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The Indium Gallium Nitride (InGaN) III-Nitride ternary alloy has the potentiality to allow achieving high efficiency solar cells through the tuning of its band gap by changing the Indium composition. It also counts among its advantages a relatively low effective mass, high carriers' mobility, a high absorption coefficient along with good radiation tolerance. However, the main drawback of InGaN is linked to its p-type doping, which is difficult to grow in good quality and on which ohmic contacts are difficult to realize. The Schottky solar cell is a good alternative to avoid the p-type doping of InGaN. In this report, a comprehensive numerical simulation, using mathematically rigorous optimization approach based on state-of-the-art optimization algorithms, is used to find the optimum geometrical and physical parameters that yield the best efficiency of a Schottky solar cell within the achievable device fabrication range. A 18.2% efficiency is predicted for this new InGaN solar cell design.

Introduction

The Indium Gallium Nitride (InGaN) III-Nitride ternary alloy can lead to high efficiency solar cells. Indeed its band gap can cover the whole solar spectrum, including the visible region, solely by changing the Indium composition [START_REF] Bechstedt | Energy gap and optical properties of InxGa1-xN[END_REF][START_REF] Reichertz | Demonstration of a III-nitride/silicon tandem solar cell[END_REF][START_REF] Fabien | Guidelines and limitations for the design of high-efficiency InGaN single-junction solar cells[END_REF]. The InGaN alloy also counts among its advantages relatively low effective mass and high mobilities for electrons and holes [START_REF] Hsu | Modeling of InGaN/Si tandem solar cells[END_REF], a high absorption coefficient [START_REF] Wu | Band gaps of InN and group III nitride alloys[END_REF][START_REF] Polyakov | Low-field electron mobility in wurtzite InN[END_REF][START_REF] Jani | Design and characteriza-tion of GaN/ InGaN solar cells[END_REF] as well as a good radiation tolerance [START_REF] Wu | Superior radiation resistance of In1-xGaxN alloys: Full-solar-spectrum photovoltaic material system[END_REF], allowing its operation in extreme conditions. However, the main drawbacks are the poor InGaN crystal quality, the difficulty to grow InGaN with Indium content covering the interesting range for solar application [START_REF] Yamamoto | Metalorganic vapor-phase epitaxial growth of {InGaN} and {InAlN} for multijunction tandem solar cells[END_REF], the difficulty of p-type doping mainly due to the high residual donors' concentration and the lack of ad. hoc. acceptors [START_REF] Dahal | InGaN/GaN multiple quantum well solar cells with long operating wavelengths[END_REF], and the * Corresponding author Email addresses: sidi.hamady@univ-lorraine.fr (Sidi Ould Saad Hamady), abdoulwahab.adaine@univ-lorraine.fr (Abdoulwahab Adaine), nicolas@fressengeas.net (Nicolas Fressengeas) difficulty to realize ohmic contacts on p-doped layers [START_REF] Jani | Development of wide-band gap InGaN solar cells for highefficiency photovoltaics[END_REF]. For these reasons the InGaN based solar cell is still in early development stages and the reported photovoltaic efficiency is still very low to be competitive with other well established III-V and silicon technologies [START_REF] Toledo | InGaN solar cell requirements for highefficiency integrated III-nitride/non-III-nitride tandem photovoltaic devices[END_REF]. It is then vital to leverage these drawbacks and to develop alternative technologies. One possible paths could be the Schottky technology. This technology is largely used elsewhere in the III-Nitride based power devices and photodetectors [START_REF] Saito | Group III-nitride semiconductor Schottky barrier photodiodes for radiometric use in the UV and VUV regions[END_REF] but is very new to the InGaN photovoltaic technology. The first experimental work was published in 2009 by Xue Jun-Jun [START_REF] Jun-Jun | Au/Pt/InGaN/GaN heterostructure schottky prototype solar cell[END_REF]. The prototype developed by this team demonstrates the feasibility of such a concept: an optimization work becomes necessary in order to evaluate precisely and realistically the potentialities of this device. Some work has recently been done in that direction [START_REF] Mahala | Metal/InGaN Schottky junction solar cells: an analytical approach[END_REF], using simplifying assumptions in order to pursue an analytical approach.

That is the reason why we propose, in this report and for the first time using a comprehensive numerical method, a detailed N-dopedwInGaNwactivewlayer Ohmic Ohmic Schottky study of the potentialities of the InGaN Schottky technology as a viable alternative to the InGaN p-n junction solar cell. We used mathematical algorithms to study this new solar cell where usual approaches use one-by-one parametric analysis which is inherently inexact and quite tedious. Our mathematical optimization approach is novel in the area of solar cell devices, though relatively common in other applied physics areas such as mechanical engineering.

AMw1.5 Solarwspectrum

The following section describes the physical modeling of the InGaN Schottky solar cell structure and discusses its main adjustable parameters. The second section presents the detailed optimized results and a device analysis with respect to the main cell parameters.

Schottky Solar Cell Modeling

Physical Modeling

The InGaN Schottky solar cell schematic view is shown on Figure 1.

The here proposed device could be realized in practice using the conventional growth of InGaN on insulating substrates such as sapphire [START_REF] Matsuoka | Progress in nitride semiconductors from GaN to InN -MOVPE growth and characteristics[END_REF] or Fe compensated GaN. To further ensure practical realization, we propose a coplanar device metalization.

Modeling this device implies taking into account the interactions of the basic transport equations, including the Poisson and continuity equations on electrons and holes. In this model, the current densities need to be calculated including both the drift and diffusion components.

Two of the main key parameters are the mobilities of electrons and holes. Their values can be deduced from temperature and doping using the Caughey-Thomas expressions [START_REF] Schwierz | An electron mobility model for wurtzite GaN[END_REF]:

µ m = µ 1m T 300 α m + µ 2m
T 300

β m -µ 1m T 300 α m 1 + N N crit m ( T 300 ) γm δ m , ( 1 
)
where m is either n or p, µ n being the electrons mobility and µ p that of holes. T is the absolute temperature. N is the N-dopant (usually Silicon) density. N crit and the n or p subscripted α, β, δ and γ are the model parameters which depend on the Indium composition [START_REF] Farahmand | Monte Carlo simulation of electron transport in the III-nitride wurtzite phase materials system: binaries and ternaries, Electron Devices[END_REF].

In addition to the mobility model, we took into account the bandgap narrowing effect [START_REF] Lee | Band-gap narrowing and potential fluctuation in Si-doped GaN[END_REF], the Shockley-Read-Hall (SRH) [START_REF] Brandt | Recombination dynamics in GaN[END_REF] and direct and Auger recombination models using the Fermi statistics [START_REF] Delaney | Auger recombination rates in nitrides from first principles[END_REF].

Finally, the holes and electrons life time was taken equal to 1ns [22] in GaN, InN and InGaN.

Material parameters

All these models include a number of material dependent parameters which can be determined for a given material either from experimental work or ab initio calculations. Their values are of course crucial for the numerical calculations to be meaningful, so as to give a good insight into the underlying physics and correctly pave the way to the realization of actual devices.

Fortunately, many of the parameters have been intensively studied in the past [START_REF] Wu | Band gaps of InN and group III nitride alloys[END_REF][START_REF] Polyakov | Low-field electron mobility in wurtzite InN[END_REF][START_REF] Farahmand | Monte Carlo simulation of electron transport in the III-nitride wurtzite phase materials system: binaries and ternaries, Electron Devices[END_REF][START_REF] Davydov | Band Gap of InN and In-Rich InxGa1-xN alloys (0.36< x< 1)[END_REF] for GaN and InN binaries. Their values are summarized in Table 1.

As we will treat the x Indium composition in In x Ga 1-x N as a free parameter for the optimization that will be undertook in section 2.3, we will need the material parameters, as in Table 1, for all Indium composition: ∀x ∈ [0, 1].

These valued are yielded by the standard modified Vegard law. For the electronic affinity and the band-gap, the quadratic bowing factor is conventionally taken to be b = 1.43eV [START_REF] Wu | Band gaps of InN and group III nitride alloys[END_REF].

However, some uncertainty remains concerning the actual value (c) Experimental data from ref [START_REF] Brown | Finite element simulations of compositionally graded InGaN solar cells[END_REF] except for α p , β p and γ p which have been estimated to 1 in the absence of any experimental data.

E g (eV) χ (eV) N c (cm -3 ) N v (cm -
Table 1: InN and GaN physical model parameters. Table 1a shows the bandgap Eg, the electron affinity χ, the effective density of states N v and N c in the valence and conduction band respectively and the dielectric permittivity ε. of b, as is discussed in section 3.2. For all the others parameters, the bowing factor is assumed null.

In short, and provided the bowing factor is only taken in account for the band-gap energy and the electronic affinity, if A InN and A GaN are any one of the parameters in Table 1, the corresponding parameter for In x Ga 1-x N will be deduced by :

A In x Ga 1-x N = xA InN + (1 -x) A GaN -bx (1 -x) . (2) 
The electron and holes mobility must be paid here a special attention: the linear interpolation of the parameters included in equation ( 1) implies that the mobility itself is not interpolated in a linear way.

Modeling the Schottky solar cell implies also the need for a detailed model of light absorption in the whole solar spectrum and for all x Indium composition. We propose to rely on a phenomenological model proposed previously [START_REF] Brown | Finite element simulations of compositionally graded InGaN solar cells[END_REF] as

α (cm -1 ) = 10 5 (cm -1 ) C E ph -E g + D E ph -E g 2 , (3) 
where E ph is the incoming photon energy and E g is the material band gap at a given Indium composition. Once C and D are known for a given Indium composition, the above equation ( 3) yields the absorption coefficient for the whole solar spectrum.

The values for C and D are again taken from the experimental measurement reported in [START_REF] Brown | Finite element simulations of compositionally graded InGaN solar cells[END_REF] and summarized in Table 2. Their dependency on the Indium composition x is approximated by a polynomial fit, of the 4 th degree for the former, and quadratic for the latter :

C = 3.525 -18.29x + 40.22x 2 -37.52x 3 + 12.77x 4 D = -0.6651 + 3.616x -2.460x 2
For the refraction index we used the Adachi model [START_REF] Djurišić | Modeling the optical constants of hexagonal GaN, InN, and AlN[END_REF], defined for a given photon energy as:

n E ph = A E ph E g 2         2 -1 + E ph E g -1 - E ph E g         + B, (4) 
with A and B experimentally measured [START_REF] Nawaz | A TCAD-based modeling of GaN/InGaN/Si solar cells[END_REF][START_REF] Brown | Finite element simulations of compositionally graded InGaN solar cells[END_REF] for GaN (A GaN = 13.55 and B GaN = 2.05) and InN (B InN = 2.05 and B InN = 3.03) and linearly interpolated for InGaN.

Finally, we chose not to include the spontaneous polarization effect in our Schottky one-active-layer design as we expect its impact to be more sensitive in the more complex designs such as GaN/InGaN multijunction solar cells where it can negatively impact the solar cell efficiency or, on the contrary, enhance the efficiency [START_REF] Lestrade | Modeling of polarization effects in ingan pin solar cells[END_REF][START_REF] Thosar | Modeling for high efficiency gan/ingan solar cell[END_REF].

Optimization parameters

The device is simulated in the framework of a drift-diffusion model using the Atlas R device simulation framework from the commercial Silvaco R software suite. These pieces of software solve the above described non linear partial differential problem using the Newton-Raphson direct and the Gummel iterative methods [START_REF] Kramer | Semiconductor Devices: A Simulation Approach[END_REF]. These equations are solved in a two-dimensional framework.

For any given set of physical and geometrical parameters, Atlas R solves the model equations and outputs a whole set of data, including the current-voltage curve, the photocurrent spectral response, the electrical field distribution, the recombination variation, and the photovoltaic parameters among which can be found the short-circuit current, the open-circuit voltage, the fill factor and the conversion efficiency.

Doing a careful optimization of the above described solar cell implies to define precisely the optimization goal and the parameters that will be set as free and looked for, leaving the others as simple data to the problem. This is a strategic choice because it will deeply impact the optimization method and strategy able to solve the problem.

On the one hand, the choice of the figure of merit that will be maximized is crucial, as it will be the one and only factor that will be maximized. Its quantitative evaluation thus needs to be as quick and precise as can be. We chose here to maximize the conversion efficiency of the cell, as it can be evaluated from the data provided by Atlas R .

On the other hand, setting a large number of parameters as free surely increases the chances of getting the best merit factor possible, but as surely increases the problem difficulty and thus the computing time.

In the above described Schottky solar cell, we need to identify the two sets of relevant physical and geometrical parameters, that can be tuned and which have a significant impact on the cell behavior. In these two sets, we will strategically chose the parameters we will look for and those which are to be set as constant data.

In the geometrical set are to be found the cell width, length and height. The latter is the sum of the InGaN layer thickness and that of the metal electrodes used for the Schottky contact.

The width and length of the cell define the cell area. We do here the simplifying assumptions that the results we will get are independent of the cell area, at least as far as the conversion efficiency is concerned. This area is thus arbitrarily set to a 1µm 2 square.

We have chosen to set the metal layer thickness to 5nm and included in the simulation the work function as a variable parameter. Indeed, once the metal is chosen according to its work function, the optimization of the metal layer mainly requires geometrical considerations, such as interdigited electrodes, which is not within the scope of this analysis.

The InGaN absorbing layer thickness plays a significant role and we have chosen to let it be a free parameter for which we seek the optimum value.

The InGanN layer physical parameters that can be tuned and that have a significant impact on the cell behavior include its ntype doping and its Indium composition. We have chosen to let both of them be free parameters in order to find their optimum values.

Summarizing, the four free parameters are thus the Indium composition and the metal work function, along with the doping and the thickness of the n-type layer.

Finally, we have chosen to shine on the cell the ASTM-G75-03 solar spectrum taken from the National Renewable Energy Laboratory database1 .

Parameters ranges and normalization

As described above, the optimization task we have now to undertake is the optimization of the cell efficiency η, which is a function of four parameters, the InGaN layer thickness, the ntype doping, the Indium composition and the metal work function.

These parameters must however be constrained within a variation domain, which is the interval in which they are meaningful in physical and technological terms. The Indium composition is x in In x Ga 1-x N and will vary in the whole range:

x ∈ [0, 1].

The metal work function W f is to be constrained roughly between the minimum and maximum work functions of existing and usable metals and alloys. We chose to constrain it between 5.1 and 6.3eV :

W f ∈ [5.1, 6.3].
The InGaN layer n-type doping N d was chosen between the minimal residual N doping of 10 16 cm -3 . Its maximum value was, on its side, a large 10 19 cm -3 if experimental data are considered. We get N d ∈ 10 16 , 10 19 cm -3 .

The last parameter we have to set bounds for is the the In-GaN layer thickness T InGaN . We chose to set its minimum value to a 100nm thickness which ensures that a significant part of the wavelengths included in the solar spectrum are absorbed [START_REF] Brown | Finite element simulations of compositionally graded InGaN solar cells[END_REF]. Its maximum was set to a large 1µm, obtaining

T InGaN ∈ [0.1, 1] µm.
Finally, the state-of-the-art optimizer will treat the parameters as dimensionless quantities. Therefore, in order for the general optimizing algorithm to work as expected, all the parameters should have similar variation range. This is easily obtained for x, W f and T InGaN by normalizing them to their maximum, and using this normalized values as the actual parameters.

The case of N d is trickier. If we applied the same procedure, the algorithm would focus on the highest dopings, namely the last decade, which is something we want to avoid. The actually meaningful quantity is the log (N d ). We chose the actual parameter for the n-type doping to be log 10 (N d ) and normalized it to its maximum value of 19.
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For the sake of clarity, the results presented in the following will be un-normalized, though the actual computation has indeed been done with the normalized parameters.

Optimization

The mathematical problem we must now solve is a bounded non linear optimization problem. In other words, we need to The problem is non-linear, as the efficiency is not a linear function of all the 4 parameters we use here. It is also a problem for which the gradient of the efficiency with respect to the 4 parameters cannot be evaluated analytically, owing to the complexity of the efficiency computation. We therefore need to use bounded optimization methods that do not rely on the optimized parameter gradient.

Furthermore, the time needed to compute a single value of the efficiency can be counted from minutes to tens of minutes and the overall time can vary from a few hours to a few days.

We must therefore pay a close attention to the number of efficiency evaluations needed.

We chose to test and compare three bounded local optimization methods that do not require the knowledge of the efficiency gradient: the so called COBYLA [START_REF] Powell | A direct search optimization method that models the objective and constraint functions by linear interpolation[END_REF][START_REF] Powell | Direct search algorithms for optimization calculations[END_REF][START_REF] Powell | A view of algorithms for optimization without derivatives[END_REF], SLSQP [START_REF] Kraft | A software package for sequential quadratic programming[END_REF] and L-BFGS-B [START_REF] Byrd | A limited memory algorithm for bound constrained optimization[END_REF][START_REF] Zhu | Algorithm 778: L-BFGS-B: Fortran subroutines for large-scale bound-constrained optimization[END_REF][START_REF] Morales | Remark on "algorithm 778: L-BFGS-B: Fortran subroutines for large-scale bound constrained optimization[END_REF] methods. The optimization work has been done using the SAGE [START_REF] Stein | Sage Mathematics Software (Version 6.4.1), The Sage Development Team[END_REF] interface to the SciPy [START_REF] Van Der Walt | The NumPy array: A structure for efficient numerical computation[END_REF][START_REF] Jones | SciPy: Open source scientific tools for Python[END_REF] optimizers.

Each of the three methods separately took about twenty hours of computing time and yielded a maximum cell efficiency of 18.2% for the following parameters: x, W f , N d , T InGaN = 0.56, 6.3eV, 6.5 × 10 16 cm -3 , 0.86µm .

As a check, we also used the three local methods using the mid-point of the parameters ranges as the starting points.

Again, about twenty hours of computing time were necessary to yield the same result as above. 

Schottky Solar Cell Performances

Electrical Characteristics

Fig. 2 shows the photovoltaic efficiency with respect to the metal work function for different Indium compositions and, accordingly, Fig. 3 shows this efficiency with respect to the Indium composition and for different metal work function. lesser extent, to a better fill factor, as shown in Fig. 6.

When the Indium composition is increased for a given metal work function, the whole set of the active layer parameters changes, including the absorption spectrum and the band gap, this latter decreasing. This decrease of the band gap and the linked change of the absorption spectrum enhances the solar light absorption in the visible range and thus the photovoltaic performances.

These better performances are due to the fact that the shortcircuit current increases sharply, owing to a higher photogeneration and higher quantum efficiency. Meanwhile, the opencircuit voltage decreases as the metal/InGaN barrier height decreases.

When the Indium composition becomes higher than a certain limit, depending on the metal work function, the overall efficiency decreases and, ultimately, becomes non significant at a given Indium composition, as can be seen on Fig. 3. The optimal Indium composition is fixed on the one hand by the matching between the solar spectrum and the InGaN absorption spectrum (and thus the band gap) and, on the other hand, by the quantum efficiency directly impacted by the metal/InGaN barrier height through the space charge region thickness and the electric field magnitude.

The resulting highest efficiency is 18.2% obtained for an Indium composition of 0.56 and a metal work function of 6.3eV.

The active layer thickness is 0.86µm. This efficiency is comparable to the efficiency of the well-established thin-films solar cells [START_REF] Green | Solar cell efficiency tables (Version 45)[END_REF] and could make this new technology highly competitive for the photovoltaic industry since the fabrication cost is expected to be relatively low. Indeed, its extremely simple one-semiconductor-layer makes it more cost effective to fabricate than current conventional multi-layer and/or heterostructure photovoltaic cells [START_REF] Cho | Influence of growth temperature of transparent conducting oxide layer on Cu(In,Ga)Se2 thin-film solar cells[END_REF]. In addition, its fabrication technology is comparable to that of commercially available InGaN LEDs, even though the Indium composition that is necessary for photovoltaic applications is still the goal of much research work [START_REF] Fischer | Highly luminescent, high-indium-content InGaN film with uniform composition and full misfit-strain relaxation[END_REF][START_REF] Yong | Structural Properties of III-Nitride Semiconductors[END_REF]. However, should we allow a maximum composition of 40%, Fig. 2 shows that the efficiency would remain around 13%.

Similarly, the same Fig. 2 shows that lowering the work function to 6.0eV does not impair the efficiency that much. Furthermore, the literature accounts for measurements of the work function of Platinum as high as 6.35eV [START_REF] Chen | Effect of Pt/TiO2 characteristics on temporal behavior of o-cresol decomposition by visible light-induced photocatalysis[END_REF][START_REF] Haridas | Effect of thickness of platinum catalyst clusters on response of SnO2 thin film sensor for LPG[END_REF][START_REF] Dubridge | The photoelectric and thermionic work functions of outgassed platinum[END_REF], close enough to the theoretical optimum, as seen on the same figure 2.

However, some measurements in the literature report a lower work function for Platinum: 5.65eV can for instance be found in ref. [START_REF] Rotermund | Investigation of surfaces by scanning photoemission microscopy[END_REF], 5.93eV in ref. [START_REF]Lide CRC handbook on chemistry and physics[END_REF] and 6.10eV in ref. [START_REF] Derry | Work function of Pt (111)[END_REF] 2 . We e.g., in [START_REF]Lide CRC handbook on chemistry and physics[END_REF]), the obtained optimal efficiency is ≈ 13.9% obtained for layer thickness of 1.65µm, doping of 8 × 10 15 cm -3

and Indium composition of 0.58. For a Platinum work function of 6.10eV (as reported, e.g., by [START_REF] Derry | Work function of Pt (111)[END_REF]), an optimal efficiency of ≈ 17% was obtained for layer thickness of 1.16µm, doping of 1.54 × 10 16 cm -3 and Indium composition of 0.57. The here obtained value is very close to the optimal one (18.2%).

The thickness needed is 0.86µm to achieve the highest efficiency (18.2%). Should the InGaN thickness be 0.3µm, the corresponding efficiency would be 14.5%. Should it be 0.2µm, the efficiency would only decrease to 12.5%, remaining comparable to the efficiency of standard thin-films solar cells [START_REF] Green | Solar cell efficiency tables (Version 45)[END_REF].

The proposed solar cell could then be realized with very thin InGaN layer, down to a 200nm thickness.

This latter has at least two advantages. One of them is to drastically minimize the quantity of precursors needed to elaborate the active layer, usually using Metalorganic Chemical Vapour Deposition (MOCVD). The other advantage is the possibility to elaborate high quality pseudomorphic layers.

Finally, the optimal doping of the n-layer is comparable to the residual concentration usually measured for this alloy, possibly removing the need for additional doping.

Bandgap Bowing Impact

The literature exhibits a quite large consensus around the b = 1.43 value of the bowing parameter [START_REF] Fabien | Guidelines and limitations for the design of high-efficiency InGaN single-junction solar cells[END_REF][START_REF] Wu | Band gaps of InN and group III nitride alloys[END_REF] used in this work, for thicknesses comparable to ours and corresponding to relaxed layer in the whole composition range. However theoretical ab initio calculations [START_REF] Moses | Band bowing and band alignment in InGaN alloys[END_REF] cast some doubt on the very validity of the unique quadratic approximation for the whole composition range. In other words, the bowing factor could depend on the Indium composition.

These uncertainties on the bowing parameter actual value for relaxed layers lead us to propose here the quantitative value of the optimized parameters of the Schottky solar cell for another value of the bowing factor, b = 3.0eV, as suggested by ab initio calculations made by [START_REF] Moses | Band bowing and band alignment in InGaN alloys[END_REF].

For this bowing factor value of b = 3.0eV, the optimum cell efficiency is 17.8% for the following parameters : (x, W f , N d , T InGaN ) = 0.44, 6.3eV, 8.81 × 10 16 cm -3 , 0.89µm . It is only slightly lower than the value of 18.2% that has been calculated previously for b = 1.43eV. Furthermore, the optimal composition value x that is retrieved is lower than previously, as could be expected to keep the optimal band gap energy. The other parameters are similar.

Interfacial Layer Effect

The contact metal to III-Nitride layer is known to possibly exhibit thin interfacial layer which can be due to particle irradiation, thermal treatment such as annealing, diffusion, crystal polarization or surface defects [START_REF] Jang | Schottky barrier characteristics of Pt contacts to n-type InGaN[END_REF]. This can be modeled as the creation of a thin interfacial highly doped layer with a typical doping concentration around 10 19 cm -3 when intentionally induced by high energy particle irradiation [START_REF] Li | Fermi-level stabilization energy in group III nitrides[END_REF] and around 5 × 10 18 cm -3 when due to native defects [START_REF] Mamor | Interface gap states and schottky barrier inhomogeneity at metal/n-type GaN Schottky contacts[END_REF]. We thus added in our model a 5 nm n + layer in between the n-doped layer and the metal and made calculations for the interfacial layer doping density varying from 1 × 10 17 cm -3 to 1 × 10 20 cm -3 . This last maximum value is one order of magnitude higher than the value intentionally induced by particle irradiation in [START_REF] Li | Fermi-level stabilization energy in group III nitrides[END_REF]. We have however included this extreme value in the simulations to give an insight on what would happen then. Fig. 7 shows the efficiency variation with the interfacial layer doping. This efficiency, obtained for the optimal parameters

x, W f , N d , T InGaN = 0.56, 6.3eV, 6.5 × 10 16 cm -3 , 0.86µm , remains almost unchanged for dopings below 4 × 10 19 cm -3

and decreases down to 11.25% for an extreme doping value of 5 × 10 19 cm -3 . For the very high 1 × 10 20 cm -3 doping concentration, the efficiency dramatically decreases to less than 1.0%.

The threshold effect, observed at the value of 4 × 10 19 cm -3 , is induced by the n +n junction contribution, at these very high interfacial doping levels. It indeed impacts the overall solar cell I-V characteristic, resulting in a rapid decrease of the fill factor which is brought down from 79% to 54% when the n + doping concentration increases from 1 × 10 19 cm -3 to 5 × 10 19 cm -3 as shown in table 3.

Conclusion

We have studied, by using mathematical optimization methods, the new InGaN Schottky solar cell. We have applied so-N +(cm -3 ) 1 × 10 
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 1 Figure 1: InGaN solar cell device structure.

  find the optimum quadruplet x, W f , N d , T InGaN within the four dimension hypercube [0, 1] × [5.1, 6.3] eV × [10 16 , 10 19 ]cm -3 × [0.1, 1] µm which allows the maximum efficiency of the cell, computed in the way defined above.

Figure 2 :

 2 Figure 2: Efficiency as a function of the metal work function W f for different Indium compositions x, for a doping of N d = 6.5 × 10 16 cm -3 and an InGaN layer thickness of T InGaN = 0.86µm.

Figure 3 :

 3 Figure 3: Efficiency as a function of the Indium compositions x for different metal work function W f , for a doping of N d = 6.5 × 10 16 cm -3 and an InGaN layer thickness of T InGaN = 0.86µm.
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 44 Fig. 4 displays the electric field variation in the active layer and Figs. 5 & 6 show the I-V characteristics with respect to the Indium composition and metal work function respectively.Figs 2 & 3 show that both the metal work function and the active layer composition highly impact the cell efficiency. Indeed, at a given Indium composition, the increase of the metal work function widens the space charge region and increases the electric field amplitude, as shown in Fig. 4. All other things being equal, this increases the overall solar cell efficiency. This increase is mainly due to a higher open-circuit voltage and, to a
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Figure 5 :

 5 Figure 5: Current -Voltage characteristic for for different Indium compositions x, for a metal work function W f = 6.3eV, a doping of N d = 6.5 × 10 16 cm -3and an InGaN layer thickness of T InGaN = 0.86µm. η, JSC, VOC and FF are respectively abbreviations for Efficiency (%), Short-Circuit current density (mA/cm 2 ), Open-Circuit voltage (V) and Fill Factor.
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 6 Figure 6: Current -Voltage characteristic for different work functions, for an Indium composition of x = 0.56, a doping of N d = 6.5 × 10 16 cm -3 and an InGaN layer thickness of T InGaN = 0.86µm. η, JSC, VOC and FF are respectively abbreviations for Efficiency (%), Short-Circuit current density (mA/cm 2 ), Open-Circuit voltage (V) and Fill Factor.

  thus performed a full optimization by keeping only the work function constant and equal to each of these widely cited experimental work function values. For a Platinum work function of 5.65eV (as reported, e.g., in [47]), the efficiency decreases to ≈ 7.7% obtained for layer thickness of 1.68µm, layer doping of 3.7 × 10 15 cm -3 and Indium composition of 0.48. The Indium composition decreases as expected to maximize the effective barrier height. Indeed, Lowering the metal work function should be accompanied with a lowering of the active layer affinity and thus a decrease in the Indium composition. But since the Indium composition impacts all other parameters (e.g. absorption spectrum) the overall cell efficiency will change accordingly. For a Platinum work function of 5.93eV (as reported,
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 7 Figure 7: Efficiency as a function of the interfacial layer doping concentration, for a metal work function W f = 6.3eV, an Indium composition of x = 0.56, a doping of N d = 6.5 × 10 16 cm -3 and an InGaN layer thickness of T InGaN = 0.86µm.

Table 3 :

 3 Short-Circuit Current JS C, Open-Circuit Voltage VOC, Fill Factor FF and Efficiency η for some interfacial layer doping concentrations, for a metal work function W f = 6.3eV, an Indium composition of x = 0.56, a doping of N d = 6.5 × 10 16 cm -3 and an InGaN layer thickness of T InGaN = 0.86µm. phisticated optimization algorithms, for the first time to our knowledge, to the study of InGaN based solar cells. This has allowed to demonstrate the usefulness of such an approach to the study of novel solar cells, compared to the classical parametric analysis. Using the most realistic physical parameters, obtained from previously published experimental papers, we obtained a maximum conversion efficiency of 18.2% for the InGaN Schottky solar cell. The demonstrated figure of merit of the simulated InGaN Schottky solar cell, the realistic parameters set and the expected elaboration simplicity make the InGaN Schottky solar cell an attractive alternative to the usual InGaN p-n and p-i-n junction solar cells.

Table 2 :

 2 Values for C and D in equation (3) as found by Brown et. al. in [25].

	Table 1b and 1c summarize the parameters used to model the electron and hole
	mobilities in equation (1).		
	Indium Composition	C (eV -1 )	D (eV -2 )
	1	0.69642 0.46055
	0.83	0.66796 0.68886
	0.69	0.58108 0.66902
	0.57	0.60946 0.62182
	0.5	0.51672 0.46836
	0	3.52517 -0.65710

  19 3 × 10 19 5 × 1019 

	JS C (mA/cm 2 )	23.34	23.07	22.63
	VOC (V)	0.96	0.97	0.92
	FF (%)	79.2	79.0	54.04
	η (%)	17.74	17.67	11.25

http://rredc.nrel.gov/solar/spectra/am1.5/astmg173/

Are cited here only the most cited values of the Platinum work function.