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Epitaxial lift-off of InGaAs solar cells from InP substrate using a strained AlAs/InAlAs superlattice as a novel sacrificial layer

Keywords: Superlattice, Epitaxial lift-off, Solar cell, III-V, Etching, Dislocations

In this work we present a new epitaxial lift-off (ELO) approach based on the use of a strained AlAs/InAlAs superlattice (SL) as sacrificial layer for InP related materials. Such an ELO process enables the fabrication and transfer of a thin active III-V heterostructure via its separation from its III-V parent substrate using selective chemical etching. The strategy is of particular interest for large area devices such as solar cells. The process studied here also allows the substrate reuse for a low-cost approach based on III-V-based device fabrication. In order to realize the ELO process on InP substrates, the main difficulty is the lack of lattice-matched materials offering the high chemical etching selectivity needed over both the substrate and the lattice-matched alloys of the active heterostructure. The present study therefore contributes effective strategies for overcoming the latter constraints. The AlAs/InAlAs SL was thus explored as a potential candidate as sacrificial layer for the InP lattice matched materials. The growth conditions of such SLs were investigated to produce low defect SLs compatible with the properties of an optimal sacrificial layer. The under-etching behavior of such SLs in a hydrofluoric acid-based solution was also studied in detail. The results show that advantageous under-etching rates, high enough for a full wafer detachment, combined with a low defect density, can be obtained with novel sacrificial layers based on such thin AlAs/InAlAs SL. Finally, the fabrication of solar cells via an active heterostructure grown over an optimized SL on a monolithic substrate and via a thin reported active heterostructure was performed. The solar cells perform well and demonstrate the suitability of such SLs as a sacrificial layer for InP related materials.

Introduction

Low bandgap III-V alloys (eg. the ternary alloy InGaAs or quaternary alloys InGaAsP and InAlGaAs) lattice matched (LM) to Indium Phosphide (InP) substrates are of great interest in many applications, such as photodetectors, multi-junction solar cells (MJSC), quantum cascade lasers or other optoelectronic devices [START_REF] Dimroth | Four-Junction Wafer-Bonded Concentrator Solar Cells[END_REF][2][START_REF] Thathachary | Electron Transport in Multigate InxGa1-xAs Nanowire FETs: From Diffusive to Ballistic Regimes at Room Temperature[END_REF][START_REF] Valmorra | InGaAs/AlInGaAs THz quantum cascade lasers operating up to 195 K in strong magnetic field[END_REF][START_REF] Campbell | Recent advances in avalanche photodiodes[END_REF]. One of the major drawbacks for a wider development of theses alloy-based devices is the high cost of InP substrates especially for wide area devices like solar cells. The reuse of the InP substrate after each epitaxial growth should be a viable economic alternative. For this purpose epitaxial lift-off (ELO) seems to be the technological and financial solution to recycle substrates as mechano-chemical polishing steps (CMP) could be avoided [START_REF] Ward | Techno-economic analysis of three different substrate removal and reuse strategies for III-V solar cells[END_REF][START_REF] Lee | Reuse of GaAs substrates for epitaxial lift-off by employing protection layers[END_REF].

The ELO process was first proposed in the 70's using AlAs as a release layer etched in a hydrofluoric acid (HF) solution in order to detach GaAs thin films from GaAs substrates [START_REF] Konagai | High efficiency GaAs thin film solar cells by peeled film technology[END_REF][START_REF] Yablonovitch | Extreme selectivity in the lift-off of epitaxial GaAs films[END_REF]. This process has been widely studied and is well controlled on GaAs substrates using either AlxGa1-xAs (with x>0.5) or InAlP as a sacrificial layer (ScL) [START_REF] Cheng | Epitaxial lift-off process for gallium arsenide substrate reuse and flexible electronics[END_REF][START_REF] Bauhuis | 1% thin-film GaAs solar cell using epitaxial lift-off[END_REF][START_REF] Moon | Highly efficient single-junction GaAs thin-film solar cell on flexible substrate[END_REF][START_REF] Tatavarti | Solar Energy Materials and Solar Cells Epitaxial Lift-off (ELO) of InGaP/GaAs/InGaAs solar cells with quantum dots in GaAs middle sub-cell[END_REF]. This technique has led to the realization of the most efficient single junction solar cell [START_REF] Green | Solar cell efficiency tables (Version 45)[END_REF][START_REF] Kayes | 6% Conversion efficiency, a new record for single-junction solar cells under 1 sun illumination[END_REF]. The choice of the ScL composition is critical in order to complete a full wafer process. Indeed high chemical selectivities (over both the substrate and the active heterostructure) and high under-etching rates (>1mm/h) are crucial parameters. It has also been shown, in various studies, that the thickness of the sacrificial layer plays an important role during the under-etching due to reactant/product diffusion related issues [START_REF] Koteswara Rao | Optimum Atomic Spacing for AlAs Etching in GaAs Epitaxial Lift-Off Technology[END_REF][START_REF] Schermer | High rate epitaxial lift-off of InGaP films from GaAs substrates[END_REF][START_REF] Van Niftrik | A Diffusion and Reaction Related Model of the Epitaxial Lift-Off Process[END_REF]. Regarding the results of these studies, it appears that the thickness of the ScL should be in the 5-10 nm range. Thicker layers lead to a slow down of the under-etching due to a higher amount of products to be evacuated from the etching front. On the contrary, too thin layer, typically less than 5 nm, leads to a sudden stop of the etching due to product deposition on the sidewalls of the active heterostructure-substrate based channel, especially for the detachment of large area devices [START_REF] Van Niftrik | A Diffusion and Reaction Related Model of the Epitaxial Lift-Off Process[END_REF].

Among LM alloys on InP, none offers the high chemical etching selectivity over both the InP substrate and the InGa(Al)(P)As low bandgap materials. AlAs could offer this selectivity in HF-based solutions [START_REF] Sioncke | Etch Rates of Ge, GaAs and InGaAs in Acids, Bases and Peroxide Based Mixtures[END_REF] but has a lattice mismatch (3.6%) with InP that is too high. As calculated by D.M. Hwang et al. [START_REF] Hwang | Strain relaxation in lattice-mismatched epitaxy[END_REF], the theoretical critical thickness for relaxation of such a tensile strained layer by 90° partial dislocations would be around 2.8 nm. D.M. Hwang et al. showed on TEM images that relaxation defects such as stacking faults with 90° partial dislocations appear in 3-5 nm-thick AlAs layers grown at 600°C on InP. Greater thicknesses lead to the formation of 60° and 90° perfect dislocations that allow the full relaxation of the strained material.

ELO of LM alloys on InP with AlAs as ScL has already been realized but no material quality studies were made and only areas less than 1 cm² were detached [START_REF] Fan | Flexible Thin-Film InGaAs Photodiode Focal Plane Array[END_REF]. Solar cells or photodiodes fabricated with a AlAs layer thicker than 5 nm [START_REF] Schumacher | High-speed InP/GaInAs photodiode on sapphire substrate[END_REF][START_REF] Lee | Multiple growths of epitaxial lift-off solar cells from a single InP substrate[END_REF] have shown an increase of the dark current which probably comes from crystal defects due to the ScL relaxation (e.g. dislocations) during the epitaxial growth and their propagation through the active layers above.

In order to overcome the thickness limitation of AlAs layers, we propose to use a superlattice (SL) which would allow a thicker ScL while preserving a high-quality material. Furthermore, during the chemical etching a SL can be considered as a single layer presenting an effective average composition integrating all the constituting SL atoms. AlAs/In0,52Al0,48As and AlAs/InAs strained SLs grown on InP have already shown their capability to maintain good material structural qualities despite the high lattice mismatch between AlAs and InP [START_REF] Ohnoki | Superlattice AlAs/AlInAs-oxide current aperture for long wavelength InP-based vertical-cavity surface-emitting laser structure[END_REF][START_REF] Hall | Increased lateral oxidation rates of AlInAs on InP using short-period superlattices[END_REF]. Oxidation or under-etching rates of AlAs based layers (ie AlGaAs or InAlAs layers) or of AlAs based SLs are strongly dependent on the Al composition of such layers or SLs [START_REF] Kumar | Sacrificial etching of AlxGa1-xAs for III-V MEMS surface micromachining[END_REF][START_REF] Dallesasse | Hydrolyzation oxidation of AlxGa1-xAsAlAsGaAs quantum well heterostructures and superlattices[END_REF][START_REF] Koley | A method of highly efficient hydrolyzation oxidation of III-V semiconductor lattice matched to indium phosphide[END_REF]. For our objective, the aim is to keep a high overall Al composition in the SL in order to obtain a high under-etching rate. To achieve this goal, we choose to use an AlAs/In0.52Al0.48As (named InAlAs in the following) strained SL as a ScL that can be selectively etched with a HF solution.

In this study, the theoretical critical thickness for plastic relaxation of various AlAs/InAlAs SLs was calculated in order to choose the range of the SL thickness/composition to explore. Then we have focused our development on the material quality and defect density. A simple InP/InGaAs active structure was grown on an AlAs/InAlAs SL and characterized using photoluminescence (PL) mapping and transmission electron microscopy (TEM). Then the HF-based under-etching characteristics of such ScLs were determined and an InGaAs solar cell grown on an optimized SL was realized to assess the impact of structural defects on the targeted device performance. Finally, a thin crystalline solar cell on a host superstrate was realized via the etching of this optimized SL.

Theoretical critical thickness

Various models have been developed to obtain the theoretical critical thickness of strained layers, the most commonly used being that of W. Matthews and A. Blakeslee (MB) [START_REF] Matthews | Defects in epitaxial multialyers[END_REF]. Nevertheless D.M. Hwang showed that the formation of stacking faults with partial dislocations occurred for thinner tensile strained layers than those deduced from the MB model [START_REF] Hwang | Strain relaxation in lattice-mismatched epitaxy[END_REF]. He proposed a model allowing the calculation of two critical thicknesses, the first one being for the formation of 90° partial dislocations, the second one being for the formation of 60° perfect dislocations. By adapting this model to SL based on InAlAs barrier layers with thickness equal to ta and AlAs strained layers with thickness equal to tb, using D. Houghton's assumptions [START_REF] Houghton | Misfit strain relaxation in GexSi1-x/Si heterostructures: The structural stability of buried strained layers and strained-layer superlattices[END_REF], the critical thickness of the SL, defined as hc=N.tb with N is the number of periods inside the SL, can be expressed as follow:
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for 90° partial dislocations
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for 60° perfect dislocations where b is the norm of the Burger vector, ν the Poisson coefficient of the strained material, f the misfit strain, θ the angle between the Burger vector and the dislocation line, λ the angle between the Burger vector and the strain relief direction, Φ the angle between the stacking fault plane and the interfacial plane, G the shear modulus of AlAs, γ the stacking fault energy per unit area and α a material-dependent parameter representing the contribution of the core energy (fixed to 4 for most semiconductors).

Resolving these equations for a SL composed of AlAs strained layers and 1 nm-thick InAlAs barrier layers, we can obtain the critical thickness hc=N.tAlAs of the AlAs layers composing the SL as a function of N for a relaxation by 90° partial dislocations and 60° perfect dislocations (Fig. 1a). However in our case we are interested in the full critical thickness of the SL, taking into account of tInAlAs: hc(SL)= (N-1).tInAlAs+N.tAlAs, plotted as a function of N (Fig. 1b). We also calculated the average Al compositions, [Al], corresponding to the critical thicknesses of the SLs (also in Fig. 1b), with [7"] = [ -1 * < * 0.48 + * ]/[ -1 * < + * ]. Indeed, it has already been observed that the under-etching rate of a AlGaAs/AlAs SL is similar to those of a single AlGaAs layer having the same average Al composition [START_REF] Lee | Gaalas-based micromachined accelerometer[END_REF].

The region between the critical thickness curves for 90° partial dislocations and 60° perfect dislocations can be seen as a region were the layers are partially relaxed through a low density of staking faults with 90° partial dislocations. We can observe that using SLs will increase the critical thickness but also decrease the average Al composition of the SL. A good compromise could be to use 3 AlAs layers as this allows the targeted 5 nm-limit thickness to be achieved and to keep a quite high average Al composition of more than 70%. Following these theoretical results, the experiments were realized with SLs composed of 2 to 4 AlAs layers and 1 nm-thick InAlAs barrier layers. A sample with a single 4.8 nm-thick AlAs layer was also realized as a reference.

Experimental

In order to determine the suitable design and the growth conditions of the aimed SL, experiments were carried out on heterostructures grown by solid-source molecular beam epitaxy (ssMBE) on semi-insulating InP(001) substrates. After InP substrate deoxidation at 500°C under a phosphorus (P2) atmosphere, a 150 nmthick InP buffer layer was grown at 470°C followed by the growth of the heterostructure itself with 1-the growth at TG(SL) of the AlAs/InAlAs SL sandwiched by two 40 nm-thick LM InAlAs layers and 2-the growth at 470°C of the LM InGaAs/InP quantum well (QW) as the active layer with a 20 nm-thick LM InGaAs layer inserted between two 50 nm-thick InP layers (A-structure in Fig. 2a). The main SL design used was based on 3 AlAs layers and 2 InAlAs layers for the optimization of the material quality. For the under-etching study, various structures were used based on 2 to 4 AlAs layers in order to explore the effects of the total thickness and of the average Al composition of the SL on the under-etching rate.

For the SL growth at TG(SL), the temperature is decreased during the first 40 nm-thick InAlAs layer and is then increased at the beginning of the first 50 nm-thick InP layer. On some samples, the growth of a sub-monolayer (ML)-thick (0.4 or 0.6 ML) compressive strained InAs was performed between the AlAs and InAlAs layers. This procedure is noted as "InAs incorporation".

The structures were characterized by PL mapping using a 650 nm excitation line of an AlGaAs laser diode and an InGaAs photodetector. The defect characterization was realized by mapping the PL intensity at the emission peak maximum of the LM InGaAs/InP QW on a 1x1 mm² surface area with a 0.5 µm scan step. Cross sectional high-resolution transmission electron microscopy (HRTEM) was conducted on a JEOL 2100HT with an acceleration voltage of 200 kV in order to understand the defect formation and propagation into the structures. Lamellas perpendicular to the [1-10] crystal direction were prepared using the focused ion beam technique. The InGaAs solar cell structure (B-structure) was grown on a p++ doped (1.10 18 cm -3 ) InP(001) substrate (Fig. 2b). The inverted structure (C-structure) used for the complete ELO process was realized on a semi-insulating InP (001) substrate (Fig. 2c). Doping was achieved using Si and Be as n-and p-type dopants, respectively.

Results and discussion

Study of AlAs/InAlAs SLs as a sacrificial layer

Defect type and density in AlAs/InAlAs SLs

PL mappings realized on the LM InGaAs QW of different A-structures highlighted two main types of defects as illustrated in Figure 3. The first one is visible as black spots on the PL mappings. It can be noticed that these defects are aligned along the [START_REF] Dimroth | Four-Junction Wafer-Bonded Concentrator Solar Cells[END_REF][2][START_REF] Thathachary | Electron Transport in Multigate InxGa1-xAs Nanowire FETs: From Diffusive to Ballistic Regimes at Room Temperature[END_REF][START_REF] Valmorra | InGaAs/AlInGaAs THz quantum cascade lasers operating up to 195 K in strong magnetic field[END_REF][START_REF] Campbell | Recent advances in avalanche photodiodes[END_REF][START_REF] Ward | Techno-economic analysis of three different substrate removal and reuse strategies for III-V solar cells[END_REF][START_REF] Lee | Reuse of GaAs substrates for epitaxial lift-off by employing protection layers[END_REF][START_REF] Konagai | High efficiency GaAs thin film solar cells by peeled film technology[END_REF][START_REF] Yablonovitch | Extreme selectivity in the lift-off of epitaxial GaAs films[END_REF][START_REF] Cheng | Epitaxial lift-off process for gallium arsenide substrate reuse and flexible electronics[END_REF] direction. These defects are present over all the different structures (single AlAs layer and AlAs/InAlAs SLs). A second type of defect is visible as black lines along [START_REF] Dimroth | Four-Junction Wafer-Bonded Concentrator Solar Cells[END_REF][2][START_REF] Thathachary | Electron Transport in Multigate InxGa1-xAs Nanowire FETs: From Diffusive to Ballistic Regimes at Room Temperature[END_REF][START_REF] Valmorra | InGaAs/AlInGaAs THz quantum cascade lasers operating up to 195 K in strong magnetic field[END_REF][START_REF] Campbell | Recent advances in avalanche photodiodes[END_REF][START_REF] Ward | Techno-economic analysis of three different substrate removal and reuse strategies for III-V solar cells[END_REF][START_REF] Lee | Reuse of GaAs substrates for epitaxial lift-off by employing protection layers[END_REF][START_REF] Konagai | High efficiency GaAs thin film solar cells by peeled film technology[END_REF][START_REF] Yablonovitch | Extreme selectivity in the lift-off of epitaxial GaAs films[END_REF][START_REF] Cheng | Epitaxial lift-off process for gallium arsenide substrate reuse and flexible electronics[END_REF] and is present only in structures with (highly) strained SL grown at TG(SL)=470 °C. Such PL signatures are characteristic of relaxation defects in tensile strained layers as already observed in relaxed InGaAs tensile strained layers grown on InP [START_REF] Krawczyk | Application of spectrally resolved scanning photoluminescence to assess relaxation processes of InGaAs and InAlAs layers strained in compression and tension[END_REF]. It can be clearly seen on Figure 3a that the 4.8 nm-thick AlAs layer grown at 400 °C is highly relaxed leading to a high defect density in the InGaAs QW grown on it. Therefore, such a layer could not be used as a sacrificial layer on InP. The PL mapping realized on a reference sample grown without any strained layer shows almost no defects confirming that the black zones observed on the PL mappings can be related to relaxation induced defects in the strained layer (or SL) propagating within the top structure.

In order to quantify the crystal quality of the various structures, the defect density was measured on PL maps counting both types of defect. As expected, the defect density is strongly increasing when the AlAs layers are thicker in the SLs composed of three AlAs layers and two 1 nm-thick InAlAs barrier layers (Fig. 4a). The corresponding PL mapping clearly shows this behavior, as on thicker SLs we observed almost continuous defect lines aligned along [START_REF] Dimroth | Four-Junction Wafer-Bonded Concentrator Solar Cells[END_REF][2][START_REF] Thathachary | Electron Transport in Multigate InxGa1-xAs Nanowire FETs: From Diffusive to Ballistic Regimes at Room Temperature[END_REF][START_REF] Valmorra | InGaAs/AlInGaAs THz quantum cascade lasers operating up to 195 K in strong magnetic field[END_REF][START_REF] Campbell | Recent advances in avalanche photodiodes[END_REF][START_REF] Ward | Techno-economic analysis of three different substrate removal and reuse strategies for III-V solar cells[END_REF][START_REF] Lee | Reuse of GaAs substrates for epitaxial lift-off by employing protection layers[END_REF][START_REF] Konagai | High efficiency GaAs thin film solar cells by peeled film technology[END_REF][START_REF] Yablonovitch | Extreme selectivity in the lift-off of epitaxial GaAs films[END_REF][START_REF] Cheng | Epitaxial lift-off process for gallium arsenide substrate reuse and flexible electronics[END_REF], while on thinner SLs we observed individual isolated defects. The sample grown with the thinner SL composed of 3x1.2 nm/2x1 nm AlAs/InAlAs shows a very low defect density close to that of the reference sample grown without SL (4.9.10 3 cm -2 and 2.1.10 3 cm -2 , respectively). However, the thickness and the global Al composition corresponding to this thin SL could be too low for fast under-etching. So, optimization of the growth parameters of a thicker SL composed of 3x1.5 nm/2x1 nm AlAs/InAlAs SL has been investigated

Therefore, the influence of the growth temperature TG(SL) on the defect density of such a SL has been explored (Fig. 4b). The lower defect densities were obtained for TG(SL) in the 400 °C-430 °C range. For upper and lower TG(SL) the defect density will greatly increase. On one hand, the defect density decrease with TG(SL) is due to the lower thermal energy available for the formation of relaxation defects. On the other hand, a too low TG(SL) can decrease the dislocation mobility therefore slowing down gathering [START_REF] Ward | Design rules for dislocation filters[END_REF]. Choosing the right temperature range allows decreasing by a factor 3 the defect density.

The last growth parameter investigated in this study was the growth of a sub-ML-thick InAs compressive strained layer on the AlAs layers which can partially compensate the AlAs tensile strain [START_REF] Houghton | Design criteria for structurally stable, highly strained multiple quantum well devices[END_REF]. Even a partial strain compensation has already been demonstrated to be beneficial in order to diminish the relaxation of strained quantum wells [START_REF] Bacher | Molecular beam epitaxy of strain-compensated InGaAs/GaAsP quantum-well intersubband photodetectors[END_REF]. As shown in Figure . 4c, the sub-ML InAs incorporation helps to decrease the defect density while having a really low impact on the overall Al composition. This last improvement leads to a global defect density of 5.3x10 3 cm -2 for the optimized SL which is close to 2.1x10 3 cm -2 measured for the reference sample (grown without SL). This low defect density can be obtained over a range of SL thickness hSL from 5 nm to 9 nm by changing the AlAs and InAlAs layer thicknesses, the average Al composition being nevertheless kept in the 80-85% range.

To better understand the origin of the observed defects a TEM study was conducted on three representative A-structures: 1-a single 4.8 nm-thick AlAs layer grown at TG=400 °C (Fig. 5), 2-a 3x2.1 nm/2x1 nm AlAs/InAlAs SL grown at TG(SL)=470°C (Fig. 6) and 3-a 3x2.1 nm/2x1 nm AlAs/InAlAs SL grown at TG(SL)=400 °C (Fig. 7). In the single AlAs layer grown at 400 °C (with 0.6 ML InAs incorporation), we observe relaxation defects such as dislocations and stacking faults in the AlAs layer (Fig. 5ab). As shown on the fast Fourier transform (FFT) made around such defects (Fig. 5c), the stacking faults are bounded at both lower and upper interfaces by partial dislocations having antiparallel Burgers vectors. These defects are characteristic of the beginning of the relaxation of tensile strained layers as already observed by D.M. Hwang et al for AlAs layers grown on InP [START_REF] Hwang | Partial Dislocations and Critical Thicknesses for Strained Layer Relaxation[END_REF]. Concerning the dislocations, the FFT reveals that these dislocations can be either 60° or 90° perfect dislocations No surface corrugations are visible at the InAlAs/InP interface and on the InGaAs QW. For the 3x2.1 nm/2x1 nm AlAs/InAlAs SL grown at 470°C (with no InAs incorporation), we observe mainly microtwins nucleating in the tensile strained SL and, for some of them, crossing the upper part of the structure (Fig. 6ab). A few 60°perfect dislocations were also visible in the strained SL as revealed by the FFT shown in Figure 6c. Strong surface corrugations at the InAlAs/InP interface and on the InGaAs QW are also visible (Fig. 6a). For the 3x2.1 nm/2x1 nm AlAs/InAlAs SL grown at 400°C (with 0.6 ML InAs incorporation), no dislocations and stacking faults are observed in the strained SL and no significant surface corrugations are observed at the InAlAs/InP interface and on the InGaAs QW (Fig. 7a,b). This last result confirms the capacity of SLs with a thickness of AlAs layers up to 2.1 nm and grown at low TG to increase the critical thickness for plastic relaxation of tensile strained AlAs layers and therefore to limit the structural defect propagation through the structure.

Under-etching

The process to evaluate the under-etching rate starts with the deposition of a 200 nm-thick SiO2 hard mask by plasma enhanced chemical vapor deposition on top of the structures. Following this deposition, photolithography was realized to define the mesa pattern (squares ranging from 100 x100 µm² to 600 x 600 µm²). The pattern was then transferred to the III-V structure using CHF3 and H2/CH4 plasma reactive ion etching. Finally, the samples were dipped in a stirred HF solution. HF concentration, temperature and p-doping of the SL structure were varied to evaluate their effects on the under-etching selectivity.

The under-etching rate of the SL increases linearly with HF concentration (Fig. 8), this has already been observed with AlAs under-etching on GaAs [START_REF] Voncken | Influence of radius of curvature on the lateral etch rate of the weight induced epitaxial lift-off process[END_REF]. We note that the thickness and the average Al composition seem to play an important role in the evolution of the under-etching rate.

In comparison we have observed that for bulk etching of LM InAlAs layers on InP -with 48% of Al content -the etching rate in a 40% vol. HF solution at 21°C is about 0.7 nm/min. We note a huge increase by a factor of 10 4 to 10 5 in the case of our thin InAlAs/AlAs SL, certainly due to the higher average Al composition.

In order to quantify the impact of the average Al composition, the thickness of various SLs was fixed to the value of 5 nm and the average Al composition was varied by changing either the number of AlAs layers and/or the ratio between the AlAs and InAlAs layer thicknesses. By averaging the Al composition in the SL, as shown in Figure 9a, the under-etching rate is increasing almost linearly when the average Al composition is increased. It is comparable with the trend obtained by P. Kumar et al. [START_REF] Kumar | Sacrificial etching of AlxGa1-xAs for III-V MEMS surface micromachining[END_REF] on AlGaAs layers with Al compositions greater than 50%.

As these two results (linear variation with the HF concentration and the average Al composition) are both in accordance with the under-etching behavior of AlGaAs layers [START_REF] Kumar | Sacrificial etching of AlxGa1-xAs for III-V MEMS surface micromachining[END_REF][START_REF] Voncken | Influence of radius of curvature on the lateral etch rate of the weight induced epitaxial lift-off process[END_REF], the SL can be considered as an 'InAlAs'like single layer during the selective wet under-etching with an average Al composition. This indicates that SLs are good candidates to enhance the under-etching rate while keeping a low defect density in the active layers.

In order to quantify the impact of the SL thickness on the under-etching rate an average Al composition of 85% was kept constant for various SL thicknesses (Fig. 9b). In the aim to keep a low defect density inside the upper layers, we need to use a thin sacrificial layer (lower than 10 nm for an average Al composition of 85%). It can be seen for such a range of thickness that the under-etching rate is increased linearly when the thickness of the SL is increased. This phenomenon can be related to diffusion limitation mechanisms [START_REF] Koteswara Rao | Optimum Atomic Spacing for AlAs Etching in GaAs Epitaxial Lift-Off Technology[END_REF][START_REF] Schermer | High rate epitaxial lift-off of InGaP films from GaAs substrates[END_REF].

Moreover, we have observed that the under-etching rate increases exponentially with the solution temperature (Fig. 10a). This trend has already been observed [START_REF] Van Niftrik | A Diffusion and Reaction Related Model of the Epitaxial Lift-Off Process[END_REF] and is well fitted with an Arrhenius equation:
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With Ve the under-etching rate; Ve,0 the under-etching rate at unlimited temperature; L < the activation energy; Mthe temperature and N O the Boltzmann constant.

From Table 1, we note that the value of activation energies and Ve0 of the two SLs on InP are close to those of 'thick' AlAs grown on GaAs. The quite low values obtained on SLs can be explained by both the lower average Al composition and the lower total thickness. Higher values were obtained with a 10 nm-thick AlAsP layer [START_REF] Van Niftrik | A Diffusion and Reaction Related Model of the Epitaxial Lift-Off Process[END_REF], but an external force was applied during the detachment of thin films. These obtained values of activation energies have confirmed that our SL under-etching process is diffusion rate limited. Nevertheless, the SL presented in Figure 10a has a low defect density (5 x 10 3 cm -2 on PL mapping) and leads to an under-etching value larger than 1 mm/hr on our micrometric scale mesas but also on full 10 x10 mm² samples. For larger dimensions (e.g. full wafers), the under-etching rate of the SL should also be greatly enhanced by applying a radius of curvature on the detached thin film during ELO process at elevated temperature [START_REF] Van Niftrik | A Diffusion and Reaction Related Model of the Epitaxial Lift-Off Process[END_REF].

The effect of p-type doping concentration was also studied. For this, SLs composed of AlAs/InAlAs 3 x 1.2 nm/1 nm were doped at 3 different values from intrinsic to high concentrations. As shown in Figure 10b the doping is clearly impacting on the under-etching rate since the under-etching rate significantly increases by a factor of two for the SL doped at 1x10 19 cm -3 compared to the intrinsically doped SL (5x10 14 cm -3 ). This effect can be related to a higher hole density at the etch-surface enhancing the chemical etching reaction [START_REF] Voncken | Etching AlAs with HF for Epitaxial Lift-Off Applications[END_REF].

InGaAs solar cell fabrication

In order to obtain a solar cell reference and assess the material quality grown over a 3 x 1.5 nm/2 x 1 nm AlAs/InAlAs SL (with 0.6 ML InAs incorporation) leading to a good compromise between the defect density, the Al composition and the ScL thickness, a solar cell test structure (B-structure in Fig. 2b) was grown on such a SL (named monolithic solar cell in the following). As shown in Figure 11a, the PL mapping of the solar cell structure indicates a low defect density (6.9.10 3 /cm²) with no elongated defects. The defect density obtained is close to the one grown on a pristine p+ InP substrate, which indicates that the defects induced by such a SL are non-significant.

For the monolithic solar cell fabrication, a blanket Ti/Au (25/250 nm) contact metallization on the back surface and a front surface grid Ni/Ge/Au/Ni/Au (43/30/87/30/300 nm) contact were deposited by e-beam evaporation. Saw dicing was used to isolate individual 3.5 x 3.5 mm² cells. Finally, a selective H3PO4:H2O2:H2O wet etch was used to remove the top InGaAs contact layer between fingers of the grid contact.

An inverted solar cell structure (C-structure in Fig. 2c) was grown over the same kind of SL in order to realize the ELO process. The first step was the deposition of Cr/Pt/Au layers (25/10/250 nm) used as a p contact, by ebeam evaporation on both the inverted structure and a 25 µm thick polyimide (kapton) foil. The structure was then bonded to the kapton foil using thermocompression bonding at 180 °C under 4 MPa for 45 min. The detachment of the thin film was then realized by immersion in a HF (40% vol. at 21 °C) solution. A 8 x 8 mm 2 membrane was detached in approximately 3 hours without any applied external force. This lead to an approximate under-etching rate of 1.3 mm/hr which is close to the 1.5 mm/hr measured on test structures. Just after the detachment the membrane is subject to a cleaning step composed of a residual particle etching in a NH4OH based solution and an etching of the InP and InAlAs protecting layers in HCl. Then, the thin crystal film follows the solar cell microfabrication procedure by applying a front surface grid Ni/Ge/Au/Ni/Au (43/30/87/30/300 nm) contact by e-beam evaporation followed by a selective H3PO4:H2O2:H2O wet etch to remove the top InGaAs contact layer between fingers of the grid contact. Finally, 1 x 1 mm² solar cells were isolated by selective chemical etching.

The solar cells (based on B-and C-structures) were characterized by measuring one-sun current-voltage (J-V) at a temperature of 25°C with a home-made setup. The results presented in Table 2 are those of the best solar cells of each kind but the results were homogeneous on each sample and quite reproducible from one solar cell to another (variation of few mV for Voc and few 1/10 mA/cm² for Jsc).The characteristics of the InGaAs solar cell (B-structure) grown on the 3 x 1.5 nm/2 x1 nm AlAs/InAlAs SL (with 0.6 ML InAs incorporation) confirmed the PL and TEM results as it demonstrated state of the art performance (Table 2). A high Voc, is obtained indicating that this kind of SL will not affect the solar cell performance. The obtained Woc (Eg/q-Voc) is 379 mV which is in the normal range for low band gap devices [START_REF] King | 40% efficient metamorphic GaInP/GaInAs/Ge multijunction solar cells[END_REF]. The thin crystalline film solar cell (C-structure) shows slightly lower performances with a 14 mV Voc drop which could be due to defects arising during the epitaxial layer liftoff and the different transfer processes or during the standard fabrication steps of the cell. The smaller size of the solar cells (1 x 1 mm2 versus 3.5 x 3.5 mm2) could also contribute to the decrease of Voc. Indeed, it has already been observed in the literature that decreasing the size of InGaAs solar cells could decrease Voc [START_REF] Cruz-Campa | Power maximization in III-V sub-millimeter, radial front contacted cells for thin micro-concentrators[END_REF] in a similar manner to that of GaAs solar cells [START_REF] Espinet-González | Analysis of perimeter recombination in the subcells of GaInP/GaAs/Ge triple-junction solar cells[END_REF]. This decrease was related to arsenic oxide formation on the sides of the solar cell which has great chance to appear on the InGaAs solar cells presented here. The dark J-V curve measurements also shown an increase of the dark current density for the ELO cell compared to the monolithic one which is typical of lower size solar cells [START_REF] Espinet-González | Analysis of perimeter recombination in the subcells of GaInP/GaAs/Ge triple-junction solar cells[END_REF]. In any case this efficiency drop should be compensated by the optimization of the solar cell fabrication and of the handling of the thin crystalline films. Nevertheless, no slight shunting was visible after the detachment and sufficient Jsc and FF were obtained confirming the suitability of such SLs as a sacrificial layer for low bandgap solar cell fabrication via the ELO process.

The performance of both solar cells should be slightly increased by applying an antireflection coating therefore increasing the short circuit current. The J-V characteristic (Fig. 12) shows a reasonably low fill factor (FF) which is common in the InGaAs based solar cells.

Conclusion

AlAs/InAlAs strained SLs have been studied as a sacrificial layer for the ELO process on InP substrates. The relaxation of the SLs leads mainly to stacking faults with partial dislocations and/or microtwins thus allowing a better management of the defect density compared to a single AlAs layer. The defect density can be thus strongly decreased for SLs with a thickness higher than 5 nm by optimizing the growth parameters (growth temperature and InAs sub-monolayer growth at the AlAs/InAlAs interface). However, high etching rates of such SLs in an HF based solution can be obtained only with highly defective SLs. Nevertheless, we have shown that it is possible to obtain a good compromise between a relatively high under-etching rate and a competitive optoelectronic device fabrication using a 3 x 1.5 to 2.1 nm/2 x 1 nm AlAs/InAlAs SL grown at TG(SL)=400 °C (with 0.6 ML InAs incorporation). Our process allows a 30 µm/min etching rate (HF 40% vol. at 21°C) to be obtained with a nonsignificant increase of the induced defect density compared to a reference sample grown without any SL. This under-etching rate can be substantially increased by heating up the etching solution temperature or/and by a ptype doping of the SL. It is also expected that applying an external curvature to the detached thin films during the ELO process will enhance the under-etching rate.

Finally, thicker sacrificial layers can be obtained compared to a single AlAs layer which paved the way for an ELO process of large area low bandgap devices on InP substrates. Characteristic values of the under-etching rate are comparable to previously reported ones in the AlAs/GaAs system. InGaAs solar cells grown, as test devices, on this kind of sacrificial layer have shown state of the art results that confirm the potential of such superlattices. Lastly, the fabrication of solar cells via a thin crystal film detachment with a standard ELO procedure showed good performances demonstrating the suitability of such SLs as a sacrificial layer. The development of such a sacrificial layer paved the way for the fabrication of thin crystalline InGaAs film based solar cells via the full ELO process in order to obtain high efficiency multi-junction solar cells in a cost effective approach. Figure 10: Under-etching rate as a function of: a) the temperature of a 20% vol. HF solution for: a 3x2.1 nm/2x1 nm AlAs/InAlAs SL on InP ([Al]=86% and hSL=8.3 nm blue circle), a 3x1.5 nm/2x1 nm AlAs/InAlAs SL on InP ([Al]=84% and hSL=6.5 nm, red triangle), and a 30 nm-thick AlAs layer on GaAs. The red lines represent the best fits obtained using eq. ( 4) and b) the doping of a 3x1.2 nm/2x1 nm AlAs/InAlAs SL ([Al]=80.8% and hSL=5.6 nm) in a 40% vol. HF solution at 21°C. Figure 12: J-V under 1 sun AM1.5D illumination of the InGaAs solar cells grown on a 3x1.5 nm/2x1 nm AlAs/InAlAs SL (TG(SL)=400°C; 0.6 ML InAs incorporation) via a monolithic approach (B-structure) and the ELO approach (C-structure).

Figure captions

nm/2x1 nm AlAs/InAlAs SL (TG(SL)=470°C; no InAs incorporation). The purple arrows in b) indicate microtwins and the blue arrow indicates the location of a 60° perfect dislocation as revealed by the FFT realized on this defect and illustrated in c) with the Burgers circuit in blue (the Burgers vector is in red). The [001] growth direction is represented by a black arrow in a) and b).

Tables Table 1: Under-etching rate at unlimited temperature and activation energy of various sacrificial layers (from Fig. 10a). 

Figure 1 :

 1 Figure 1 : Theoretical critical thickness: a) hc=N.tAlAs and b) hc(SL)=(N-1)tInAlAs+N.tAlAs in AlAs/InAlAs SLs and their corresponding average Al composition, as a function of the number N of AlAs strained layers inside SLs with 1 nm-thick InAlAs barrier layers.

Figure 2 :

 2 Figure 2: a) A-structure: Structure used for the material characterizations and the under-etching rate measurements (x and y represent, respectively, AlAs and InAlAs thicknesses), b) B-structure: monolithic solar cell structure and c) C-structure: inverted solar cell structure, grown on a 3x1.5 nm/2x1 nm AlAs/InAlAs SL.

Figure 3 :

 3 Figure 3: 1x1mm² PL intensity mapping of A-structures with the InGaAs QW grown on: a) a 4,8 nm-thick AlAs single layer (TG(AlAs)=400°C; 0.6 ML InAs incorporation) b) a 3x2.1 nm/2x1 nm AlAs/InAlAs SL (TG(SL)=470°C; no InAs incorporation), c) a 3x1.5 nm/2x1 nm AlAs/InAlAs SL (TG(SL)=470°C; no InAs incorporation), d) a reference sample grown without SL.

Figure 4 :

 4 Figure 4: Defect density measured on 1x1 mm² PL mappings as a function of: a) the total thickness hSL of SLs composed of three AlAs layers of various thickness and two 1 nm-thick InAlAs layers (TG(SL)=470°C; no InAs incorporation) b) the growth temperature TG(SL) of a 3x1.5 nm/2x1 nm AlAs/InAlAs SL (no InAs incorporation,) c) the amount of InAs incorporation for a 3x1.5 nm/2x1 nm SL (TG(SL)=400°C).

Figure 5 :

 5 Figure 5: a) TEM image (dark-field g111) and b) HRTEM image ([1-10] zone axis) of the A-structure with a ScL composed of a single 4.8 nm-thick AlAs layer (TG(SL)=400 °C; 0.6 ML InAs incorporation). The arrows in b) indicate the location of stacking faults (green) with partial dislocations (yellow), 90° perfect dislocations (red) and 60° perfect dislocations (blue), as revealed by the FFT realized on these defects and illustrated in c) with: a stacking fault (green) with the Burgers circuits (in yellow) indicating that the stacking fault is bounded at both lower and upper interfaces by partial dislocations having antiparallel Burgers vectors (in red), two 90° perfect dislocations with Burgers circuits in red (the Burger vector is in blue) and one 60° perfect dislocation with the Burgers circuit in blue (the Burgers vector is in red). The [001] growth direction is represented by a black arrow in a) and b).

Figure 6 :

 6 Figure 6: a) Dark-field TEM image (g002) and b) HRTEM image ([1-10] zone axis) of the A-structure with a ScL composed of a 3x2.1nm/2x1 nm AlAs/InAlAs SL (TG(SL)=470°C; no InAs incorporation). The purple arrows in b) indicate microtwins and the blue arrow indicates the location of a 60° perfect dislocation as revealed by the FFT realized on this defect and illustrated in c) with the Burgers circuit in blue (the Burgers vector is in red). The [001] growth direction is represented by a black arrow in a) and b).

Figure 7 :

 7 Figure 7: a) Dark-field TEM image (g002) and b) HRTEM image ([1-10] zone axis) of the A-structure with a ScL composed of a 3x2.1 nm/2x1 nm AlAs/InAlAs SL (TG(SL)=400°C; 0.6 ML InAs incorporation), The [001] growth direction is represented by a black arrow.

Figure 8 :

 8 Figure 8: Under-etching rate at 21°C as a function of the HF concentration for different ScL (SL) thicknesses and average Al compositions.

Figure 9 :

 9 Figure 9: Under-etching rate at 21°C as a function of: a) the average Al composition of the ScL (SL) (hSL is kept at 5 nm) and b) the ScL (SL) thickness (the average Al composition is kept at 85%) in a 40% vol. HF solution.

Figure 11 :

 11 Figure 11: 1 x 1 mm 2 PL intensity mapping of the a) monolithic solar cell structure (B-structure) and b) inverted solar cell structure (C-structure) grown over a AlAs/InAlAs 3 x 1.5 nm/2 x 1 nm.

Table 2 :

 2 Performances of the InGaAs solar cells grown on a 3x1.5 nm/2x1 nm AlAs/InAlAs SL (TG(SL)=400°C; 0.6 ML InAs incorporation) via a monolithic approach (B-structure) and the ELO approach (C-structure) compared to other InGaAs solar cells.

	ScL type	Ve0 (mm/hr)	Ea (eV)
	3 x 1.5 nm/2 x 1 nm / InP	7.80x10 4	0.23
	3 x 2.1 nm/2 x 1 nm / InP	2.75x10 5	0.26
	AlAs 30 nm / GaAs	2.21x10 5	0.23
	Source	Voc (mV)	Jsc (mA/cm²)	FF (%)
	This work monolithic	353 ± 3		33.2 ± 0.5	69.9 ± 0.5
	This work ELO	339 ± 3		33.8 ± 0.5	69.4 ± 0.5
	Matthews[42]	357 ± 3		38.2 ± 0.5	69 ± 0.5
	Schimper[43]	352 ± 3		47.3 ± 0.5	-
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