basic challenges involved in the InGaN heterojunction solar cells. The first approach consists in the growth of a thick multi-layered InGaN/GaN absorber, called Semibulk. These GaN interlayers need to be thick enough to be effective and thin enough to allow carrier transport through tunneling. The InGaN layers need to be thick and numerous enough to absorb efficiently the incoming light beam, and thin enough to remain fully strained and without phase separation. The second approach consists in the growth of InGaN nano-structures to achieve high quality thick InGaN epitaxial layers with high indium concentration. It allows the elimination of the preexisting dislocations in the underlying template. It also allows strain relaxation of InGaN layers without any dislocations, leading to higher indium incorporation and reduced piezoelectric effect.

The electro-optical characterization of semibulk In 0.08 Ga 0.92 N PV devices show a maximum external quantum efficiency (EQE) of 85%, which is the maximum EQE peak reported so far for an InGaN PIN heterojunction solar cell. The voltage dependence of the current density, under AM 1.5G solar spectrum for the semibulk In 0.08 Ga 0.92 N solar cells results in values of J sc , V oc , fill factor (FF) and power conversion efficiency (PCE) as 0.57 mA/cm 2 , 1.04 V, 65% and 0.39% respectively. A comparison of the results to the literature show that the J sc is four to five times of what has been reported for a bulk In 0.08 Ga 0.92 N PV structure. This value of J sc lead to a PCE for the semibulk In 0.08 Ga 0.92 N-based PV cell which is at least three times higher than the PCE for the bulk In 0.08 Ga 0.92 N structure under AM 0 solar spectrum. For our second approach, high crystalline structural quality for InGaN nano-structures with 35% of indium concentration has been obtained. The electro-optical characterization for In 0.09 Ga 0.91 N nano-structure PV cells shows a significant enhancement in the performance of the devices. The PV devices result in a J sc and V oc of 12 mA/cm 2 and 1.89 V under concentrated light respectively.